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ABSTRACT Bilayer lipids influence the lateral structure of the membranes, but the relationship between lipid properties and
the lateral structure formed is not always understood. Model membrane studies on bilayers containing cholesterol and various
phospholipids (PLs) suggest that high and low temperature melting PLs may segregate, especially in the presence of choles-
terol. The effect of different PL headgroups on lateral structure of bilayers is also not clear. Here, we have examined the forma-
tion of lateral heterogeneity in increasingly complex (up to five-component) multilamellar bilayers. We have used time-resolved
fluorescence spectroscopy with domain-selective fluorescent probes (PL-conjugated trans-parinaric acid), and 2H NMR spec-
troscopy with site or perdeuterated PLs. We have measured changes in bilayer order using such domain-selective probes
both as a function of temperature and composition. Our results from time-resolved fluorescence and 2H NMR showed that in
ternary bilayers, acyl chain order and thermostability in sphingomyelin-rich domains were not affected to any greater extent
by the headgroup structure of the monounsaturated PLs (phosphatidylcholine, phosphatidylethanolamine, or phosphatidylser-
ine) in the bilayer. In the complex five-component bilayers, we could not detect major differences between the different mono-
unsaturated PLs regarding cholesterol-induced ordering. However, cholesterol clearly influenced deuterated N-palmitoyl
sphingomyelin differently than the other deuterated PLs, suggesting that cholesterol favored N-palmitoyl sphingomyelin over
the other PLs. Taken together, both the fluorescence spectroscopy and 2H NMR data suggest that the complex five-component
membranes displayed lateral heterogeneity, at least in the lower temperature regimen examined.
INTRODUCTION
Biological membranes consist of a complex mixture of
different lipid species and various integral or associated
proteins. The major lipid classes present are sphingolipids,
glycerophospholipids, and sterols (1,2). The plasma mem-
brane is enriched in sphingolipids and cholesterol, which
are known to promote lateral separation in several model
systems (3–5). In addition to lateral heterogeneity, the
plasma membrane also has trans-bilayer heterogeneity,
with sphingomyelin (SM) and glycosphingolipids in the
outer leaflet and aminophospholipids (phosphatidylserine
(PS), phosphatidylethanol-amine (PE)) in the inner leaflet
(6). The transbilayer distribution of cholesterol in eukary-
otic cells is not well understood, but a fluorescent sterol
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analog (dehydroergo-sterol) has been shown to preferen-
tially partition into the inner leaflet (7).

As the sphingolipids of biological membranes have
mainly saturated N-linked acyl chains (8), and the glycero-
lipids have mainly mono- and polyunsaturated acyl chains
in their sn-2 position (1), the sphingolipids tend to form
laterally segregated domains with high acyl chain order in
both biological and model membranes. Glycerophospholi-
pids may also segregate laterally to ordered domains if
they are saturated (9), or into disordered domains if their
acyl chains are highly unsaturated (10,11) The lateral segre-
gation of SM, the most common sphingolipid in eukaryotic
cell membranes, is stabilized in part by van der Waals inter-
actions among the saturated acyl chains (12), by cholesterol-
induced segregation into the liquid-ordered phase (13) and
by interlipid hydrogen bonding between the SMs (14).
Although cholesterol does not favor interacting with phos-
pholipids (PLs) that have unsaturated acyl chain (15),
cholesterol appears to prefer interacting with SM (16,17).
Such favorable interactions are stabilized by van der Waals
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interactions between the flat sterol ring system and the satu-
rated acyl chains of SMs (18), and intermolecular hydrogen
bonding (19). The side chain of cholesterol is also important
for sterol/phospholipid interactions, as small changes to the
isooctyl side chains will have marked weakening effects on
the interaction between cholesterol and colipids (20–23).

The interaction of cholesterol with different PLs (e.g.,
phosphatidylcholines (PC), PE, and PS) in biological mem-
branes is not fully understood. In model membrane systems,
it has been observed that cholesterol interacts unfavorably
with PE, possibly because the headgroup of PE is smaller
than that of PC (24). The bilayer solubility of cholesterol
in PE bilayers is also much lower (50%) than it is in acyl-
chain-matched PC bilayers (66%) (25). Cholesterol parti-
tioning studies suggest that cholesterol favors SM over other
PLs (26,27), and PS over acyl-chain-matched PCs (27).

