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ABSTRACT Cholesterol is an essential molecule in the membranes of mammalian cells. It is known to be distributed hetero-
geneously within the cells, between the bilayer leaflets, as well as between lateral domains within the bilayer. However, we do
not know exactly how cholesterol is distributed and what forces drive this sorting process because it extremely difficult to study
using currently available methods. To further elucidate this distribution, we measured how cholesterol partitions between
different phospholipid (PL) environments using different methods based on cholesterol, TopFluor-cholesterol, and cholesta-
5,7,9(11)-triene-3-8-ol. Based on the obtained relative partition coefficients, we made predictions regarding how cholesterol
would be distributed between lateral domains and between the inner and outer leaflets of the plasma membrane. In addition,
using a trans-parinaric acid fluorescence-based method, we tested how cholesterol could influence lateral segregation through
its interaction with unsaturated PLs with different headgroups. The results showed that the lower the affinity of cholesterol was
for the different unsaturated PLs, the more cholesterol stimulated lateral segregation in a ternary bilayer of unsaturated PL/
N-palmitoyl-D-erythro-sphingomyelin and cholesterol. Overall, the results indicate that both the distribution of cholesterol be-
tween different lipid environments and the impact of cholesterol on lateral segregation can be predicted relatively accurately

from determined relative partition coefficients.

INTRODUCTION

Cholesterol is unevenly distributed within mammalian cells,
and the cholesterol content in different membrane compart-
ments varies markedly. Further, cholesterol is also distrib-
uted unevenly in the bilayer membrane, both laterally and
between the inner and outer leaflets of the bilayer (1-3).

It is still unclear how the distribution of cholesterol be-
tween leaflets, lateral domains, and bilayer compartments
is controlled, but it can be assumed that it is at least
partially controlled by the interactions between choles-
terol and other membrane lipids and proteins. It has
repeatedly been shown that cholesterol has a particularly
strong preference for sphingomyelin (SM) (4-7), and re-
sults from studies on lipid homeostasis suggest that
cholesterol and SM are colocalized in the plasma mem-
brane (8). Hence, it seems possible that by measuring
the strength of the interactions between cholesterol and
different phospholipids (PLs), knowledge about how the
sterol is distributed both within and between cellular
membranes can be obtained.
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Many studies have convincingly demonstrated that
cholesterol (and other sterols) have an increased affinity
for PLs with saturated acyl chains when compared to
PLs with unsaturated acyl chains (9—11). However, other
properties also clearly influence the interactions between
cholesterol and PLs, as indicated by the observation that
cholesterol interacts more strongly with SM than with phos-
phatidylcholine, even with a matching acyl-chain order in
the bilayers (4). As published data suggest, it can be ex-
pected that the PL headgroups would also influence the
magnitude of the affinity that cholesterol has for the lipids
(6,8,11-14). Because the different PL classes are distributed
unevenly between the inner and outer leaflets of the bilayer,
the interactions between cholesterol and lipids with
different headgroups may be an important factor in deter-
mining the interleaflet distribution of cholesterol. In addi-
tion, the lateral organization within the bilayers may be
influenced by the interactions between cholesterol and
different PLs (7).

A reliable way to determine the affinity of cholesterol
(and other sterols) for different PL environments is to use
an equilibrium partition method that measures the partition-
ing of sterols between different PL bilayers or between PL
bilayers and methyl-G3-cyclodextrin (mB8CD) in the aqueous
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phase (14-16). Here, we have measured the affinity of
cholesterol, cholesta-5,7,9(11)-triene-3-3-ol (CTL), and
TopFluor (TF)-cholesterol for lipid bilayers with different
PL compositions using such approaches. This allowed the
comparison of the partitioning behavior of cholesterol to
that of the fluorescent analogs. An advantage of using fluo-
rescent probes to analyze the interactions between sterols
and PLs is that they allow studies with very low bilayer ste-
rol content, low enough to eliminate the formation of sterol-
rich domains or effects of sterols on the bulk membrane
properties. This makes the interpretation of the data more
straightforward and allows the determination of the affinity
of sterols for PLs at low sterol concentration.

One important property of cholesterol is its ability to
induce fluid-fluid phase separation, as has been observed
in model membranes (7,17). In cell membranes, actual
phase separation may not occur at physiological tempera-
tures, but there is evidence that cholesterol can also induce
lateral heterogeneity in cell membranes (18). Recently, it
has been further shown that cholesterol-dependent phase
separation occurs at subphysiological temperatures in
cell-derived giant unilamellar vesicles (19). Therefore, it
is clear that cholesterol-induced lateral heterogeneity is
important and that several cellular processes are likely to
be influenced by it. To determine the degree to which
cholesterol facilitates the lateral segregation of lipids and
the formation of nanodomains through interactions with
the different PLs, we used a time-resolved fluorescence-
based approach that is sensitive to the appearance of gel
or liquid-ordered (l,)-like domains in the bilayers (7,20).
This was done in ternary lipid mixtures with varying unsat-
urated PLs, N-palmitoyl-D-erythro-sphingomyelin (PSM),
and cholesterol.

The results from the equilibrium partitioning experiments
showed that cholesterol (as well as the two fluorescent sterol
analogs) had different affinities for saturated and unsatu-
rated PLs with different headgroups. Interestingly, all three
sterols showed similar PL preferences, and the affinity of the
sterols for the different PLs correlated with the degree to
which cholesterol facilitated lateral segregation in the
ternary bilayers, including the different PLs. The usefulness
of relative partitioning coefficients as a tool for predicting
cholesterol distribution within cells, between bilayer leaf-
lets, and between lateral domains will be analyzed and
discussed.

MATERIALS AND METHODS
Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC), N-oleoyl-D-
erythro-sphingomyelin (OSM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine (POPE), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphoe-
thanolamine (PLPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(POPG), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),

Sterol Affinity and Lateral Segregation

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dipalmi-
toyl-sn-glycero-3-phospho-L-serine DPPS), 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (DPPG), egg SM, and TF-cholesterol were
obtained from Avanti Polar Lipids (Alabaster, AL). N-palmitoyl-D-er-
ythro-sphingomyelin (PSM) was purified from egg SM by reverse-phase
high performance liquid chromatography (Supelco Discovery C18 column,
dimensions 250 x 21.2 mm, 5 um particle size; Supelco, Bellefonte, PA)
using methanol as eluent. The purity and identity of PSM was verified by
electrospray ionization mass spectrometry. 1-Palmitoyl-2- diphenylhexa-
triene-sn-glycero-3-phosphocholine (DPH-PC) was purchased from Molec-
ular Probes (Eugene, OR), and m@CD from Sigma Chemicals (St. Louis,
MO). Cholesta-5,7,9(11)-triene-3-6-ol (CTL) was prepared according to
published procedures (21,22). trans-parinaric acid (tPA) was synthesized
and purified according to published procedures (23). It was stored
at —87°C and contained 0.5 mol% butylated hydroxytoluene to prevent
oxidation. Stock solutions of DPH-PC, TF-cholesterol, tPA, and CTL
were prepared in ethanol. Fluorophore concentrations were determined
based on the molar extinction coefficients of CTL (11,250 cm™! Mfl),
DPH-PC (92,000 cm™' M™"), TF-cholesterol (90,000 cm ' M), and
tPA (88,000 cm ' M™1). The concentration of PLs was determined accord-
ing to (24), and cholesterol concentration was determined using a surface
barostat (25). Solutions were stored in the dark at —20°C and warmed to
ambient temperature before use. The water used for all experiments was pu-
rified by reverse osmosis, followed by passage through a Millipore UF Plus
water-purification system (Millipore, Billerica, MA) to yield a product re-
sistivity of 18.2 mQcm. All vesicles were prepared in buffer (50 mM Tris,
140 mM NaCl (pH 7.4)).

