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ABSTRACT The segregation of lipids into lateral membrane domains has been extensively studied. It is well established that
the structural differences between phospholipids play an important role in lateral membrane organization. When a high enough
cholesterol concentration is present in the bilayer, liquid-ordered (L,) domains, which are enriched in cholesterol and saturated
phospholipids such as sphingomyelin (SM), may form. We have recently shown that such a formation of domains can be facil-
itated by the affinity differences of cholesterol for the saturated and unsaturated phospholipids present in the bilayer. In mamma-
lian membranes, the saturated phospholipids are usually SMs with different acyl chains, the abundance of which vary with cell
type. In this study, we investigated how the acyl chain structure of SMs affects the formation of SM- and cholesterol-enriched
domains. From the analysis of trans-parinaric acid fluorescence emission lifetimes, we could determine that cholesterol facili-
tated lateral segregation most with the SMs that had 16 carbon-long acyl chains. Using differential scanning calorimetry and
Forster resonance energy transfer techniques, we observed that the SM- and cholesterol-enriched domains with 16 carbon-
long SMs were most thermally stabilized by cholesterol. The Férster resonance energy transfer technique also suggested
that the same SMs also form the largest L, domains. In agreement with our previously published data, the extent of influence
that cholesterol had on the propensity of lateral segregation and the properties of L, domains correlated with the relative affinity
of cholesterol for the phospholipids present in the bilayers. Therefore, the specific SM species present in the membranes,
together with unsaturated phospholipids and cholesterol, can be used by the cell to fine-tune the lateral structure of the
membranes.

SIGNIFICANCE The membranes in mammalian cells contain a complex mixture of lipids and proteins. A reason for
containing a large number of different lipids with deviating structures is that it allows the membrane to structurally rearrange
into lateral and transbilayer domains with different properties. Likely, these kinds of structural domains within the cellular
membranes are contributing to the regulation of different processes in cells, e.g., by regulating the activity and distribution
of membrane proteins. The data presented here together with previously published recent studies are contributing to our
understanding of the forces that drive the self-organization of lipids and will help us to predict how different lipids affect the
structure-function of cellular membranes.

INTRODUCTION driving the lateral segregation of lipids into domains are not
yet fully understood. A convenient approach to examine
both the probability of lateral segregation in cellular mem-
branes and the mechanisms driving the formation of such
segregation involves the use of simple three-component
model membranes that roughly mimic the membranes of
mammalian cells (2,3).

Cholesterol is an essential lipid in mammalian mem-
branes, and because of its molecular structure, it modulates
the physiochemical properties of the surrounding lipid

Mammalian membranes are composed of a vast number of
diverse lipids, mainly phospholipids and cholesterol (1). It
is well documented that these kinds of lipids in model mem-
branes can segregate into lateral domains because of struc-
tural differences between lipid components (1,2). It is still
not known to what degree this kind of lateral segregation oc-
curs in the membranes of living cells. In addition, the forces
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liquid-ordered (L,) phase together with the surrounding
saturated phospholipids (4,5). Cholesterol is known to pref-
erentially interact with phospholipids that have saturated
acyl chains, and the more double bonds the acyl chains of
a phospholipid have, the lower the affinity of the sterol for
lipids becomes (6-8). Similarly, the lengths of the acyl
chains and the headgroups of phospholipids seem to be
the determinants of how strongly they interact with choles-
terol (8—15).

In a ternary lipid bilayer composed of an unsaturated
phospholipid, a saturated phospholipid, and cholesterol,
the lipid components may segregate laterally into L, and
fluid-disordered (L4) domains with different lipid composi-
tions (16). How prone this system is to forming lateral
domains of course depends foremost on the lipid composi-
tion. Recently, we observed a correlation between the rela-
tive affinity of cholesterol for the two phospholipids in the
bilayer and the probability of lateral segregation (6,9). In
other words, the larger the preference of cholesterol for
the saturated phospholipid over the unsaturated lipid, the
more cholesterol facilitates a lateral segregation of the two
phospholipids. This can also be thought of as a push-pull
mechanism in which the unsaturated phospholipids repel
cholesterol, whereas the saturated phospholipids attract the
sterol, as discussed by Regen and co-workers (17,18).
Hence, the structure of both the unsaturated and saturated
lipids present in the bilayer can be expected to determine
the extent to which cholesterol can promote lateral
segregation.