To detect the heterogeneities formed by the nonrandom
mixing of lipids, different methods can be applied that
have different spatial and temporal resolutions (28,29).
Fluorescence spectroscopy can yield nanosecond and nano-
meter resolution, but the downside is that fluorescently
labeled lipids often have bulky fluorophores that may affect
lateral partitioning in unknown ways (30,31). The fluores-
cent fatty acid trans-parinaric acid (tPA), is, however,
similar in size and properties to saturated acyl chains of
PLs. The excited-state lifetime of tPA is very sensitive to
changes in acyl chain order in its immediate vicinity
(32,33). Thus, tPA appears to be a very valuable tool for
studying the formation and properties of lateral domains,
at least in model membrane systems (32–35).2H NMR has
been very useful for elucidating the behavior of lipids in
bilayer membranes (36), and the advantage is the use of
deuterated lipids whose behavior is very similar to that of
native lipids (37,38). Unfortunately, the time resolution
of 2H NMR is not as good as that of time-resolved fluores-
cence spectroscopy, and hence the method can fail to
directly detect changes in the most dynamic domains (28).
For a detailed discussion on the time resolution of NMR,
please refer to (39). However, the atomic resolution of 2H
NMR is superior to most other methods, and thus will be
a valuable approach to study lipid properties in bilayer
membranes.

In this study, we examined mutual interactions of
cholesterol, SM, and glycerophospholipids (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserne (POPS)) in
multilamellar bilayer systems. We used 2H NMR and time-
resolved fluorescence spectroscopy to examine the bilayer or-
der in increasingly complex bilayers in the presence of various
cholesterol concentrations at different temperatures. For 2H
NMR, we used 90,90-d2-palmitoyl SM or d31-palmitoyl-per-
deuterated PSM-d31, POPC-d31, POPE-d31, and POPS-d31.
For time-resolved fluorescence spectroscopy, we used tPA-
based probes: 1-oleoyl-2-tPA-sn-glycero-3-phosphocholine
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(O-tPA-PC), and N-tPA-sphingomyelin (tPA-SM). The
former partitions preferentially into disordered phases
(POPC/PSMbilayers: Kp

So/Ld 0.35), whereas the latter prefers
ordered phases (POPC/PSM bilayers: Kp

So/Ld 1.7 (40)). Our
experimental approach allows us to examine changes in lateral
bilayer structure by using domain-selective fluorescent re-
porter molecules (time-resolved fluorescence analysis), and
determine acyl chain ordering by 2H NMR using site-specific
or perdeuterated acyl chains in different PL species, as a func-
tion of temperature and cholesterol concentration. We show
that five-component bilayers with PSM, POPC, POPE, and
POPS in the presence of cholesterol show clear lateral hetero-
geneity, with coexisting ordered and disordered domains. In
these complex bilayers, the PSM order appeared to be most
affected by cholesterol up to the 20–25 mol% cholesterol
range. The relevance of these findings will be discussed.
MATERIALS AND METHODS

Expanded materials and methods are provided in the Supporting Material.
RESULTS

Fluorescent domain-selective probes detect
formation of ordered and disordered domains

The excited-state lifetime of tPA is very sensitive to lateral
packing properties in its vicinity (32,33,41). We performed
tPA lifetime measurements to examine the formation of
lateral domains in bilayers composed of PSM, cholesterol,
and one of the unsaturated lipids POPC, POPE, or POPS.
Instead of free tPA, two PL derivatives were used: tPA-
SM and O-tPA-PC. The SM derivative has been shown to
mimic PSM partitioning between the gel and fluid phase
well (40), and O-tPA-PC has a strong preference (stronger
than POPC) for the fluid phase (POPC/PSM bilayers Kp

So/Ld

0.35; Fig. S1 in the Supporting Material). With these probes
we therefore could monitor changes in the acyl chain order
in PSM-rich and unsaturated PL-rich environments, respec-
tively. All fluorescence lifetime components are listed sepa-
rately in Tables S1–S3.

We measured the fluorescence decays of the two domain-
selective probes (tPA-SM and O-tPA-PC) in the binary and
ternary lipid mixtures at different temperatures (for typical
emission decay curves of tPA-SM in POPC/PSM/Chol bila-
yers, see Fig. S2). The binary membranes were composed of
one of the PLs (PSM, POPC, POPE, or POPS) and choles-
terol, and the ternary systems consisted of PSM, one of
the unsaturated PLs (POPC, POPE, or POPS), and choles-
terol. In the binary system composed of the unsaturated
lipids and cholesterol, the average lifetimes of O-tPA-PC
at 20�C was highest in POPC/Chol (~13.5 ns, Fig. 1 A), in-
termediate in POPE/Chol (12.5 ns, Fig. 1 B), and lowest in
POPS/Chol (10.5 ns; Fig. 1 C). As the temperature was
increased, the average fluorescence lifetimes of O-tPA-PC
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FIGURE 1 Detection of membrane order by average lifetime of domain-

selective probes as a function of temperature in binary and ternary bilayers.