Equilibrium distribution of CTL between mg3CD
and LUVs

CTL partitioning between large unilamellar vesicles (LUVs) and m@CD
was measured as described in detail in the Supporting Materials and
Methods.

Equilibrium distribution of cholesterol between
donor and acceptor vesicles

The equilibrium partitioning of cholesterol between large unilamellar donor
vesicles (donor LUVs) and large unilamellar acceptor vesicles (acceptor
LUVs) was determined using an anisotropy-based assay, described in detail
in the Supporting Materials and Methods.

Equilibrium distribution of TF-cholesterol
between donor and acceptor vesicles

The distribution of TF-cholesterol between donor LUVs and acceptor
LUVs was studied using a Forster resonance energy transfer (FRET)
approach in which the FRET donor was DPH-PC and the FRET acceptor
was TF-cholesterol, described in detail in the Supporting Materials and
Methods.

Calculation of sterol distribution based on

relative partitioning coefficients

To use the determined relative partitioning coefficient to estimate the distri-

bution of cholesterol (and the other sterols) in different lipids systems, an

average relative partitioning coefficient was calculated using the following

equation:

PLKg + PL,Kgy + -+ + PL,Kg ,
PL, +PL, + -+ + PL, '

6]

KRAAvemge =
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This is a weighted average value, where PL,, is the number of a partic-
ular lipid (given, e.g., as the mol%) and Ky, is the relative partitioning
coefficient of this particular lipid. This average Kg is calculated for a
particular lipid composition, such as the outer leaflet of the plasma mem-
brane. Having calculated the average K for both environments of interest
(e.g., the inner and outer leaflets), the distribution of the sterol between
them can be calculated simply by dividing the two average Ky parameters
by each other.

Determination of lipid segregation based on tPA
fluorescence

To study how the lipid bilayers segregated into lateral domains (either
liquid disordered (1) and 1, or 14 and gel), the fluorescence lifetimes of
tPA in bilayers were measured as a function of PSM concentration at
23°C. For these experiments, multilamellar vesicles were prepared by hy-
drating dry lipid films with argon-saturated buffer at 60°C for 30 min. Af-
ter this, the samples were cooled to room temperature. The final lipid
concentration in the samples was 100 uM (containing 1 mol% tPA).
The formation of gel or I, domains was detected by measuring the average
fluorescence lifetime of tPA in a series of samples in which the molar frac-
tion of PSM was increased in the samples while the cholesterol fraction
was kept constant (between 0 and 20 mol%). The formation of gel or 1,
domains was determined as the concentration of PSM at which the
average lifetime function changed direction (because of a dramatically
longer longest lifetime component).

RESULTS
CTL partitioning between PL vesicles and mgCD

CTL has been shown to be a good fluorescent cholesterol
analog (26), and we have previously developed a method
for measuring the equilibrium partitioning of CTL between
LUVs and mBCD (10). Here, this method was used to deter-
mine how CTL interacted with PLs with different polar
headgroups. Hence, we measured CTL partitioning between
mgBCD and LUVs composed of POPC, OSM, POPE, POPS,
or POPG at 37°C. The results of these measurements are
shown in Fig. 1, and calculated Gibbs free energies are
shown in Table S1. The data in the figure show that the addi-
tion of an increasing amount of m@BCD to the vesicles re-
sulted in a concomitant decrease in the fluorescence
anisotropy of CTL in the lipid bilayers (Fig. S1), which
then can be translated into the fraction of CTL in the bila-
yers (Fig. 1 A) and in complex with mB8CD. By fitting the
data presented in Fig. 1 A with Eq. S2, the molar fraction
partitioning coefficients (Kyx) describing the equilibrium
partitioning of CTL between the vesicles and mBCD could
be determined. All determined partitioning coefficients are
shown in Fig. | B.

The lowest partitioning coefficient was observed for
acceptor LUVs composed of POPE, but POPG and
POPC LUVs gave rise to only slightly higher coefficients.
Markedly higher partitioning coefficients were measured
with OSM and POPS LUVs. Based on earlier work with
cholesterol, it was expected that CTL would have a high
affinity for OSM bilayers (27). The high affinity of the
sterol for POPS is also in good agreement with previous
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FIGURE 1 Equilibrium partitioning of CTL between LUVs and mBCD.

(A) shows the amounts of CTL in the PL vesicles calculated from the anisot-
ropy data shown in Fig. S1 using Eq. S1. The solid lines are the best fits that
were obtained to the data with Eq. S2. (B) shows the molar fraction parti-
tioning (Kx) and the relative partitioning (Kg) coefficients, which were
determined at 37°C. Values are averages = SD with n > 3. To see this
figure in color, go online.

observations (11,14,28-30). However, that it would
be as high as for OSM was not expected. This result is
interesting because it suggests that monounsaturated
phosphatidylserines in the inner leaflet could interact
favorably with cholesterol and thereby influence both
the lateral and trans-bilayer distribution of cholesterol in
the bilayer.

TF-cholesterol partitioning between donor and
acceptor LUVs

TF-cholesterol is a more recently developed cholesterol
analog than CTL. Because of its fluorescence properties, it
is more suitable for fluorescence microscopy than CTL. It
has been shown to partition into an I, phase (31). In FRET
experiments, we observed that TF-cholesterol could not be
removed from lipid bilayers with m@CD (Fig. S2). Appar-
ently, the addition of the fluorescent group interferes with
the formation of the cyclodextrin-cholesterol complex
(32,33). Hence, partitioning of TF-cholesterol between
mBCD and LUVs could not be studied. Instead, partitioning
between donor and acceptor LUVs was measured.



To measure how TF-cholesterol was distributed between
donor and acceptor LUVs, we used a FRET-based assay, in
which the FRET between DPH-PC and TF-cholesterol was
measured. Donor LUVs were prepared of POPC with
0.5 mol% DPH-PC and 0.5 mol% TF-cholesterol, as well
as acceptor LUVs with varying compositions. Because
the FRET efficiency depended linearly on the TF-choles-
terol concentration in the donor LUVs (and DPH-PC re-
mains in the donor LUVs), the data could be used to
calculate the partitioning coefficient for how the sterol
was distributed between the donor and acceptor LUVs
(Figs. S3 and S4).