It has previously been observed that when 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) was chosen as
the saturated phospholipid instead of N-palmitoyl sphin-
gomyelin (PSM), the impact of cholesterol on lateral
structuring of the membrane was markedly smaller (6).
This effect can be explained by the significantly lower af-
finity of cholesterol for DPPC compared to PSM. How-
ever, the promoting effect of cholesterol on lateral
segregation has been tested only with these two saturated
phospholipids. Therefore, this study aimed to broaden our
understanding of the role of saturated lipids in the pro-
cesses governing the formation of cholesterol-enriched
domains. For this, sphingomyelins (SMs) with different
acyl chains were compared in ternary and binary lipid
compositions. This comparison gave information of how
the interactions of SM acyl chains with cholesterol and
unsaturated lipids influence lateral segregation and offered
insights into how different SMs may function in cellular
membranes. This is important, especially because it is
known that SM acyl chain composition varies widely be-
tween cell types and mammalian species (19,20). By mix-
ing SMs with different acyl chain lengths with
phosphatidylcholines (PCs) with defined acyl chains, in-
formation was also obtained regarding the role of hydro-
phobic matching between lipids in the formation of
cholesterol-enriched lateral domains.
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We determined the effect of cholesterol on lateral segre-
gation by comparing binary phospholipid bilayers with
0 and 20 mol % cholesterol. The formation of lateral do-
mains was determined from time-resolved fluorescence
measurements with frans-parinaric acid (tPA). The thermo-
tropic behavior of different lipid systems was investigated
using differential scanning calorimetry (DSC) and Forster
resonance energy transfer (FRET) techniques. From these
results, we could draw conclusions about the structural de-
terminants for lateral segregation and properties of lateral
domains and evaluate how these properties related to the
determined affinities of cholesterol for the different phos-
pholipids that were present in the bilayers. The role of
cholesterol as a modulator of lateral membrane structure
has been discussed.

MATERIALS AND METHODS
Material

The  phospholipids  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1,2-oleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine  (PAPC), rhodamine-1,2-dio-
leoyl-sn-3-glycero-3-phosphoethanolamine (Rho-DOPE), N-stearoyl-p-er-
ythro-SM (18:0-SM), N-lignoceroyl-p-erythro-SM (24:0-SM),
N-nervonoyl-p-erythro-SM (24:1-SM), sphingosylphosphorylcholine, and
egg SM were obtained from Avanti Polar Lipids (Alabaster, AL). N-palmi-
toyl-p-erythro-SM (16:0-SM) was purified from egg SM by reversed-phase
high-performance liquid chromatography (Discovery C18; Sigma-Aldrich
Supelco (St. Louis, MO); dimensions 250.0 x 21.2 mm, 5 um particle
size), using methanol as an eluent. N-myristoyl-p-erythro-SM (14:0-SM)
was synthesized as previously described (21). The purity and identity of
14:0-SM and 16:0-SM were verified by electrospray ionization mass spec-
trometry. Cholesterol and methyl B-cyclodextrin were purchased from
Sigma-Aldrich (St. Louis, MO). Cholesta-5,7,9-triene-3-8-ol (CTL) (11)
was prepared according to published procedures (22,23). tPA was synthe-
sized as described in (24) and purified from hexane by crystallization (25).
It was stored at —80°C and contained 1 mol % butylated hydroxytoluene
to prevent oxidation. Stock solutions of diphenylhexatriene (DPH; Molecular
Probes, Eugene, OR), tPA, Rho-DOPE, and CTL were prepared in ethanol.
Fluorophore concentrations were determined on the basis of their respective
molar extinction coefficients: CTL (11,250 cm™! M’l), DPH (92,000 cm™!
M), Rho-DOPE (90,000 cm ™' M), and tPA (88,000 cm™! M~ "). The
concentrations of all phospholipid stock solutions were determined accord-
ing to (26). Cholesterol concentration was determined using a surface baro-
stat (27). All solutions were stored in the dark at —20°C and warmed to
ambient temperature before use. The water used in all the experiments was
purified by reverse osmosis, followed by a passage through a Milli-Q UF-
Plus water purification system (MilliporeSigma, Billerica, MA) to yield a
product resistivity of 18.2 mQ cm.

Time-resolved emission spectroscopy

All fluorescence experiments were performed with multilamellar vesicles
(MLYV5s). In brief, the MLVs were made as follows. Lipids and fluorophores
were mixed in methanol, after which the solvent was evaporated to create a
lipid film in the glass tube. The lipids in the film were hydrated 30 min in
Milli-Q water at 65°C, after which the tubes were vortexed to create MLVs.
After this, the samples were bath sonicated at 65°C for 5 min.

The formation of ordered SM-enriched (gel or L) domains was detected
from the average lifetime of tPA emission. The excited-state lifetime of tPA



is very sensitive to the order of its local environment (25,28,29); hence, its
emission lifetime varies in fluid and highly ordered membrane domains
(30,31). The fluorescence lifetimes of tPA (1 mol %) were measured in
MLVs, with a final lipid concentration of 0.1 mM. A FluoTime 100 spectro-
fluorometer with a TimeHarp 260 Pico time-correlated single photon-
counting module (PicoQuant, Berlin, Germany) was used for measure-
ments. tPA was excited with a 297 = 10 nm light-emitting diode laser
source (PLS 300; PicoQuant), and the emission was collected through a
435/40 nm single-bandpass filter. Fluorescence decays were recorded at
the denoted temperatures (temperature controlled by water bath), with con-
stant stirring during measurements. Data were analyzed using FluoFit Pro
software obtained from PicoQuant. The decay was described by the sum
of exponentials, where «; was the normalized pre-exponential, and 7; was
the lifetime of decay of component i. The intensity-weighted average life-
time is given as follows:

_ Ziaﬂ'?