1 mol% of either tPA-SM (measuring order in the ordered domain) or

O-tPA-PC (measuring order in the disordered domain) was included in

the bilayers. The ternary bilayers (black) contained PSM/POPX/Chol

(34.5: 34.5: 30 mol%) and the binary bilayers (white) contained POPX/

Chol or PSM/Chol (53: 47 mol%). (A) shows data for POPC mixtures,

(B) for POPE, and (C) for POPS mixtures; all panels included a compar-

ison to the PSM/Chol mixture. Values are average 5 SD of n ¼ 3 (error

bar may be smaller than symbol). For more details on the lifetimes, see

Tables S1 and S2.
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decreased in all three systems, to ~4.5–5 ns at 50�C (Fig. 1).
In the binary PSM/Chol bilayers, the average fluorescence
lifetime of tPA-SM was markedly longer than that of
O-tPA-PC in the unsaturated binary bilayers. This difference
was not an effect of the different probes used, since similar
results were obtained using O-tPA-PC in the binary PSM/
Chol bilayers and tPA-SM in the disordered unsaturated
bilayers (Table S1).

In the ternary systems we measured the fluorescence life-
times of tPA-SM and O-tPA-PC. At 20�C, the tPA-SM probe
reported similar average lifetimes in the ternary bilayers as
in the binary bilayers (Fig. 1), suggesting that the order in
the PSM-rich domains (in all three ternary systems) were
similar to that in the binary PSM/Chol, agreeing with earlier
NMR results comparing the ordered phase in ternary 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC)/N-stearoyl-
sphingomyelin (SSM)/Chol to binary SSM/Chol bilayers
(42). However, when O-tPA-PC was used to probe the order
in the unsaturated PL environment at 20�C, the average life-
time was increased in the ternary system compared to the
corresponding binary bilayers (Fig. 1), likely arising from
effects of PSM on the order of unsaturated PL-rich domains
and partitioning of the probe into ordered domains. As the
temperature was increased, the difference between the bi-
nary and ternary system reported by O-tPA-PC disappeared
(Fig. 1). The average lifetime of tPA-SM in ternary bilayers,
containing POPC or POPE, decreased clearly below the
lifetime observed in the binary PSM/Chol system when
the temperature was increased. In the ternary system with
POPS the average lifetime of tPA-SM was similar to that
of the binary PSM/Chol systems at 50�C. However, as the
lifetime in this system seems to be high throughout the
temperature range, it is likely due to different probe
behavior in POPS containing bilayers. Furthermore, the
effect of elevated temperature was larger on tPA-SM than
on O-tPA-PC in the ternary systems, suggesting that the
tPA-SM sensed ordered lateral domains at lower tempera-
tures, and that these gradually melted as the temperature
increased. Interestingly, in the ternary bilayers with tPA-
SM, an additional long-lifetime component was required
to fit the decay curves at 20, 25, and 30�C in all systems
(Fig. 2). This further supports the assumption that the
SM-based probe sensed a more ordered environment than
the PC probe.
2H NMR measurements of labeled PSM in binary
and ternary lipid bilayers

To further explore how the different unsaturated lipids
(POPC, POPE, and POPS) influenced the formation of
lateral domains in binary and ternary lipid bilayers, we per-
formed 2H NMR experiments with PSM deuterated at the 90

carbon in the palmitoyl chain (90,90-d2 -PSM). This position
was chosen, because cholesterol has been shown to have the
largest effect on the SM acyl chain order around this posi-
tion (17,36). The order of the deuterated carbon in position
9 can be discerned from the width between the peak dou-
blets (Pake pairs). In the absence of cholesterol, the PSM/
POPX molar ratio in the binary multilamellar vesicles
Biophysical Journal 110, 1563–1573, April 12, 2016 1565
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(MLVs) was 1:2, whereas with cholesterol the composition
became PSM/POPX/Chol 1:2:1 (by mole). 2H NMR spectra
recorded at 30�C with the different systems are shown in
A B

FIGURE 3 Effect of cholesterol and different monounsaturated PLs on 2H spe

MLVs were prepared to 50% hydration with the composition 90,90-d2-PSM/PO

(1:2:1) shown in panel B. The POPX lipid present in each spectrum is highlighte

minus the Dn of 90,90-d2-PSM in the absence of cholesterol (DDn) is indicated to

90,90-d2-PSM in binary or ternary bilayers composed of PSM/Chol or POPX/PS

go online.
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Fig. 3. In the absence of cholesterol, spectra obtained with
PSM/POPE bilayers showed markedly larger quadrupole
splitting (Dn) than with the other binary mixtures
(Fig. 3 A). The smallest Dn was observed with PSM/
POPC bilayers. This indicated that the acyl chain order in
these binary PL bilayers increased in the order POPC <
POPS < POPE, which is what would be expected based
on the order observed in pure POPC, POPS, and POPE
bilayers (43).

The addition of cholesterol to all systems led to wider
spectra (increased acyl chain order), in agreement with pre-
viously reported results (44). After cholesterol was added,
the DDn of 90,90-d2-PSM was largest for the POPC/PSM
ternary bilayers followed by POPS/PSM and last POPE/
PSM bilayers (Fig. 3 B). In all the spectra 90,90-d2-PSM
shown in Fig. S2 (and spectra at other temperatures, not
shown) there clearly was only one major Pake pair. This in-
dicates that possible lateral domains in the lipid bilayers
were not long lived enough or too dynamic to give rise to
a separate Pake pair on the NMR timescale.