Similarly to CTL, the binding of TF-cholesterol to unsat-
urated PL bilayers with different headgroups was investi-
gated. For this, POPC donor LUVs were mixed 1:1 with
acceptor LUVs composed of pure POPC, OSM, POPE,
POPS, or POPG and incubated overnight at 37°C to ensure
that equilibrium had been reached (Fig. S5). Subsequently,
the FRET efficiencies in the samples were determined by
measuring the DPH-PC fluorescence lifetimes. From the
FRET efficiencies, we calculated the relative partition coef-
ficients (K, using Egs. S4 and S5), which indicated the rela-
tive affinity of the sterol for the different PLs in relation to
the POPC donor LUVs.

As is clear from the results shown in Fig. 2 (calculated
Gibbs free energies are shown in Table S1), TF-choles-
terol interacted differently with different PLs. The sterol
seems to interact most strongly with POPS bilayers,
closely followed by OSM. For POPE bilayers, the sterol
showed a very low affinity compared to the other PLs,
whereas the affinity for POPC and POPG was intermedi-
ate. These results resembled those obtained with CTL,
suggesting that despite the structural differences between
the two sterols, their relative affinity for the different PLs
was similar.
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FIGURE 2 Relative partitioning of TF-cholesterol between different PL
vesicles. The relative partitioning (Kz) between POPC and the other PLs
was measured at 37°C using the FRET assay described in the methods sec-

tion. Values are averages + SD with n > 3.
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Cholesterol partitioning between donor and
acceptor vesicles

To measure the partitioning of cholesterol between different
PL bilayers, a setup based on donor and acceptor LUV's was
chosen. In these experiments, the donor LUVs were
composed of POPC with 25 mol% cholesterol and 1 mol
9% DPH-PC. The acceptor LUVs were composed of pure un-
saturated PLs (POPC, OSM, POPE, POPS, and POPG). The
donor and acceptor LUVs were mixed 1:1 and incubated
overnight at 37°C, after which the fluorescence anisotropy
of DPH-PC was measured at the same temperature. The
measured anisotropies of DPH-PC indicated that the amount
of cholesterol in the donor LUVs varied with the lipid
composition in the acceptor LUVs (Fig. 3 A). To determine
the amount of cholesterol in the donor LUVs, a standard
curve for the DPH-PC in POPC bilayers with 0-35 mol%
cholesterol was used (inset in Fig. 3 A). Using the standard
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FIGURE 3 Equilibrium partitioning of cholesterol between different PL
vesicles. The equilibrium partitioning of cholesterol between donor and
acceptor LUVs was measured by monitoring the anisotropy of DPH-PC
in the donor POPC LUVs initially containing 25 mol% cholesterol (A).
The distribution of cholesterol between the LUVs was determined using
a standard curve (inset in A). (B) shows the resulting relative partitioning
coefficients (Kg) relative to POPC-POPC partitioning. Values are
average + SD with n > 3.
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curve, the amount of cholesterol in the acceptor and donor
LUVs was calculated and the relative partitioning coeffi-
cient was determined (Fig. 3 B), and calculated Gibbs free
energies are shown in Table S1. From the results, it is clear
that cholesterol interacts most unfavorably with POPE, as
can be seen from the low Kg. The other lipids interact
more similarly with cholesterol, but the affinity of the sterol
seems to be highest for OSM and POPS. Compared with the
other two sterols, the cholesterol assay showed smaller dif-
ferences in Ki between the different lipids (with the excep-
tion of POPE). We think this possibly could be due to the
significantly higher sterol content in these experiments.
With this much cholesterol in the bilayer, the bilayer as
whole is affected by the sterol, whereas with less than <2
mol% sterol (as with CTL and TF-cholesterol methods),
only local regions of the bulk bilayer are affected by the ste-
rols. Indeed, it has been reported that the amount of choles-
terol in the bilayer affects its partitioning behavior (15,34).
However, even though the observed difference in the affinity
of cholesterol for the different PLs was not as large as with
the other sterols, the relative affinity of cholesterol for the
PLs was again similar to data obtained with the fluorescence
sterol analogs.

Sterol interactions with saturated PLs

As the interactions between PLs with saturated acyl chains
and sterols are also of interest, we included such lipids in
this study. First, the affinity of CTL for saturated PLs was
investigated by measuring the equilibrium partitioning of
CTL between mBCD and LUVs composed of 80% POPC
and 20% DPPC, PSM, DPPE, DPPS, or DPPG at 37°C.
With these compositions at this temperature, no gel phase
formation occurred at the experimental temperature (data
not shown), nor is it expected that 1, domains form (7,35).
To have the same reference scale as in the experiments
with the unsaturated lipids, a pure POPC sample was also
included. The results from these experiments are summa-
rized in Fig. 4 A, and calculated Gibbs free energies are
shown in Table S1. The inclusion of all saturated lipids,
except DPPE, led to increased membrane partitioning of
CTL compared to pure POPC. This indicates that CTL
favored all saturated PLs (except DPPE) over POPC. Over-
all, the results with the saturated lipids were similar to those
with the pure unsaturated acceptor LUVs, with the excep-
tion that the affinity of CTL for LUVs containing DPPS
was lower than for those containing DPPC or PSM, whereas
the opposite was observed with unsaturated lipids. This in-
dicates that the affinity of CTL for a PL bilayer is affected
both by the acyl chains and the headgroup of the lipids
and by the combination of these.

Similar experiments were also conducted with cholesterol
(results in Fig. 4 B; Table S1). In these experiments, the in-
teractions between cholesterol and saturated PLs were stud-
ied using acceptor LUVs consisting of 80 mol% POPC and
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FIGURE 4 The preference of sterols for saturated PLs. CTL partitioning
between LUVs composed of POPC/saturated PL (80:20) and mBCD was
measured at 37°C. The resulting Ky are presented as Ky relative to pure
POPC LUVs in (A). The relative partitioning of cholesterol between
POPC donor LUVs and acceptor LUVs composed of POPC/saturated PL
(80:20) at 37°C is shown in (B). Note the scale on the y axis in (B). Values
are averages + SD with n > 3.