= ()

(m)

FRET

The FRET technique was used to detect the thermostability of L, domains.
For these experiments, the F(, samples had the lipid composition of unsat-
urated PC/SM/cholesterol (40:40:20) and contained 0.5 mol % DPH. The F
samples had the same lipid composition but contained both 0.5 mol % DPH
and 2.0 mol % Rho-DOPE. The total lipid concentration in both the F and
Fy samples was 100 uM. The MLVs used in these measurements were pre-
pared as described above. The emission spectra were recorded on a Quanta-
Master spectrofluorometer (Photon Technology, Lawrenceville, NJ) at
defined temperatures. The excitation wavelength was set to 358 nm, and
the emission was measured from 380 to 650 nm. The FRET efficiency
was determined from the fluorescence intensity at 430 nm in the F' and
Fy samples.

DSC

MLVs composed of the indicated lipids were prepared by the hydration of
dried lipid films in glass tubes. The lipids were hydrated for 30 min at 65°C
in Milli-Q water before being briefly vortexed and loaded into the sample
cell of a MicroCal VP-DSC instrument (MicroCal, Northampton, MA).
The final lipid concentration was 1.5 mM in all samples. The temperature
ramp rate was 1°C min~'. The data were analyzed using Origin software
(MicroCal).

RESULTS
Formation of lateral SM-enriched domains

The formation of lateral membrane domains enriched in SM
and cholesterol was determined on the basis of time-
resolved fluorescence measurements of tPA in bilayers,
with systematically varied phospholipid compositions. As
the emission lifetime of tPA is strongly dependent on the
phase state and acyl chain order in the bilayer, it is a sensi-
tive reporter of changes related to these parameters in the
bilayer (30). Fig. 1 shows representative data from bilayers
composed of POPC and SM (16:0-SM, 18:0-SM, or 24:0-
SM), with or without 20 mol % cholesterol. With 14:0-
SM and 24:1-SM, no lateral segregation was observed at
23°C. Whereas the cholesterol content was kept constant
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FIGURE 1 The determination of ordered domain formation on the basis

of tPA fluorescence lifetime. Representative data from experiments with
16:0-SM, 18:0-SM, and 24:0-SM in POPC performed at 23°C are shown.
Experiments were conducted with 0 mol % (A) and 20 mol % (B) choles-
terol in the bilayers. To determine the SM amount needed to form ordered
domains, the data were fitted with straight lines, one to the slowly rising
slope at the low SM content and one to the initial linear part of the steeply
rising part. The crossing point of the two lines was defined as the SM con-
centration at which ordered domains started to form. To see this figure in
color, go online.

(0 or 20 mol %), the SM concentration was increased
from O to 50 mol %. Initially, the emission lifetime of tPA
increased slightly as the SM content was raised, but when
the SM concentration reached a critical level, the lifetimes
increased much more dramatically.

This dramatic change in the average lifetime, which is
usually accompanied by the appearance of a new long life-
time component (9), indicated the presence of ordered (gel
or L,) domains in the bilayers and the solubility limit of
the particular SM in the Ly phase bilayer. The solubility
limit of SM was quantified by fitting two linear functions
to the obtained data: one to the initial moderate slope and
one to the linear initial part of the steep slope (see Fig. 1).
The solubility limit of SM in the Ly phase bilayer was
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defined as the intercept of two linear functions. The quanti-
fied solubility limits of SM from all studied systems are
shown in Fig. 2.

From the data, it was clear that the longer the SM acyl
chains, the lower the solubility of SM in the cholesterol-
free Ly phase PC bilayer (Figs. 1 A and 2, A and B). This
was the case in both POPC and PAPC bilayers, and it
showed that the formation of the gel phase in all the studied
PC-SM systems depended on the length of SM acyl chains.
The inclusion of 20 mol % cholesterol decreased the impact
of the length of SM acyl chains on lateral segregation, espe-
cially in PAPC bilayers (Fig. 2 B), where all tested SM mol-
ecules had a similar solubility limit in the presence of
20 mol % cholesterol.

The role of cholesterol as a facilitator of lateral segrega-
tion was evaluated by comparing the solubility limit of SM
in fluid PC bilayers, with or without cholesterol. From Fig. 2
A, itis clear that in POPC bilayers, cholesterol facilitated the
formation of ordered domains most together with 16:0-SM
and 18:0-SM, whereas in bilayers with 24:0-SM, cholesterol
did not alter the solubility limit of SM. With the polyunsat-
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FIGURE 2 The effect of cholesterol on the solubility limits of different
SMs in the Ly phase. The solubility of the SMs in the L4 phase was
measured at 23°C in POPC (A) and PAPC (B) bilayers containing O or
20 mol % cholesterol. Above these concentrations, the SMs formed ordered
domains. The values are averages of >3 experiments + SD.
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urated PAPC, the effect of cholesterol on the formation of
lateral domains decreased with the length of the SM acyl
chains, but in these bilayers, cholesterol facilitated segrega-
tion also in the presence of 24:0-SM. These differences be-
tween the POPC and PAPC bilayers are in agreement with
previous observations regarding how the number of double
bonds in PC acyl chains can increase the promoting effect
of cholesterol on lateral segregation (6).

Temperature dependence of lateral segregation

To address how temperature affected the lateral segregation
of different SM molecules into SM-enriched domains, we
measured the solubility of 16:0-SM and 24:0-SM in fluid
POPC bilayers at different temperatures. These two SMs
were chosen as they represented the most different of the
three SMs that showed domain formation at 23°C (see
Fig. 2). The experimental setup was the same as that dis-
cussed above. Again, the effect of cholesterol was assessed
by a comparison of bilayers with 0 and 20 mol %
cholesterol.