The lateral heterogeneity in the ternary bilayers was
further assessed by plotting the Dn reported by 90,90-d2-
PSM in the different lipid compositions as a function of tem-
perature. When Dn of 90,90-d2-PSMwas plotted as a function
of temperature, the acyl chain order, as deduced from the
Dn, decreased in all ternary bilayers as well as in binary
PSM/Chol (1:1) bilayers with increased temperature
(Fig. 3 C). The binary PSM/Chol bilayers had a high acyl
chain order at 20�C and the order decreased only modestly
as the temperature increased. If the ordered domains in the
ternary bilayers were composed of only PSM and choles-
terol, a similar acyl chain order would be expected in the
C

ctra of 90,90-d2-PSM at 30�C (A and B), or as a function of temperature (C).

PX (1:2) shown in panel A and the composition 90,90-d2-PSM/POPX/Chol

d over each spectrum. The Dn of 90,90-d2-PSM in the presence of cholesterol

the right of the spectra. In panel C, the quadrupole splitting values (Dn) of

M/Chol is shown as a function of temperature. To see this figure in color,
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ternary system. This was not the case, and in all ternary bi-
layers, 90,90-d2-PSM reported a lower acyl chain order in the
ternary system than in the binary system at all temperatures.
However, the relative decrease in order as a function of tem-
perature was larger in the ternary systems than in the binary
PSM/Chol bilayers. Although data from binary and ternary
bilayers may not be directly compared, these temperature
sensitivities suggest an increased presence of PSM-enriched
ordered domains in the ternary bilayers at lower tempera-
tures, in agreement with the observations with the tPA-phos-
pholipid probes (Fig. 1), and previously published data (45).
Thus, it seems that the lateral lipid organization in all the
ternary systems was heterogeneous, i.e., ordered and disor-
dered domains coexisted at least at the lower end of the
temperature interval. When the temperature functions of
Dn from 90,90-d2-PSM in membranes were compared with
different unsaturated PL components, it appears that the
three different PLs (POPC, POPE, and POPS) had similar
influence on the order of the PSM acyl chains throughout
the temperature range.
mol % Cholesterol
0 5 10 15 20 25 30 35
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FIGURE 4 Cholesterol-induced ordering of perdeuterated lipids in com-

plex bilayers at 20�C (A) and 50�C (B). Ordering was measured as the first

spectral moment (M1). MLVs were prepared to 50% hydration with the

composition PSM/POPC/POPE/POPS 22:44:17:17 with the addition of

10–31 mol % cholesterol. To see this figure in color, go online.
2H NMR experiments with complex bilayer
compositions

We then systemically examined lipid interactions in even
more complex bilayers, composed of four PLs (PSM/
POPC/POPE/POPS, 22:44:17:17) and various amounts of
cholesterol. For simplicity we will call these ‘‘complex bila-
yers.’’ The composition was chosen because it is close to the
average total PL composition of plasma membranes in most
cells (1). The effect of temperature and cholesterol content on
the acyl chain order in the different lipids was determined by
comparing the spectra of deuterium-labeled PSM (PSM-d31),
POPC (POPC-d31), POPE (POPE-d31), and POPS (POPS-
d31). The spectra recorded with the perdeuterated lipids
were complex (Fig. S3), showing multiple overlapping
Pake doublets arising from the different methylene and
methyl groupswithin the perdeuterated acyl chains (as shown
previously in many studies (37,44,45)). To enhance the reso-
lution, the spectra were dePaked (Fig. S4). The spectra from
all samples seem to have only a single Pake pair (similar to
ternary 90,90-d2-PSM spectra) for each position along the
acyl chains, suggesting that possible lateral domains in the
lipid bilayers were too dynamic to show up on the NMR
timescale.

To analyze the effect of cholesterol and temperature on
the acyl chain order in the deuterium-labeled lipids, the first
spectral moment (M1) was calculated for each spectrum
(Fig. 4). This parameter is useful when analyzing liquid
membranes because it is proportional to the average acyl
chain order (45). The effect of cholesterol on the acyl
chain order in the lipid bilayers was studied by including
0–31 mol% cholesterol in the samples, and measuring the
2H NMR spectra of all the different deuterium-labeled lipids
separately at temperatures between 20�C and 50�C (see
Fig. S3 for spectra at 20�C for complex bilayers with variable
cholesterol concentrations; Figs. S5 and S7 show M1 for
complex bilayers as a function of temperature or cholesterol,
respectively; Fig S6 shows M1 for pure perdeuterated PLs as
a function of temperature). In Fig. 4, the effect of cholesterol
onM1 is shown for the lowest and the highest temperature. At
all cholesterol concentrations and temperatures, PSM-d31
had substantially larger values of M1 than the unsaturated
lipids (which all had very similar M1). For all the lipids, the
addition of cholesterol increased the acyl chain order as
seen from an increased M1 (and broader spectra; Fig. S3).
For PSM-d31 the ordering effect of cholesterol most clearly
reached a plateau region at 18–25 mol% cholesterol, up to
40�C (Fig. S7). For the unsaturated lipids, M1 increased
more monotonously with increasing cholesterol at all tem-
peratures. This result suggests that most of the PSM in the
bilayer was affected by cholesterol already at 18–25 mol %
cholesterol, whereas the monounsaturated PL molecules
were less affected at these cholesterol concentrations at lower
temperatures.