20 mol% saturated lipids (DPPC, PSM, DPPE, DPPS, or
DPPG). As with the unsaturated lipids, the donor LUVs
were composed of POPC with 25 mol% cholesterol and 1
mol% DPH-PC. Because of the high cholesterol/saturated
PL ratio in these experiments, it is obvious that the results
would show only very small differences between the
different PLs (Fig. 4 B). Based on the results shown in
Fig. 4, cholesterol partitioned similarly into the DPPG-,
DPPS-, and DPPC-containing bilayers because the addition
of these lipids to POPC did not seem to influence the affinity
of cholesterol for the acceptor LUVs significantly. Mean-
while, the inclusion of PSM increased the affinity of the ste-
rol for the donor vesicles, as seen from a small but
significant increase in the partitioning coefficient. Gibbs
free enegy for the transfer of cholesterol from POPC to
POPC/PSM bilayers was calculated to be 0.35 kcal/mol;
this is similar to what was observed in a previous study
(34). The lowest preference for the acceptor LUVs was
achieved with POPC/DPPE vesicles. This suggests that



cholesterol interacts poorly with phosphatidylethanolamine
(PE) molecules, likely because of the relatively small head-
group found in these molecules.

Lateral segregation in the lipid bilayers with and
without cholesterol

It has previously been observed that the relative affinity of
cholesterol for the different PLs in a bilayer correlates
with both how prone the system is to form an 1, domain
as well as with the properties of the formed 1, domains
(7). Hence, it was of interest to test how the unsaturated
lipids studied within this project could influence the transi-
tion from pure 1, bilayers to bilayers in which 14 and 1, do-
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mains coexist through their different interactions with
cholesterol. By measuring the fluorescence lifetimes of
tPA in lipid bilayers as a function of the molar fraction of
PSM, the critical PSM concentration required for the forma-
tion of 1, domains could be determined. Fig. 5 A shows the
results from measurements done with POPC bilayers having
a constant cholesterol content (0, 10, 15, or 20 mol%) and an
increasing PSM concentration (0-50 mol%) at 23°C with 1
mol% tPA. As can be seen in the figure, the average fluores-
cence lifetime of tPA increased with the PSM content, and at
a critical mol% PSM, a more dramatic increase is observed,
resulting in a clear change in slope. As a result, the data is
better fitted with two linear functions, and the point at which
these cross each other is the concentration of PSM at which
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Influence of cholesterol and PL headgroup on the lateral segregation. (A) shows the tPA fluorescence lifetimes (representative data) as a func-

tion of PSM content at different cholesterol concentrations together with POPC at 23°C. The PSM concentration at which these trendlines change slope
defines the PSM content at which the lateral segregation was initiated. For the POPC-based bilayers, these are summarized in (B) (values are averages +
SD with n > 3.). (C) shows representative lifetime components observed in different ternary mixtures of PLPE, PSM, and 5 mol% cholesterol. The impact
of different headgroups in the unsaturated lipids on the formation of the gel and 1, phases (and the difference between these two) by PSM at 23°C is quantified
in (D). These values are averages + SD with n > 3. To see this figure in color, go online.
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lateral domains with a higher degree of order (gel or 1) start
to form (20). In the series without cholesterol, gel domains
start to form at ~30 mol% PSM, and the addition of choles-
terol lowers the amount of PSM that is needed to form gel/l,,
domains (quantified in Fig. 5 B). At ~10 mol% cholesterol,
the boundary between 14 and the ordered phase (gel or 1)
changes direction. This change of direction is interpreted
to be due to a change in the nature of the ordered phase
(gel below and 1, above ~10 mol% cholesterol).

In Fig. 5 C, the individual lifetime components of a
typical fluorescence decay of tPA are shown (PLPE/PSM/
cholesterol with 5 mol% cholesterol). Commonly, three to
four lifetime components were needed to achieve a good
fit to the experimental data. As is clear from Fig. 5 C, a
fourth lifetime component needed to be added to samples
with >20 mol% PSM, that is, above the discontinuity in
the lifetime function. Because this fourth lifetime compo-
nent is longer than the other ones, it indicates that at this
PSM concentration, a new, more ordered lipid environment
was formed.

When the mol% PSM needed to form gel and 1, domains
in bilayers containing different unsaturated PLs was
compared, we observed that the headgroup structure
affected both 14-gel and 14-1, transitions (Fig. 5 D). Because
the primary interest was to establish the impact of choles-
terol on lateral segregation, the fraction of PSM needed to
start the transition from the 14 to gel phases was compared
with that needed to form 1, at 20 mol% cholesterol. The
20 mol% cholesterol trajectory was chosen because the
largest shift of the boundary was observed with this choles-
terol concentration in all PL samples studied. Because the
experiments were performed at 23°C, we could not use
POPE as a low-T,, lipid because of its 14-gel transition
at ~25°C. Instead, PLPE was used as the low-T,, phospha-
tidylethanolamine. With PLPE/PSM bilayers, we were not
able to determine the transition from g to 1, at 20 mol%
cholesterol. However, with up to 15 mol% cholesterol,
the 1, boundary could be determined from the clear discon-
tinuity in the lifetime function (Fig. S6). We assumed that
this was the largest shift of the boundary (caused by choles-
terol inclusion) because the boundary was at ~10 mol%
PSM from 10 to 15 mol% cholesterol (Fig. S6). However,
we also performed additional FRET experiments in which
it was confirmed that 1, domains started to form above
10 mol% PSM in the PLPE/PSM/cholesterol bilayers
(Fig. S7). Of the compared PLs, the largest effect of choles-
terol inclusion was observed with PLPE-containing bila-
yers, in which lateral segregation occurred at ~15 mol%
lower PSM concentration with cholesterol than without. In
POPG- and POPC-based bilayers, the impact of cholesterol
on lateral segregation was similar but smaller than observed
with PLPE. In bilayers in which POPS and OSM were the
low-T,, lipids, the effect of cholesterol was small, and the
phase transition was lowered only ~5 mol% PSM when
cholesterol was included.
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When the observed effects of cholesterol on lateral segre-
gation are compared to the affinity of sterols for the different
unsaturated PLs, it is clear that the higher the affinity the ste-
rol showed toward the lipid, the smaller the impact choles-
terol had on lateral segregation in the bilayer.

DISCUSSION

The composition of the membranes in mammalian cells is
complex, and it has proven extremely difficult to obtain
detailed information about the arrangement of these compo-
nents from direct studies of cells and their membranes.
However, by studying how the different components interact
and organize themselves in model membranes, we obtain
data that help us predict the architecture of the cellular
membranes and deepen our understanding of how they func-
tion. In this work, we measured the partitioning of sterols
between bilayers and investigated how the observed PL in-
teractions influenced lateral organization within the bilayer,
finding a clear correlation between these events.

Sterol affinity for different PLs

Cholesterol is an essential component in mammalian mem-
branes, and it is known to be involved in many cellular func-
tions (2,36). Through its interactions with the other lipid
components in the membranes, cholesterol can promote
lipid segregation and the formation of lateral domains, often
called lipid rafts (7,37-39). The intermolecular interactions
between cholesterol and different PLs control this process,
and by understanding these interactions we come closer to
understanding the formation of lateral domains and the
role they may play in cells.