Fig. 3 A shows how the solubility of 16:0-SM in fluid
POPC was affected by temperature. Without cholesterol,
the solubility was markedly affected by increased tempera-
ture, which is in good agreement with previous observations
(32). At 23°C, lateral segregation occurred when ~30 mol
% 16:0-SM was present in the bilayer. When the tempera-
ture reached 37°C, around 70 mol % 16:0-SM was solubi-
lized in POPC before a gel phase formed. At 42°C, no gel
phase was detected. With 20 mol % cholesterol, the solubi-
lity of 16:0-SM in POPC was not as sensitive to temperature
(Fig. 3 A). Up to a temperature greater than 30°C, ~20 mol
% SM was solubilized in the fluid POPC bilayer before
lateral segregation into SM-enriched domains occurred.
However, at 37°C, the solubility limit was clearly higher.
A comparison of the results with and without cholesterol
indicated that the sterol facilitated the formation of lateral
16:0-SM-enriched domains more as the temperature was
increased toward physiological temperature.

With 24:0-SM in POPC, the temperature effect was
different (Fig. 3 B). An increased temperature affected the
solubility of 24:0-SM in fluid POPC less than that observed
with 16:0-SM. Without cholesterol, the SM-enriched gel
phase started to form above 33 mol % 24:0-SM even at
42°C. In bilayers with 24:0-SM, cholesterol had no signifi-
cant promoting effect on the formation of lateral SM-en-
riched domains at any temperature, which is in contrast to
what was observed with 16:0-SM.

Thermostability of SM-enriched domains in
binary phospholipid bilayers

To gain insights into the interactions between PC and SM
molecules, we performed DSC measurements with MLVs
of POPC or PAPC mixed in a molar ratio of 1:1 with a broad
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FIGURE 3 The effect of temperature on the solubility limits of different
SMs in the Ly phase. The solubility of 16:0-SM (A) and 24:0-SM (B) in the
L4 phase was measured in POPC bilayers containing 0 or 20 mol % choles-
terol. Above these concentrations, the SMs formed ordered domains. The
values are averages of >3 experiments *+ SD.

range of SMs. The recorded thermograms for these samples
are shown in Fig. 4. As is clear from the figure, the thermo-
grams from all lipid combinations were complex and con-
tained several overlapping processes. This was perhaps
most clear in 24:0-SM samples that contained two larger
peaks. Possibly, this may be due to the large length differ-
ence between the acyl chain and the sphingoid base in
24:0-SM. Because of the complexity of the thermograms,
we determined the end melting temperatures (i.e., the tem-
perature at which all gel domains in the membranes had
melted; Fig. 6).

In both POPC and PAPC bilayers, the overall gel domain
stability and end melting temperatures increased with the
length of SM acyl chains, except with 24:1-SM. The double
bond in 24:1-SM clearly lowered the thermostability of gel
domains. We could detect gel domains with 14:0-SM, but
the gel to fluid transition occurred at a temperature too
low to be measured as a whole, which also motivated the
use of the end melting parameter instead of a midtransition
parameter. Overall, the thermotropic phase behavior of the
SM-PC bilayer was more affected by which SM molecule

Sphingomyelin-Cholesterol Domains
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FIGURE 4 Representative thermograms recorded with binary mixtures
of SMs and PCs. DSC experiments were performed with binary mixtures
(1:1 molar ratio) of different SMs and POPC (A, C, E, G, and I) or PAPC
(B, D, F, H, and J). The results with 14:0-SM (A and B), 16:0-SM (C and
D), 18:0-SM (E and F), 24:0-SM (G and H), and 24:1-SM (I and J)
are shown. The total amount of lipid was 1.5 mM, and the scan rate was
1°C min™".

was present than whether the PC molecules were PAPC or
POPC. This suggested that the gel domains formed by
different SM molecules in PAPC and POPC were similar
despite the difference in double bonds in the sn-1 chains
of PC molecules.

Thermostability of SM-enriched domains in
ternary bilayers

The thermostability of SM-enriched lateral domains was
investigated on the basis of FRET measurements between
DPH and Rho-DOPE. As DPH partitions rather equally be-
tween disordered and ordered (gel or L) domains and Rho-
DOPE strongly favors disordered domains, the degree of
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lateral segregation can be evaluated from the degree of
FRET between the two probes (33). The L, domains formed
by five different SMs in POPC, PAPC, and DOPC bilayers
were investigated. DOPC was included in these experiments
to allow comparison of sizes of domains formed by hybrid
and nonhybrid lipids (34,35). The results are shown in
Fig. 5. When the FRET efficiency in the lower end of the
temperature range was compared, it became clear that the
FRET efficiency is always higher in POPC bilayers than
in PAPC or DOPC bilayers. This suggests that the L, do-
mains formed in POPC bilayers were smaller, as may be ex-
pected according to published data (35,36). Using the same
parameter, it also seemed that L, domains were larger in
DOPC bilayers than in PAPC bilayers, although the extent
depended on the composition of SM acyl chains. According
to the FRET data, the largest domains were formed in
bilayers with 16:0-SM and the smallest in bilayers with
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FIGURE 5 The thermostability of the ordered SM-enriched domains as
reported by FRET. Samples composed of unsaturated PC:SM:cholesterol
(40:40:20) were prepared. Three different PCs were used together with
14:0-SM (A), 16:0-SM (B), 18:0-SM (C), 24:0-SM (D), and 24:1-SM (E).
The F, samples contained 0.5 mol % DPH, and the F samples contained
0.5 mol % DPH and 2 mol % Rho-DOPE. The fluorescence intensity of
the samples was measured with 5°C temperature intervals. The values are
averages of > 3 experiments *+ SD.
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24:1-SM (Fig. S1). This was the case in POPC, PAPC,
and DOPC bilayers.