To get more insight into the lateral organization in the
lipid bilayers, we plotted the acyl chain order (as M1)
Biophysical Journal 110, 1563–1573, April 12, 2016 1567
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against temperature with all the cholesterol concentrations
(Figs. 5 and S5). By comparing how the acyl chain order
of different lipids in a complex bilayer was affected
by changes in temperature, one can draw conclusions
regarding the presence of specific lipids in ordered and
disordered domains (45). The temperature dependence of
M1 (difference between M1 at 50�C and 20�C) for PSM-
d31 changed with the addition of cholesterol (10 mol %),
as observed by a substantial increase in M1 at 20�C but
only a slight increase at 50�C (Figs. S5 and S7). Because
the temperature dependence of M1 for the other lipids
was not influenced markedly by inclusion of 10 mol %
cholesterol, it seems that cholesterol is interacting foremost
with PSM when present in low quantities. At higher choles-
terol concentrations, the difference between M1 for PSM-
d31 at 20

�C and 50�C became smaller (this can be observed
as a more flat line at 25 and 30 mol % cholesterol, Fig. S5).
Because the molar concentration of cholesterol in these
membranes exceeded that of PSM, this effect on the tem-
perature dependence seems logical. Similar temperature de-
pendencies of M1 for POPE-d31 and POPS-d31 were found
as in PSM-d31 bilayers. There was a substantial increase in
M1 at low temperatures, but only a slight increase at 50�C,
and the cholesterol dependency was slightly different
(Fig. S5). At higher cholesterol content, POPE-d31 and
POPS-d31 showed less temperature dependency (more hor-
izontal line), in part similar to that seen with PSM-d31.
POPC-d31 showed smoother temperature dependence with
the addition of cholesterol.
Time-resolved fluorescence of tPA derivatives in
complex bilayer membranes

To complement the 2H NMR results obtained with the com-
plex membranes, time-resolved fluorescence measurements
using tPA-SM and O-tPA-PC were performed with similar
PL compositions without or with cholesterol (31 mol %).
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The average fluorescence lifetimes observed with tPA-SM
and O-tPA-PC at different temperatures is shown in Fig. 6.
Up to ~30�C, the average lifetime of tPA-SM was signifi-
cantly longer (taking into account probe differences in
Table S1) than that of O-tPA-PC in cholesterol-free complex
bilayers, suggesting that the probes reported properties of
different lateral domains. This interpretation is supported
by the need to add an additional long-lifetime component
for fitting tPA-SM lifetime data for complex bilayers
measured at low temperatures (Fig. 2; Table S3). A gel
phase rich in PSM and POPE (46) likely existed at these
temperatures. Gradually, as the temperature increased, the
average fluorescence lifetimes of tPA-SM and O-tPA-PC
in cholesterol-free complex bilayers became more similar
as in a single phase bilayer. Altogether, these results suggest
that at higher temperatures the probes were in a similar
environment, indicating that lateral domains were not pre-
sent, or were not detected by the probes.

The addition of cholesterol to the complex bilayers
influenced the average fluorescence lifetimes of tPA-SM
(from 13 to 22 ns at 20�C, Fig. 6) and O-tPA-PC (from 7
to 14 ns at 20�C, Fig. 6). However, at least at the lower
end of the temperature range the lifetime of tPA-SM was
significantly longer than that of O-tPA-PC, suggesting that
with decreasing temperature the probes were increasingly
separated from each other into different lateral lipid do-
mains with different degrees of acyl chain order. An addi-
tional long-lifetime component was required to achieve
good fits to the fluorescence decays at 25�C and 20�C t of
tPA-SM at 25�C and 20�C that were not observed at higher
temperatures (Fig. 2), which supports the assumption that
this probe to a higher extent was present in ordered domains
than the PC-based probe. It is noteworthy that amplitudes of
the longest lifetime components were significantly higher in
the presence of cholesterol than without (Table S3). This
could be due to a larger amount of, or more stable ordered
domains in cholesterol containing bilayers.
30 40 50

PSM-d31
POPC-d31
POPE-d31
POPS-d31

18 % Chol

emperature (°C)

FIGURE 5 Cholesterol-induced ordering of per-

deuterated lipids in complex bilayers as a function

of temperature. Ordering was measured as the

first spectral moment (M1). MLVs were prepared

to 50% hydration with the composition PSM/

POPC/POPE/POPS 22:44:17:17 with the addition

of 10–31 mol % cholesterol. The lines are only a

guide. To see this figure in color, go online.