Several different approaches have been used to study
cholesterol partitioning between vesicles or vesicles and
cyclodextrin (11,14,15,27,40). In this work, we used three
different approaches, two of which use fluorescent analogs
of cholesterol. A clear advantage of using a fluorescent ste-
rol analog is that very low sterol concentrations can be used.
This makes the interpretation of the data more straightfor-
ward because the bulk effects of sterols on the overall mem-
brane properties and phase separation can be avoided. It also
allows us to compare how the sterol partitions in lipid envi-
ronments with lower sterol content, such as 14 phases. The
results with the methods based on fluorescent analogs
were also very similar to those using the cholesterol-based
approach (Fig. S8). Using expensive lipids, it is also an
advantage that very small amounts of lipids are needed for
each assay.

When the interactions of the three sterols with the
different unsaturated PLs were compared, it was clear that
the relative affinities for the PLs was similar for all three ste-
rols (POPE < POPG < POPC < OSM < POPS) (Figs. 1, 2,
and 3; Table S1). These results were in agreement with pre-
vious observations (6,11,12,14), although published results



from DSC measurements have suggested that cholesterol in-
teracted more strongly with SM than with PS (12). However,
the magnitude of the difference in the affinity for different
lipids depended on the sterol that was used (Fig. S8).
Clearly, the smallest difference between the different PLs
was observed with cholesterol. This may be partially due
to the low sensitivity of the method, but more likely it was
due to the higher sterol content used in these experiments.
The lower concentration of sterol used with the fluorescent
sterols (more than 10 times lower) eliminates the bulk
ordering effect of the sterols on the lipids and should thus
be more dependent on the intermolecular interactions. The
effect of the high cholesterol concentration was even more
evident in the experiments with POPC/saturated PL
(80:20), in which only the bilayers containing PSM or
DPPE clearly differed from the rest (Fig. 4). Significantly
clearer differences between the different lipids were
observed in the CTL partitioning experiments. Interestingly,
with saturated lipids, cholesterol did not interact as favor-
ably with PS as with the unsaturated lipids, which suggests
that the combination of an acyl chain and headgroup can
also determine how sterols interact with a PL. It is also note-
worthy that the sterols had a lower affinity for DPPE than for
POPC (Fig. 4), although DPPE seems to partition signifi-
cantly into 1, domains, at least when fluorescent probes
are linked to the headgroup (41,42).

Cholesterol is known to favor saturated over unsaturated
acyl chains, and at least for CTL, the affinity for PL bilayers
seem to correlate with the acyl-chain order (10,27). How-
ever, the high affinity is not due to acyl-chain order alone
because other molecular features also influence the interac-
tions between sterols and PLs (4). In this study, it was
observed that both cholesterol and CTL preferred POPC
over DPPE, and TF-cholesterol had about as high an affinity
for POPS and OSM as has been reported for DPPC (7).
These findings support the role of other molecular features
besides acyl chains in the determination of the affinity of
sterols for PLs.

Comparing how CTL, TF-cholesterol, and cholesterol
partition between POPC and fluid PSM (Fig. S9), it is
obvious that the sterol structure influences the degree to
which a sterol prefers saturated over unsaturated chains.
This, of course, was expected because it is well known
that sterols with different structures interact differently
with PLs (26,43-45). However, it is a good reminder that
when using fluorescent analogs to gain insight into choles-
terol distribution, for example, within cells, the analogs
may behave differently than cholesterol. Still, both CTL
and TF-cholesterol showed similar relative partition
behavior as cholesterol, supporting their usefulness.

By obtaining the relative partitioning coefficient
describing the distribution of cholesterol between different
PL bilayers, we hoped to gain insight into how cholesterol
is distributed within cells and how its presence can shape
the membrane. One can ask how well relative partitioning
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describes the behavior of the sterol in complex bilayers.
Compared with the way in which cholesterol partitions be-
tween the 14 and 1, domains calculated based on phase dia-
grams for ternary lipid mixtures, it is clear the partitioning
between lateral domains is not the same as that between
pure PL bilayers (5,46,47), although there are similarities.
For instance, cholesterol partitions more into 1, domains
the more cis double bonds there are in the unsaturated lipids.
Further, cholesterol partitions more into the 1, domains
when the saturated lipid is SM rather than PC, which is
exactly what would be predicted based on our findings
(7). In POPC/brain-SM/cholesterol bilayers, the Kz (1,/14)
for cholesterol is ~4, which is much lower than what has
been reported for partitions between POPC and PSM bila-
yers (~12) (5,34). However, because SM is present in
both the 1, and 14 phases, this should be taken into account
in the calculations. When we correct for this and use the
partition coefficients for bilayer-bilayer partition (using
Eq. 1), we obtain an estimated Ky (1,/1) of 2.85, which is
closer to the Ky (l,/1) obtained from the phase diagrams.
Likely, other factors such as the cholesterol content in the
two phases should still be taken into account to obtain a
more accurate prediction. However, we think that it is clear
that by measuring how cholesterol partitions between
bilayers of different lipids, one can roughly estimate
how cholesterol is distributed between lateral domains in
membranes.

Lateral segregation

We have previously shown that the relative affinity of
cholesterol for the unsaturated and saturated PLs in a ternary
system affects the tendency of the system to segregate into
lateral domains with different lipid compositions (7).
From the cited study, it was clear that when the number of
double bonds in the unsaturated PL was increased, the affin-
ity of cholesterol for the lipid decreased and the tendency to
form lateral domains increased in ternary lipid mixtures.
Based on molecular dynamics simulations, it has been sug-
gested that cholesterol drives the lateral segregation of un-
saturated and saturated lipids because of enthalpy gain
from more favorable van der Waals interactions between
saturated acyl chains and cholesterol, and that unfavorable
entropic contributions are working against the 1, domain for-
mation (24). In this study, we observed that changes in sterol
affinity, resulting from headgroup structure, also affected
the membrane’s tendency to segregate laterally in a similar
way (Fig. 5). Commonly, the thermal stability of lateral do-
mains is used as a measure of how prone a lipid mixture is to
form domains (41,48-51). This parameter is mostly depen-
dent on the lipid composition of the domains, and the higher
the fraction of sterol and saturated PL is, the higher the
melting temperature becomes. The approach we have used
here is to determine the critical PSM concentration at which
lateral domains appear at a constant temperature. This
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indicates the solubility limit of PSM in the fluid phase at this
temperature. Because we do not have phase diagrams
describing the phase behavior of all the studied lipid mix-
tures, we chose to follow sample trajectories along a con-
stant cholesterol concentration. The concentration 20 mol
% was chosen because the available phase diagrams suggest
that we should observe the formation of 1, domains and not
gel domains at this cholesterol concentration, at least at low
PSM concentrations (5,35,52,53). Because it is expected
that the different unsaturated PLs will mix differently with
PSM, we cannot determine the effect of cholesterol on
lateral segregation in the different systems without under-
standing the cholesterol-free systems. Therefore, we used
the same tPA-fluorescence-based approach to determine
the PSM concentration at which PSM-rich gel phases start
to form in binary bilayers composed of the different unsat-
urated lipids and increasing amounts of PSM. This PSM
concentration is the highest fraction of PSM that is soluble
in the 14 phase at this temperature. In all the studied systems,
the addition of cholesterol lowered the solubility of PSM in
the 14 phase in a concentration-dependent manner (Fig. 5, A
and B), that is, cholesterol facilitated the formation of both
gel (below ~10 mol% cholesterol) and 1, (above ~10 mol%
cholesterol) domains. This effect of cholesterol may be ex-
pected because cholesterol, according to determined phase
diagrams, does partition favorably into both gel and 1, phase
as compared to the I; phase (5,54). In fact, it would be sur-
prising if cholesterol did not influence the formation of gel
and 1, domains.