As the temperature increased, the FRET efficiency
increased in all systems. At the higher end of the tempera-
ture range, the FRET efficiencies were similar in all studied
lipid systems, resulting from homogenous membrane struc-
tures without lateral domains. The effect of temperature on
FRET efficiency depends on the thermostability of the do-
mains. From the data provided in Fig. 5, it is clear that the
compositions of both the PC and SM acyl chains affected
the L, domain stability. We determined the end melting tem-
perature from FRET efficiency curves as the temperature in
which the FRET efficiency reached a maximum (shown in
Fig. 6). The data show that in POPC, the L, domains are sta-
bilized by longer SM acyl chains. However, more than 16
carbons in the chains did not significantly increase the ther-
mostability of the domains. In PAPC and DOPC, an increase
from 14 to 16 carbons markedly stabilized the domains,
whereas a further increase to 18 carbons did not affect
domain stability. With 24 carbon-long saturated acyl chains,
the thermostability of L, domains decreased compared to 16
or 18 carbon-long chains.
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FIGURE 6 A comparison of the thermostability of binary PC:SM sys-
tems with 0 and 20 mol % cholesterol. The end melting temperatures deter-
mined from the DSC and FRET experiments in (A) POPC and (B) PAPC
bilayers are shown.



It is further of interest to compare the thermotropic
behavior of binary PC-SM bilayers, with and without
20 mol % cholesterol. Therefore, we compared the end
melting temperatures obtained from DSC and FRET tech-
niques (Fig. 6). The end melting temperature was deter-
mined as the temperature in which the DSC and FRET
curves stabilized. To validate the use of the end melting pa-
rameters, we also calculated the center of mass of endo-
therms as a measure of the overall gel domain stability for
some SM systems and compared them with T,,:s from
FRET data (data not shown). As this resulted in similar dif-
ferences between cholesterol-free and -containing bilayers,
we concluded that the end melting parameters were repre-
sentative of the systems of interest. The difference between
the end melting temperatures of gel and L, domains is
shown in Fig. 7. From the data shown in the figure, it is clear
that the length of SM acyl chains affected how the presence
of cholesterol affected the thermostability of lateral do-
mains. The largest stabilizing effect of cholesterol was
observed with 16:0-SM in both POPC and PAPC. In mem-
branes with SMs that had shorter or longer than 16-carbon
acyl chains, cholesterol had less impact on thermostability.
Overall, the results were similar in POPC and PAPC; how-
ever, the stabilizing effect of cholesterol was larger in PAPC
bilayers than in POPC with all SMs.

DISCUSSION

When a phospholipid bilayer contains a high enough choles-
terol concentration, lateral segregation into Ly and fluid-or-
dered domains may occur. However, the probability that
ordered domains form, as well as the properties of these do-
mains, depend on the structure of phospholipids in the
bilayer. In bilayers consisting of only an unsaturated lipid,
such as POPC, and cholesterol, lateral segregation is not
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expected to occur (2,37). However, some degree of
nonrandom mixing may occur (38). Binary mixtures of
cholesterol and saturated phospholipids, such as PSM or
DPPC, have been reported to have complex thermotropic
phase behavior, as shown in published phase diagrams
(39-42). However, later studies using FRET and x-ray spec-
troscopy have failed to detect lateral segregation in such
lipid bilayers (2,43). Molecular dynamics simulations of
DPPC-cholesterol bilayers have predicted some nanoscale
organization into cholesterol-rich and -poor clusters (44),
and electron spin resonance data have been interpreted to
indicate lateral segregation in PSM-cholesterol bilayers
(37,45). One can, therefore, conclude that if there is lateral
segregation in bilayers composed of a single saturated phos-
pholipid and cholesterol, domains are likely to be no larger
than a few nanometers in diameter and beyond the resolu-
tion of most experimental techniques. Hence, it seems that
for cholesterol to induce phase separation or even the forma-
tion of lateral domains of a larger size, the bilayer should
contain at least two phospholipids, in addition to choles-
terol. Further, the lateral segregation of membrane compo-
nents into fluid-ordered and L4y domains or phases requires
that the two phospholipids have a tendency to repel each
other without cholesterol (16). We have recently reported
that the degree to which cholesterol facilitates lateral segre-
gation relates to how favorably it interacts with the phospho-
lipids present in the bilayer (6,9), and others have also
presented similar results (18,46). Below, we have discussed
the role of cholesterol as a promoter of lateral segregation on
the basis of the data presented in this study.