Temperature (°C)
15 20 25 30 35 40 45 50 55

In
te

ns
ity

 w
ei

gh
te

d 
av

er
ag

e 
lif

et
im

e 
(n

s)

0

5

10

15

20

25
0% Chol (tPA-SM)
31% Chol (tPA-SM) 
0% Chol (O-tPA-PC) 
31% Chol (O-tPA-PC) 

FIGURE 6 Effect of cholesterol on the average lifetime of the domain se-

lective probes in complex bilayers as a function of temperature. 1 mol %

tPA-SM (measuring order in the ordered domain) or O-tPA-PC (measuring

order in the disordered domain) was included in the bilayers. MLVs were

prepared with the composition PSM/POPC/POPE/POPS 22:44:17:17

without cholesterol and the cholesterol samples had an additional 31 mol

% cholesterol. Each value is average 5 SD of n ¼ 3. For more details

on the lifetimes, see Table S3.

Lateral Organization in Complex Bilayers
DISCUSSION

Lateral heterogeneity and the formation of lateral domains
in cellular membranes are thought to be part of the regula-
tory machinery in cells (3). In this work, we examined
how different PLs and cholesterol affect the formation of
ordered and disordered domains in binary, ternary, and
five-component complex bilayers. Information about lateral
organization in the model membranes was obtained using
two methods: time-resolved fluorescence spectroscopy
and 2H NMR. In the time-resolved fluorescence experi-
ments the fluorescence lifetime of tPA was measured.
The fluorophore tPA (free fatty acid) is a useful tool as
the acids fluorescence lifetime is strongly influenced
by the acyl chain order in the surrounding lipid bilayer,
and in addition partitions strongly into ordered lateral
domains (32). Thus, the probe has been used especially
in studies on gel phase formation (34,47), but it has also
proven to be sensitive to the presence of the liquid-ordered
phase (41). We prepared two different tPA-derived probes
to alter their phase preference. The O-tPA-PC probe has
a preference for the disordered phase (POPC/PSM bilayers:
Kp

So/Ld 0.35, Fig. S1) and reports changes in degrees of
order from that phase, whereas tPA-SM preferentially par-
titions into ordered phases (POPC/PSM bilayers: Kp

So/Ld

1.7) (40), and also partitions into cholesterol-enriched
phases (41,48). In the POPC/PSM bilayers, the two PL
probes partitioned similarly as their nonfluorescent coun-
terparts (POPC and PSM) between the gel and liquid crys-
talline phases, and we assume that this is also true in the
case of partitioning between the liquid-ordered and liquid
crystalline phases.

To observe whether tPA reports different lifetimes when
attached to lyso-SM than when linked to O-lyso-PC, we
measured the lifetimes of both probes in the same environ-
ment (Table S1). In fluid POPC bilayers, the difference in
lifetime between tPA-SM and O-tPA-PC was very small
(D1.5 ns) at 20�C. In more ordered bilayers such as
POPC/Chol, the difference was still small (D5 ns) between
the probes. In PSM/Chol the difference was larger
(D10 ns). Nevertheless, the difference between POPC/
Chol and PSM/Chol bilayers was significant. The disor-
dered nature of the ternary and the complex bilayers ap-
peared to make the difference smaller between the probes,
compared to measurements in the ordered binary bilayers
(Table S1). The number of lifetime components was not
dependent on the tPA-probe used but on the bilayer compo-
sition in the binary bilayers, therefore the different partition-
ing of the tPA-probes in ternary bilayers determined the
requirement of additional lifetime components.

In the 2H NMR experiments the deuterium-labeled lipids
were structurally more similar to the unlabeled lipids than
the tPA-lipids, which means that they mimic the partitioning
behavior of their unlabeled counterparts even better than the
fluorescent analogs. 2H NMR has also been successfully
used to investigate the lateral membrane structure in the
past (42,45,49). However, the time resolution of the NMR
experiments is not on par with the time resolution of fluores-
cence spectroscopy. This renders the NMR approach less
likely to identify lateral domains if the interdomain lipid ex-
change is fast, or domain sizes are small. In this sense the
time-resolved fluorescence approach has an advantage as
the time frame is in the nanosecond range.