Comparison of the effect of cholesterol on the solubility
of PSM in bilayers composed of the different unsaturated
PLs showed that the solubility in PLPE was most affected
by cholesterol, whereas the smallest influence was observed
in the OSM and POPS bilayers (Fig. 5 D). The overall trend
was that the influence of cholesterol on the PSM solubility
in the 14 phase increased with decreasing cholesterol affinity
for the unsaturated PL. These results agree with our previ-
ously published results, showing that the relative affinity
of cholesterol for the two PLs in the bilayer determines
how much PSM is needed to start the transition from the
14 to the 1, or gel phases (7). Therefore, one can argue that
the results of both of these studies show that the lateral or-
ganization of lipids in bilayers is governed by both push
and pull mechanisms (55).

The molecular shape of PE can likely explain the obser-
vation that cholesterol disliked PE both in partitioning and
lateral domain formation experiments. The interactions be-
tween phospholipids and cholesterol have also been
described in the umbrella model (56), which predicts that
the small headgroup of PE makes the interactions between
cholesterol and PE more unfavorable that those between,
e.g., PC and cholesterol. In addition, it has been shown
that cholesterol inclusion in PE bilayers facilitates the for-
mation of the hexagonal phase (45). Hence, it may be ex-
pected that colocalization of PE and cholesterol in a
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bilayer would increase the intrinsic pressure in bilayers
formed of these two lipids. Removal of some of the choles-
terol from the PE bilayers into cyclodextrin complexes/
acceptor LUVs or by lateral segregation of cholesterol and
PE may therefore decrease the curvature stress in the
bilayer. This suggests that lateral segregation, at least in
this case, could be driven by the bilayer’s tendency to strive
for the least possible curvature stress. Phosphatidylcholines
with multiple double bonds, especially those with double
bonds in both acyl chains, can also have a molecular shape
that introduces a curvature stress in the bilayers. Hence, the
introduction of curvature stress could be the force behind the
large impact of cholesterol on the lateral segregation in bi-
layers containing highly unsaturated PC molecules (7).

Biological implications

Cholesterol is unevenly distributed within the eukaryotic
cell, and the concentration in the membranes increases
along the secretory pathway, from the endoplasmic reticu-
lum toward the plasma membrane, which is the membrane
most enriched in cholesterol (1). It is believed that this
cholesterol gradient plays an important role in the sorting
of transmembrane proteins within the cell.

It has long been clear that PLs are distributed heteroge-
neously between the inner and outer leaflets of the plasma
membrane (reviewed in (3)). However, the distribution of
cholesterol between the two leaflets has remained unclear
(3). In recent molecular dynamics simulations, it has been
observed that cholesterol distributes evenly (although with
a slight preference for the outer leaflet) in membranes de-
signed to mimic cellular plasma membranes (57,58).
Considering the relatively high content of cholesterol in
the plasma membrane, these results seem reasonable. If
we use the determined partition coefficients and lipid
composition used in simulations, we can make a rough esti-
mation of how cholesterol would partition between the two
leaflets (disregarding the presence of the lipids for which we
do not have a partitioning coefficient). We obtain an average
distribution of 62% of the cholesterol in the outer and 38%
in the inner leaflets of average cells, and in brain cells, the
distribution would be 64 and 36%, respectively (calculated
using Eq. 1; see Table S2 for details). In these calculations,
we disregarded the presence of polyunsaturated acyl chains.
If they were to be included in the calculation, the fraction of
cholesterol in the outer leaflet would be even higher. In both
cell types, we have a higher fraction of cholesterol in the
outer leaflet than suggested by the computer simulations.
One reason our calculations overestimate the amount of
cholesterol in the outer leaflet could be that the fraction of
cholesterol in the cell membranes is higher than that used
in our experiments. As the cholesterol/PSM ratio increases,
the impact of PSM on the distribution of cholesterol de-
creases. Similarly, we observed a much smaller impact of
adding 20 mol% PSM to POPC bilayers when we measured



the partitioning of 25 mol% cholesterol than when we
measured the partitioning of 2 mol% CTL (Fig. 4). With a
high cholesterol content, an 1, phase may also be present,
which we know has an impact on the partitioning behavior
of sterols (20). Hence, a deeper understanding of cholesterol
partitioning with varying cholesterol levels is needed before
we can improve these predictions. Likely, many other pa-
rameters may also influence how cholesterol is distributed
between the leaflets, i.e., the lipid packing density in the
leaflets, etc. By gaining deeper insight into the interactions
between cholesterol and phospholipids, we may eventually
be able to perform calculations that are more exact.

The distribution of cholesterol between the inner and
outer leaflets has been estimated using the fluorescent
cholesterol analogs dehydroergosterol and CTL (59). It
was reported that the majority of the fluorescent sterols
were located in the inner leaflet (59). Here we estimated a
larger fraction of CTL than of cholesterol in the inner leaflet
(Table S2), and we observe differences in partitioning
behavior between CLT and cholesterol that could explain
the observations made with CTL in cells. For example, the
relative affinity for PSM is markedly higher for cholesterol
than for CTL, whereas the opposite was observed for the in-
ner-leaflet lipid POPS. Particularly in membranes in
which the cholesterol content is approaching 50 mol% of
all lipids, the competition of CTL and cholesterol for inter-
actions with the PLs may push CTL more to the inner leaflet
while cholesterol may remain evenly distributed or even
located foremost in the outer leaflet.

The role of the lipids of the inner leaflet in the formation
of lateral domains in cell membranes has been addressed in
several studies (60—62). We observed that both the high af-
finity of cholesterol for unsaturated PS and the low affinity
of the sterol for unsaturated PE affected the formation of 1,
domains (Figs. 4 and 5). It is plausible that the preferential
interactions of cholesterol with PS over PE could be a
driving force that shapes the lateral structure of the inner
leaflet in combination with the unfavorable interactions be-
tween polyunsaturated acyl chains and cholesterol (63).
Such cholesterol-dependent lateral segregation of two un-
saturated PLs has been reported previously (7).