Lateral segregation

We previously observed that cholesterol facilitated lateral
segregation in ternary bilayers with PSM as the high-mid-
melting temperature (7,,,) phospholipid, whereas no or
very limited facilitation occurred in similar bilayers with
DPPC (47). This may be explained by the markedly lower
affinity of cholesterol for DPPC compared to PSM. Next,
we wanted to investigate how the structure of SM molecules
influenced the interactions with cholesterol and thereby the
lateral segregation in the bilayer. As a number of different
SMs can be found in mammalian membranes (19), it is
important to understand if and how their structural differ-
ences could affect their role in the functioning of the
membranes.

Using the previously established tPA fluorescence-based
method, we determined the solubility limits of different
SMs in the Ly phase of POPC and PAPC bilayers (Fig. 1).
Above this solubility limit, lateral ordered domains formed,
which were detected by analyzing fluorescence lifetime
data. With 14:0-SM and 24:1-SM, no formation of gel or
L, domains was observed at 23°C (data not shown). This
was in good agreement with published data on 24:1-SM
(20). In both POPC and PAPC bilayers, the solubility limit
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of SM without cholesterol clearly increased in the order of
24:0-SM < 18:0-SM < 16:0-SM (Fig. 2). In other words,
the longer the SM acyl chains, the lower the solubility in
the unsaturated PC. With an increasing chain length, the
T, of SMs increases (48). In fact, the solubility limit of
SMs in fluid PC bilayers seems to correlate well with the
Ti:s of SM molecules. Accordingly, the miscibility of
SMs and PCs is expected on the basis of how the T,,:s of in-
dividual lipids are thought to influence the phase behavior of
binary mixtures of lipids (49).

In the presence of 20 mol % cholesterol, the solubility limit
of SMs in fluid POPC and PAPC bilayers seemed to depend
less on the composition of SM acyl chains. This was most
evident in PAPC bilayers where SM-enriched L, domains
started to form at ~7 mol % SM, irrespective of the compo-
sition of acyl chains. By comparing how much SM the fluid
phase can solubilize before ordered (gel or L) domains are
formed with and without cholesterol, one gains insights
into how much cholesterol promotes lateral segregation in bi-
layers with a particular lipid composition. From Fig. 2, it is
clear that the addition of 20 mol % cholesterol promoted
lateral segregation and the formation of L, domains in all
the tested lipid combinations, except in POPC/24:0-SM. In
PAPC bilayers, cholesterol promoted lateral segregation
more than it did in POPC bilayers, and with the three addi-
tional double bonds in the PC sn-2 chain, lateral segregation
was even promoted with 24:0-SM. This supports the previ-
ously reported results (6), showing that increased amounts
of double bonds in the unsaturated PC lead to a stronger pro-
motion of lateral segregation by cholesterol (likely because
of less favorable cholesterol-PC interactions). When
comparing how cholesterol influenced lateral segregation
in combination with different SMs, it is clear from the
PAPC results (Fig. 2 B) that the longer the SM acyl chains,
the smaller the promoting effect of cholesterol. In POPC,
this was less clear, except with 24:0-SM (Fig. 2 A).

Previously, we showed that when the affinity of choles-
terol for the high-T;, phospholipid is closer to that for the
low-T,, lipid, cholesterol promoted lateral segregation less
(6). Accordingly, the less effective promotion of lateral
segregation by cholesterol in combination with longer SM
acyl chains could be due to less favorable interactions be-
tween cholesterol and these SMs. The efflux of cholesterol
from monolayers composed of SMs with different acyl
chain length has been shown to be rather similar (21). We
observed a similar trend in performing similar experiments
with the equilibrium partitioning between vesicles
composed of different SMs and methyl-g-cyclodextrin
(Fig. S2)—that is, the affinity of cholesterol for SM bilayers
was rather similar in 16:0-SM, 18:0-SM, and 24:0-SM bila-
yers. For 24:1-SM bilayers, the affinity was slightly lower,
but it was still markedly higher than that for DPPC bilayers.
However, when the equilibrium partitioning between
methyl-G-cyclodextrin and POPC:X:0-SM (80:20) bilayers
was measured, the affinity of cholesterol was found to be
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highest for bilayers with 16:0-SM and markedly lower for
those with 24:0-SM (48). This may be explained by the
mismatch between the length of the 24:0 acyl chain in SM
and the shorter chains in POPC. Similarly, cholesterol has
a lower affinity for 16:0-SM in di-14:1-PC than for
16:-SM in di-18:1-PC, in which the SM acyl chain accord-
ing to H-NMR was disordered (10).

We calculated relative partitioning coefficients (KR) for
cholesterol partitioning between PC and SM bilayers with
all different PC-SM combinations (for which partitioning
data were available) on the basis of the partition experiments
with POPC:SM (80:20) and experiments in which POPC
and PAPC were compared (6,48). These were plotted
against the change in the solubility limit of SM in the Ly
POPC and PAPC phases because of the inclusion of choles-
terol (Fig. S3). The resulting plot showed a correlation be-
tween Ky and cholesterol promotion of lateral segregation,
which is in accordance with previous reports (6,9).

It has been well documented that the thermotropic phase
behavior of 16:0-SM and long-chain SMs, such as 24:0-SM,
is markedly different (50). Therefore, we wanted to make
sure that the effects of cholesterol with different SM mole-
cules did not occur only at the chosen experimental temper-
ature (23°C). In addition, it was of interest to test how
cholesterol promotion of lateral segregation was affected
by temperature.