The recorded NMR spectra do not show separate peaks
for the ordered and disordered domains, but instead a con-
centration weighted average of the two domains (Figs. 3,
S3, and S4). This finding should indicate that ordered do-
mains are small enough to allow lipid probe diffusion on
the NMR timescale of submilliseconds. Similar observa-
tions have been made previously with 2H NMR (4,10,45).
However, with certain lipid compositions and at low temper-
atures, separate spectra from two coexisting domains have
also been observed (4,50,51) According to several phase
diagrams, both the composition used in the ternary bilayers
in 2H NMR and the time-resolved fluorescence approach,
should be in the coexistence region of liquid-ordered phase
and liquid crystalline phase (5,52,53). In the tPA lifetime
experiments, the presence of two separate lateral domains
was observed more clearly because at least in the ternary
systems a third long-lifetime component had to be added
to achieve a good fit to the tPA-SM decays while two
shorter lifetimes were enough to fit the O-tPA-PC decays
(Fig. 2; Table S2). Note that in the PSM/Chol membranes,
both probes included a long third lifetime component
(Table S1). This long-lifetime component suggests that a
Biophysical Journal 110, 1563–1573, April 12, 2016 1569
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significant fraction of the SM analogs exists within a more
ordered lipid environment than the PC analogs (41). This
further suggests that the timescale for lipid exchange
between lateral domains in our system is slow enough to
be detected with a nanoscale method but is too fast for the
2H NMR timescale. The lipid exchange between domains
could be different depending on the low and high tempera-
ture melting lipid used because the substructure of the
liquid-ordered phase could differ depending on the lipids
used to form the phase (54,55). Detection of double Pake
pairs could also be related to the size of the domains as sys-
tems with SSM/DOPC/Chol (1/1/1) clearly showed two
Pake pairs (42). The discrepancy could be explained by
the difference in unsaturation between DOPC and POPC,
causing micro- or nanoscopic phase separation as has been
reported for systems that contain cholesterol/distearoyl-
phosphatidylcholine (56).

Although the 2H NMR and fluorescence data obtained at
higher temperatures did not clearly show separate domains
as discussed previously, the results still have features that
suggest the presence of a lateral structure in the membranes.
When the 2H NMR and fluorescence data were plotted as a
function of temperature, it was clear that the labeled mole-
cules with a preference for the disordered domain responded
differently to changes in temperature than those with a pref-
erence for ordered domains (Figs. 5, 6, and S5), and that
the difference between the measured parameters with the
different probes was largest at the lowest temperature. Our
interpretation of this is that at low temperatures, there are
two clearly distinct lateral types of domains, ordered and
disordered, and the degree to which the labeled molecules
sense these domains depends on their respective presence
in a particular domain/phase. Thus, tPA-SM and PSM-d31
with a preference for ordered membrane domains were ex-
pected to report foremost the properties of ordered domains
while O-tPA-PC, POPC-d31, POPE-d31, and POPS-d31 were
expected to report primarily the properties of disordered
domains.

For the ternary systems, the 2H NMR data indicates that
all three unsaturated PLs affected the deuterium-labeled
PSM similarly (Fig. 3). This may be taken as an indication
that the lateral organization in the bilayers is not influenced
markedly by the headgroup structure in unsaturated lipids,
as has been suggested previously (57). However, it seems
that the degree of order reported by 9090-d2-PSM was
affected more in bilayers that contained POPS than in the
other systems, which may be due to differences in the lipid
compositions of the lateral domains.

The average tPA-SM fluorescence lifetimes also had
a similar dependence on temperature in all three ternary
systems, suggesting that the thermostability of the ordered
domains was similar in all systems. The longest lifetime
components (and the average lifetimes) for tPA-SM found
in the bilayers that contained POPS were markedly longer
than in the other systems (Table S2). Because the longest
1570 Biophysical Journal 110, 1563–1573, April 12, 2016
lifetime component should indicate the degree of order in
the most ordered environment in the system, it seems that
the ordered domains in the bilayers that contained POPS
were more ordered than in the other two systems. POPS
seemed to affect PSM differently in the nanosecond and
microsecond scales. Looking at the lifetimes of O-tPA-PC
in the same ternary systems, the longest average lifetimes
and lifetime components were found in membranes that
contained POPE followed by POPS and POPC, which
would suggest that the disordered domains in the POPE
bilayers would have the highest acyl chain order in this
system (out of the three systems). This would agree with
the fact that pure POPE bilayers have a higher acyl chain
order than POPC and POPS membranes (Fig. S6; Table
S2) and that PSM order was least disordered by POPE
(Fig. 3 A) (43). However, the observed differences in the
average lifetime and individual lifetime component lengths
were likely also influenced by how O-tPA-PC partitioned
between the ordered and disordered domains in the different
lipid systems.