CONCLUSIONS

In this study, we determined the equilibrium partitioning of
CTL, cholesterol, and TF-cholesterol between different PL
bilayers and observed that the PL headgroup had a marked
effect on the sterol affinity for the lipids. In experiments
examining the effect of cholesterol on lateral segregation
in bilayers composed of PSM, cholesterol, and different un-
saturated PLs, we observed that the affinity of cholesterol
for the unsaturated lipids correlated with the degree to
which cholesterol facilitated the segregation. Based on anal-
ysis of the data, we can conclude that knowledge of how
cholesterol partitions between different PL bilayers is useful
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when attempting to make qualitative predictions of how the
sterol is distributed within cells, between bilayer leaflets,
and between lateral membrane domains.
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Methods

Equilibrium distribution of CTL between mACD and large unilamellar vesicles

CTL partitioning between large unilamellar vesicles (LUVs) and mBCD was measured as
described previously (1, 2). In brief, multilamellar vesicles of different PLs with 2 mol% CTL
were prepared in buffer. LUVs were prepared by extrusion using membranes with 100-nm
pores (Whatman International, Maidstone, UK). The LUVs (final concentration 0.4 mM) were
mixed with cyclodextrin (0—1 mM), and the samples were incubated until the equilibrium
distribution of CTL between LUVs and cyclodextrin was reached. The steady-state anisotropy
of CTL was measured in samples with different mBCD concentrations, and the molar
concentration of CTL, C5YY, in the LUVs in each sample was calculated from the measured

anisotropies according to

LUV (ri—7¢cp)
Cerr = Corp ——2= 1
CTL CTL G rr—rep) [1]

where Cqr;is the total concentration of CTL in the samples, 73 yis the anisotropy of CTL in
the specific PL bilayer, 7;is the CTL anisotropy in the sample, and 7, is the anisotropy of CTL
in the CTL-mBCD complex. Ky was calculated by plotting the calculated molar concentrations
of CTL in the PL bilayers against the mBCD concentration and fitting the obtained curves with
the following equation:

n
cLuv — Cu=Cerit(Cep) /Kx ( 1+ 4 CLCcrL _ 1) 2
crt 2 T e Cerut Copy KR 2]

Here, C,is the PL concentration, Ccp is the cyclodextrin concentration, and CAiYY is the
cholesterol concentration in lipid bilayers. The PL concentration was determined after
anisotropy measurements in all samples so that the correct concentration was used in the
calculations. For this, the samples were freeze dried and re-dissolved in methanol, and the PL
concentration was determined according to Rouser et al (3). The relative partitioning
coefficient Kr was calculated by dividing the Kx obtained with different PL samples with the
Kx obtained from samples with only POPC.

Equilibrium distribution of cholesterol between donor and acceptor vesicles

The equilibrium partitioning of cholesterol between large unilamellar donor vesicles (donor
LUVs) and large unilamellar acceptor vesicles (acceptor LUVs) was determined using an
anisotropy-based assay. Donor LUVs were composed of POPC, 25 mol% cholesterol and

1



DPH-PC (1 mol%). In studies of unsaturated PL-cholesterol interactions, the acceptor LUVs
were composed of pure POPC, OSM, POPE, POPS or POPG. When the interactions between
cholesterol and saturated PLs was studied the acceptor LUVs were composed of 80 mol%
POPC and 20 mol% DPPC, PSM, DPPE, DPPS, or DPPG. LUVs were prepared as follows.
First, the lipids were mixed in organic solvent, and then the solvent was evaporated under a
constant stream of nitrogen. The dry lipid film was hydrated in buffer at 60 °C, after which it
was vigorously vortexed and bath sonicated at 60 °C for 5 minutes. To prepare the LUVs, the
vesicles were passed through membranes with a pore size of 100 nm 11 times using an Avanti
Mini-Extruder (Avanti Polar Lipids, Alabaster, AL). The PL concentrations were determined
after extrusion according to a published procedure (3).

For the experiment, 50 uM donor and 50 uM acceptor LUVs (PL concentration) were mixed
together in a glass tube and incubated overnight at 37 °C, after which the steady-state anisotropy
of DPH-PC in the donor LUVs was measured. The amount of cholesterol in the donor LUV
was determined using a standard curve, which was determined for POPC with 0 to 30 mol%
cholesterol and 1 mol% DPH-PC at the appropriate temperature. When the total amount of
cholesterol was known (determined from the standard curve in samples consisting of only
donor LUV5), the cholesterol content in the acceptor LUVs could be calculated, and Kr could
also be calculated by dividing the amount of cholesterol in the acceptor LUVs with that in the
donor LUVs.

Equilibrium distribution of TF-cholesterol between donor and acceptor vesicles
The distribution of TF-cholesterol between large unilamellar donor vesicles (donor LUVs) and
large unilamellar acceptor vesicles (acceptor LUVs) was studied using a Forster resonance
energy transfer (FRET) approach, in which the FRET donor was DPH-PC and the FRET
acceptor was TF-cholesterol. Donor LUVs were prepared from 100 nmol PL POPC and 0.5
mol% DPH-PC and 0.5 mol% TF-cholesterol. Acceptor vesicles were prepared from 100 nmol
PLs. Lipids and fluorophores were mixed in organic solvent, and then the solvent was
evaporated under a constant stream of N2 at 40 °C. The dry films were re-dissolved in
chloroform, and subsequently the solvent was again evaporated. The dry lipid film was
hydrated at 60 °C and vortexed vigorously. The resulting multilamellar vesicles were then
filtered 11 times through a polycarbonate filter with a pore size of 100 nm (Whatman
International, Maidstone, UK) above 60 °C. The quality of the formed LUVs was verified with
a Malvern Zetasizer Nano-S (Malvern Instruments, Worcestershire, UK).

Donor and acceptor LUVs were mixed in water (total lipid concentration 80 uM) and 0.5 mM
mBCD. The donor/acceptor LUV ratio was 1 if not otherwise mentioned. All samples were
then incubated at 37 °C overnight to ensure equilibrium partitioning. Next, the fluorescence
lifetime of DPH-PC was measured at the equilibration temperature using a PicoQuant Fluotime
200 spectrometer (PicoQuant, Berlin, Germany) mounted with a 378 nm PDL 800-D pulsed
diode laser and a PicoHarp event timer. In addition, the lifetime of DPH-PC in the donor LUV
without cyclodextrin and acceptor LUVs (tini) and the lifetime of DPH-PC in donor LUVs
without TopFlour-cholesterol (t0) were measured at the indicated temperature. The average
lifetimes of all samples were calculated using Fluofit software (PicoQuant).