The results showed that without cholesterol, the solubility
of PSM in fluid POPC was strongly dependent on tempera-
ture (Fig. 3 A), which is in agreement with published data on
the same lipid system (32,51). With 20 mol % cholesterol in
the bilayers, the solubility of SM in the L4y POPC phase was
markedly less affected by temperature. The solubility limit
was more or less unchanged up to 30°C, but when the tem-
perature was raised further, the solubility gradually
increased. Accordingly, the promoting effect of cholesterol
on lateral segregation was clearly enlarged as the tempera-
ture approached physiological temperature. We speculate
that this was due to a clearly decreased affinity of choles-
terol for POPC with increasing temperature. It has been
shown that the affinity of cholesterol for POPC is ~30%
lower at 37°C than at 23°C (48). In the same temperature
range, the affinity of cholesterol for PSM may be expected
to be less affected by temperature as the temperature range
was clearly below the T;,, of PSM. With 24:0-SM, the effect
of temperature on lateral segregation was smaller than that
observed with 16:0-SM without cholesterol (Fig. 3 B), and
the addition of cholesterol did not have any significant effect
on temperature dependence at least up to ~40°C. This indi-
cates that 24:0-SM interacts significantly differently with
both cholesterol and POPC compared to 16:0-SM in a
wide range of temperatures. We suggest that this is due to
less favorable interactions between 24:0-SM and POPC or
cholesterol, which is caused by the long acyl chain that gives
this SM a relatively high T}, and a clear mismatch in hydro-
phobic length with the neighboring POPC molecules.



Thermostability of L, domains

The thermotropic behavior of lipid bilayers composed of
more than one lipid offers insights into the interactions be-
tween membrane components. Similarly, knowledge about
the thermotropic behavior of lateral gel or L, domains gives
us information about the composition of domains as well as
a view of the interactions between these components. In this
study, we used the DSC technique to study gel domains and
the FRET technique to study L, domains.

In FRET experiments, we used the fluorophore pair DPH
(donor) and Rho-DOPE (acceptor). Results obtained with
this probe pair have previously been compared to results
from deuterium NMR experiments, and the obtained ther-
mostability data were very similar with both methods (10).
Next, we compared the thermostability of 15 different lipid
systems on the basis of five different SM molecules and
three different unsaturated PCs (Fig. 5). The general trend
observed with different SMs was that those with unsaturated
(24:1-SM) or short acyl chains (14:0-SM) formed less ther-
mostable L, domains as expected. The thermostability of L,
domains formed by 16:0-SM, 18:0-SM, and 24:0-SM was
relatively similar. However, 24:0-SM formed less thermo-
stable L, domains in PAPC and DOPC than the two shorter
SMs, although it had the longest acyl chains.

To evaluate how cholesterol influenced thermostability,
the thermostability of L, domains needs to be compared
with the thermostability of the corresponding cholesterol-
free systems. The DSC results from such binary PC:SM
(1:1) bilayers showed that, first of all, the thermostability
of SM-enriched gel domains was clearly dependent on the
length of and number of double bonds in the SM acyl chains
(Fig. 4). Second, the end melting temperatures of gel do-
mains were very similar in POPC and PAPC bilayers. This
suggests that the structure of the high-T7,, lipid determined
gel domains stability. When we examined the change in
end melting temperature upon the addition of 20 mol %
cholesterol, it was clear that cholesterol affected the do-
mains of 16:0-SM the most, which are closely followed
by 14:0-SM and 18:0-SM, whereas the domains of 24:0-
SM and 24:1-SM were only slightly affected by cholesterol
(Fig. 7).

The FRET results further provide information about how
the sizes of domains were affected by the structure of lipids
in the bilayer. However, factors like the domain fractions
and probe partitioning also affect the FRET efficiency. It
has previously been reported that the structure of acyl chains
of unsaturated lipids affects the size of domains formed by
cholesterol and saturated phospholipids present in the
bilayer (33,52,53). The results in this study are in agreement
with these reports, as FRET indicated that the domain size
with all SMs was the smallest in POPC bilayers, larger in
PAPC bilayers, and the largest in DOPC bilayers (Figs. 5
and S1). However, in the case of DOPC, the decreased
FRET efficiency may also be due to an increased fraction

Sphingomyelin-Cholesterol Domains

of L, domains. It seems that the height mismatch between
ordered and disordered domains (i.e., line tension), at least
in part, controls the size of domains (52-54). However, ac-
cording to some reported observation, it is possible that
other factors are also involved (55,56). For example, it has
been proposed that hybrid lipids such as POPC and PAPC
can act as linactants and thereby reduce the domain size
(34). Our results in this study also agree with this proposi-
tion as the largest domains were observed with the nonhy-
brid lipid DOPC.