In the complex five-component bilayers, the use of per-
deuterated PLs allowed us to gain information about the
possible formation of lateral segregation (into ordered and
disordered domains) in such complex bilayers. When the
2H NMR data were plotted as a function of cholesterol
(Figs. 4 and S7), it was clear that at lower temperatures
the increase in order was not linear, but seemed to reach a
plateau after first increasing linearly with the cholesterol
content. As this behavior is most clear with PSM-d31, our
interpretation is that the ordering effect of cholesterol
affected the SM more than the other PLs within the choles-
terol concentration range. In turn, this would suggest that
lateral domains enriched in cholesterol and PSM formed
in the complex bilayers. At higher temperatures, the
response to the increasing cholesterol content was more
linear (Fig. S7), indicating that no lateral heterogeneity
could be detected with 2H NMR at 50�C.

Another approach for detecting lateral heterogeneity in
lipid bilayers, which allowed comparison of the different
lipids, was to plot the measured acyl chain order (presented
as M1) as a function of temperature. When this was done
(see Figs. 5 and S5), it was clear that different deuterium-
labeled lipids responded differently to changes in tempera-
ture at different cholesterol concentrations. At 10 mol %
cholesterol the temperature altered the M1 of PSM-d31
more than was seen without cholesterol. The M1 tempera-
ture functions of the other lipids remained similar to that
observed without cholesterol. This suggests that lateral do-
mains enriched in PSM and cholesterol were formed at
the lower temperatures. When the cholesterol concentration
was increased to 18 mol %, the M1 temperature functions
recorded for POPE-d31 and POPS-d31 were altered. Thus,
it may be assumed that at this cholesterol concentration,
POPS and POPE were also affected more by cholesterol
than POPC. When the cholesterol concentration was
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increased further, the M1 temperature functions again
became flatter (less difference between the high and low
temperatures), showing that POPS, POPE, and PSM lipids
were affected by cholesterol at higher concentrations. This
could be related to results from the ternary phase diagram
that have shown that the affinity of cholesterol for the
liquid-ordered phase is highest at a low cholesterol concen-
tration and decreases at higher cholesterol concentrations
(53,58) The M1 of POPC-d31 remained unchanged by tem-
perature throughout the cholesterol concentration range,
possibly due to less incorporation into the ordered domains,
or as a consequence of the higher molar ratio of this lipid
present in the bilayers. Studies of the same systems with
tPA-SM and O-tPA-PC gave similar results (Fig. 6). The dif-
ference in average fluorescence lifetime observed with the
two probes at temperatures close to the physiological
temperature suggested lateral domains were present in the
membranes.

The ternary systems with SM and POPE formed ordered
domains (Fig. 1; Table S2), and they may have contained
cholesterol, which most likely interacted with SM and not
PE, because PE is not known to form cholesterol-rich do-
mains on its own (19). When PE is forced to interact with
cholesterol in binary bilayers, cholesterol solubility (x-ray
(25)) and cholesterol-induced ordering (Table S2) are
reduced compared to PC/Chol bilayers (25,59,60). Choles-
terol prefers to interact with saturated acyl chains, and the
sphingosine backbone of SM is known to increase bilayer
affinity for cholesterol (22). Even in ternary systems,
the saturated 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine and 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine
or palmitoyl-ceramide-PE and palmitoyl-ceramide-PS
were not able to form cholesterol-rich domains in an unsat-
urated PC bilayer (19,61). Cholesterol partitioning studies
have examined unsaturated PE and PS bilayers and
concluded that cholesterol affinity to different PLs was in
the order PS > PC > PE (27). Diphenylhexatriene quench-
ing has shown that POPE increased the thermostability of
cholesterol-rich domains in POPE/PSM/Chol compared to
POPC/PSM/Chol (60), which disagrees with our results.
Although the variation in the headgroup in the monounsat-
urated lipid in the ternary bilayers did not affect the forma-
tion and thermostability of the PSM-rich domains in our
ternary bilayers, polyunsaturation could affect how different
headgroups affect domain formation and thermostability
(11). In asymmetric biological plasma membranes, PS and
PE do not have such high probability to interact with
PSM, because of their different leaflet-localization. How-
ever, under some conditions, SM may be found in the inner
leaflet and could influence aminophospho-lipid/cholesterol
interactions (62). During apoptosis, PS transbilayer distribu-
tion is lost and PS will also be found in the outer leaflet (63)
and could then interact with PSM.

Taken together, our results from time-resolved fluores-
cence and 2H NMR in ternary and complex five-component
bilayers have shown that laterally distinct ordered and disor-
dered domains can be formed at certain compositions and
temperature intervals. The ordered domains were invariably
SM-rich, whereas the monounsaturated PLs were most prev-
alent in the disordered domains. The lateral segregation in
complex lipid mixtures was not dramatically affected by
the headgroup structure in the monounsaturated lipids, and
instead was dominantly affected by the acyl chain satura-
tion/unsaturation. To gain further understanding of lateral
segregation in biological membranes, chain position and de-
gree of unsaturation and its effect on headgroup, domain
formation, thermostability, and SM-cholesterol interaction
should be elucidated.
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