From the time-resolved data, the FRET efficiency (E) was calculated for all samples according
to

E=1-4 3]

As the FRET efficiency has a linear dependence on the concentration of TopFlour-cholesterol
in the donor LUVs, the fraction of TopFlour-cholesterol in the donor LUVs (Xp) could be
calculated from the FRET efficiency using the following equation (assuming that E is 0 upon
total removal of TopFlour-cholesterol from the donor LUVs):

XD — EINI—E; [4]

EinI

where Eini is the FRET efficiency without transfer (with donor LUV only) and Eiis the FRET
efficiency in the particular mixture of donor and acceptor LUVs. When the molar fractions of
TopFlour-cholesterol in donor and acceptor LUVs are known, the partitioning coefficient (K)
can be calculated according to

_ XaCa
= Xolp [5]

where Xa and Xp are the molar fraction sterols in the acceptor and donor LUVs and Ca and Cp
are the concentrations of acceptor and donor LUVs. The K values are normalized to the K
obtained for POPC-POPC partitioning (which was always close to equality), which gives the
Kkr.
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Figure S1. Equilibrium partitioning of cholestratrienol between LUVs and methyl-B-
cyclodextrin. Representative data from experiments where the anisotropy of CTL was
measured in samples containing different PL vesicles and 0—1.0 mM mBCD. All experiments

were performed at 37 °C.
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Figure S2. TopFluor-cholesterol was not removed from phospholipid bilayers by mBCD. When
measuring FRET between DPH-PC and TopFluor-cholesterol in POPC bilayers in the presence
of increasing amounts of mBCD no impact on the FRET efficiency was observed. This suggests
that TopFluor-cholesterol was not taken up by mpCD. The experiments were made at 37 °C,
and the values are averages + SD with n = 3.
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Figure S3. DPH-PC was not transferred between donor and acceptor LUVs. The anisotropy
of DPH-PC was measured at 37 °C in POPC LUV mixed with POPC/PSM (80:20) LUVs
without fluorophores and vice versa. During 200 h of measurements, the DPH-PC anisotropy
remained unchanged, indicating that no exchange of probe between the vesicles occurred.
The standard curve shows the DPH-PC anisotropy at the same temperature in POPC bilayers

as a function of PSM content. Values are average + SD with n = 3.
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Figure S4. The FRET efficiency had a linear dependency on the acceptor/donor ratio in the
concentration range used in the experiments. The FRET efficiency between DPH-PC and
TopFluor-cholesterol was determined in POPC LUVs at 37 °C at different acceptor/donor

ratios with a constant DPH-PC concentration. The data in this figure is representative.
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Figure S5. The time-dependence of TF-cholesterol transfer between donor POPC and
POPC/PSM (80:20) acceptor LUVs. Donor and acceptor LUVs were mixed 1:1 and
incubated at 37 °C. The FRET efficiency between DPH-PC and TF-cholesterol was measured
as a function of time, and transfer percentage was calculated from this data.
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Figure S6. The effect of cholesterol on lateral segregation in PLPE/PSM/Cholesterol bilayers.
The formation of gel or lo domains was determined from tPA lifetimes measured at 23°C. For
comparison, the data for the POPC/PSM/cholesterol systems is included. The values are
averages + SD with n = 3.
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Figure S7. The formation of 1o domains in PLPE/PSM/CHOL bilayers as determined by FRET
at 23 °C. Using the FRET pair DPH (0.1 mol%) and rhodamine-DOPE (0.5 mol%) the
formation of nanodomains can be determined (4). In the PLPE/PSM/CHOL bilayers with both
15 (panel A) and 20 mol% cholesterol (panel B), F/Fo was more or less unchanged up to 10
mol% PSM, after which it clearly increased. This decrease in FRET efficiency was likely due
to the formation of lo domains, into which only DPH partitioned, which in turn led to a partial
separation of DPH and rhodamine-PE in the bilayers. We therefore interpret the data to show
that the lo domains started to form at this (Xpsm =0.10) PSM content. The data is representative
data from two separate experiments.
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Figure S8. Comparison of the partitioning behavior of TopFluor-cholesterol, CTL and
cholesterol. To compare the data obtained with the three sterols the Kr determined with one
sterol were plotted against another. The Kr values for the sterol first mentioned is shown on

the x-axis and values for the second sterol is shown on the y-axis. The values are average
values.
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Figure S9. The relative partitioning coefficients determined for the partitioning of different
sterols between POPC and PSM LUVs. TopFluor-cholesterol partitioning results obtained at
50 °C are from (5), the CTL data is from the this work (at 37 °C) and the PSM data (50 °C)
from (5, 6). The Kr for cholesterol at 50 °C was obtained from (7). For CTL we were not able
to determine the Kr at 50 °C due to the low fluorescence at this temperature. The values were
calculated from two average values.
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Table S1. Gibbs free energies for transfer of sterols from POPC to other phospholipids.?

Phospholipid AG (kcal/mol)
CTL TF-cholesterol Cholesterol
POPE 1.08 3.80 2.72
POPG 0.25 0.88 0.29
OSM -1.91 -0.72 -0.32
POPS -2.18 -1.32 -0.53
POPC/DPPE 0.32 0.17
POPC/DPPG -0.41 -0.03
POPC/DPPS -0.80 -0.06
POPC/DPPC -1.35 -0.14
POPC/PSM -1.95 -0.35

2 All Gibbs free energies where calculated from the Kr values obtains experimentally at 37

°C with the different sterols. Gibbs free energies for the transfer of sterol from the POPC to
bilayers composed of other phospholipids were calculated using the following equation: AG

=-RT In K.
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Table S2. Estimated distribution of sterols between the inner and outer leaflets 2

Average membranes ° Cholestatrienol Cholesterol TopFluor-cholesterol
Average K (inner) 2.26 2.40 1.28
Average K (outer) 3.48 4.43 1.96
K (outer/inner) 1.54 1.84 1.53
AG (kcal/mol) -1.11 -1.57 -1.09
Fraction of sterol (inner) 0.39 0.35 0.40
Fraction of sterol (outer) 0.61 0.65 0.60
Brain membranes ° Cholestatrienol Cholesterol TopFluor-cholesterol
Average K (inner) 1.51 0.95 1.29
Average K (outer) 2.51 1.46 3.06
K (outer/inner) 1.67 1.54 1.54
AG (kcal/mol) -1.32 -2.23 -1.54
Fraction of sterol (inner) 0.38 0.30 0.39
Fraction of sterol (outer) 0.62 0.70 0.61

2 The distribution of cholestatrienol, cholesterol and TopFluor-cholesterol between the inner
and outer leaflet of the plasma membranes was calculated using the partitioning coefficients
determined for the different sterols between different phospholipid bilayers. First, the Average
K for the inner and outer leaflets was calculated by combining the partitioning coefficients of
all phospholipid types in the leaflet and normalizing them according to the fraction of each
lipid class present in the leaflet. Then K (outer/inner) was calculated by dividing Average K
(outer) with Average K (inner). This parameter was then used to calculate the fraction of the
different sterols in the two leaflets. Gibbs free energies for the transfer of sterol from the inner
to the outer leaflet were calculated from the K (outer/inner) using the following equation: AG
=-RT In K.

b The lipid composition in the bilayers that the calculations were based on was based on the
composition used in (8).
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