When the FRET efficiency before domain melting with
different SMs was compared, it became clear that it was
the lowest with 16:0-SM in all PC bilayers (Figs. 5 and
S1). Although the difference was smaller than that between
POPC and DOPC, it seemed that the largest or the most L,
domains were obtained with 16:0-SM, and the SM mole-
cules with both shorter and longer acyl chains formed
smaller or less domains (which is in agreement with previ-
ously published quenching data (48)). Accordingly, the L,
domains formed by 24:0-SM were significantly smaller
and/or less abundant than those formed by 16:0-SM.
Because this was the opposite of what was expected when
the acyl chain was increased (based on the discussion
above), it is possible that the length mismatch between the
acyl chain and the sphingoid base in 24:0-SM affects the
domain properties. This could be through interdigitation
or other molecular rearrangements to optimize lipid packing
in the bilayers. Another possible explanation is that the in-
teractions between 24:0-SM and cholesterol are not as
favorable as those between 16:0-SM and cholesterol (48).
If, for example, the 24 carbon-long chain would be bent in
the bilayer center, this could affect how cholesterol interacts
with the SM. Further, as it has been shown that cholesterol
can lower line tension (57), it is then also possible that
cholesterol affected line tension differently with the
different SMs.

In summary, the FRET data suggest that cholesterol inter-
acted differently with different SMs and that gave SM-en-
riched L, domains that were formed by the different SMs’
different properties (size and thermostability). On the basis
of the results of this study and previously published data
(48), we speculate that this in part was due to a different af-
finity of cholesterol for different SMs, leading to different
SM:cholesterol ratios in the formed L, domains.

CONCLUSIONS

In this study, we aimed to deepen our understanding of how
the structural features of lipids affect the propensity of
membranes to undergo lateral segregation. In particular,
we focused on the interactions between cholesterol and
SMs with different acyl chains. Using previously estab-
lished experimental approaches, we determined that choles-
terol increased lateral segregation tendency the most with
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16:0-SM and the least with 24:0-SM. Similarly, cholesterol
thermally stabilized SM-enriched domains most with 16:0-
SM. As the largest L, domains also appeared to be formed in
membranes with 16:0-SM, it seemed that this SM was espe-
cially affected by the presence of cholesterol. This is sup-
ported by partitioning studies indicating that cholesterol
(in ternary PC:SM:cholesterol bilayers) has the highest af-
finity for SM with 16 carbon-long saturated chains (48).
In binary SM:cholesterol bilayers, however, the affinity of
cholesterol is equal for SMs with saturated acyl chains of
different lengths (results herein and (21)). Together with
previously published results (10), these results indicated
that cholesterol-SM interactions are affected by interactions
with other phospholipids in the bilayer and how these affect
the conformation of the SM. Although this is not very sur-
prising, it is important to take this into consideration when
assessing the propensity of a lipid system to form L, do-
mains. From a biological point of view, our results indicate
that structurally different SMs may affect the membrane
structure and function differently and that both the content
of cholesterol and the structure of the other phospholipids
present in the bilayer determined the exact nature of this
influence.
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Methods

Equilibrium partitioning of CTL between mBCD and large unilamellar vesicles
The equilibrium partitioning of CTL between mBCD and large unilamellar vesicles (LUVS)
was performed as described in a previously published protocol (1). In brief, LUVs were made
by extruding multilamellar vesicles with defined lipid composition, through filters with 200
nm pores (Whatman International, Maidstone, UK). These LUVs (final concentration 50 M)
were mixed with different amounts of mBCD (from 0 to 1.0 mM)in a total volume of 2.5 mL.
The resulting samples were incubated 2 h at 55 °C after which the anisotropy of CTL was
measured at the same temperature. The obtained anisotropy values were converted the molar
concentration of CTL, €4/, according to

CLUV — (ri_rCD)
CTL CTL G ryr—rcp)

[1]
where Cr.is the total concentration of CTL in the samples, r;;yis the anisotropy of CTL in
the specific PL bilayer, r;is the CTL anisotropy in the sample, and r;,, is the anisotropy of CTL
in the CTL—mBCD complex. The molar fraction partition coefficients (Ky), describing the
equilibrium partitioning of CTL between the different PL bilayers and mBCD, was calculated
by plotting the calculated molar concentrations of CTL in the LUV bilayers against the mBCD
concentration and fitting the obtained curves with the following equation:

Luv _ CL—Ceri+(Ccp)™/Kx ( CLCcTL >
= X —
Cert 2 \/1 +4 [CL—CerL+(Cep)™/Kx]? 1 2]

Here, C,is the PL concentration, Ccp, is the cyclodextrin concentration, and CEYY is the
cholesterol concentration in lipid bilayers. The relative partitioning coefficient Kr was
calculated by dividing the Kx obtained with different PC samples with the Kx obtained from
PSM samples.
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Figure S1. FRET efficiency before lo domain melting in different PC:SM:Cholesterol bilayers.
Samples composed of unsaturated PC:SM:cholesterol (40:40:20) were prepared. The FO
samples contained 0.5 mol% DPH, and the F samples contained 0.5 mol% DPH and 2 mol%
Rho-DOPE. The FRET efficiencies were measured at different temperatures with different

lipid systems so that it was measured before the domain melting in all systems.
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Figure S2. Equilibrium partitioning of CTL between mBCD and LUVs composed of different
SMs. DPPC was included for comparison. All measurements were performed at 55 °C to ensure

fluid membranes. n >3 + SD.
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Figure S3. Correlation between relative cholesterol affinity (Kr)and the SM solubility in the
fluid disordered phase. The change in SM solubility due to cholesterol addition was plotted
against the measured relative partitioning coefficients of CTL for the different phospholipid in
the different systems. The graph shows data from the present study, as well as from our

previously published results (2, 3).
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