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ABSTRACT We have studied the dependence of the phase and domain characteristics of sphingomyelin (SM)/cholesterol
model membranes on sterol content and temperature using deuterium nuclear magnetic resonance. NMR spectra of N-palmi-
toyl(D31)-D-erythro-sphingosylphosphorylcholine (PSM-d31) were taken for temperatures from 25 to 70�C and cholesterol
concentrations of 0–40%. Analogous experiments were performed using 1-palmitoyl,2-palmitoyl(D31)-sn-glycero-3-phospho-
choline (DPPC-d31)/cholesterol membranes to carefully compare the data obtained using palmitoyl chains that have similar
‘‘kinked’’ conformations. The constructed phase diagrams exhibit both solid-ordered (so) þ liquid-ordered (lo) and liquid-disor-
dered (ld) þ lo phase-coexistence regions with a clear three-phase line. Macroscopic (micron-sized) coexistence of ld and lo
phases was not observed; instead, line-broadening in the ldþlo region was characterized by intermediate exchange of lipids
between the two types of domains. The length scales associated with the domains were estimated to be 75–150 nm for PSM-
d31/cholesterol and DPPC-d31/cholesterol model membranes.
INTRODUCTION
Lipid-lipid interactions are important determinants of mem-
brane organization in living systems and have been thor-
oughly researched for a variety of membranes (1–6). The
lipid composition of the outer leaflet of a typical mamma-
lian plasma membrane is mainly sphingomyelin (SM),
cholesterol, and unsaturated phosphatidylcholine (PC)
(7,8). The preferential association of SM and cholesterol
has been observed in a wide variety of membrane environ-
ments. For example, detergent-resistant membranes are
rich in SM/cholesterol (9), and SM and cholesterol are asso-
ciated in distinct ordered phases in three-component giant
unilamellar vesicles (GUVs) (10,11). In addition, such an
association has been found in small domains directly
observed in membranes of living cells (12–17).

Despite the intense research into the nature of lipid-
cholesterol interactions, there remain several outstanding
questions concerning the role of cholesterol and other
sterols in forming the tightly-packed liquid-ordered (lo)
phase. For example, liquid-disordered (ld) and lo phases
were found to coexist in dipalmitoyl PC (DPPC)/sterol
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model membranes (18–20), but the two phases were not
observed to coarsen, remaining sub-microscopic in size.
Since their small size renders these dynamic domains invis-
ible by most imaging techniques, and since an explanation
for the lack of coarsening remains elusive, it has been
postulated that there is no ld/lo phase coexistence in
DPPC/cholesterol model membranes. An alternative expla-
nation for such membrane heterogeneity invokes lipid-
composition fluctuations due to proximity to a critical point
(21). Theoretical descriptions of phospholipid-sterol inter-
actions are numerous (22–26), and the area continues to
be very active as simulation strategies improve and accu-
rate experimental input parameters become available
(27). The original PC/sterol ‘‘complex’’ model (28) has
been modified to predict phase coexistence in DPPC/
cholesterol model membranes above the main transition
temperature (29).

Many investigations into membrane phase behavior have
attempted to reproduce the important aspects of outer-leaflet
organization by combining a ‘‘low-melting’’ lipid, often di-
oleoyl PC (DOPC), and a high-melting lipid, often DPPC,
with cholesterol. Such membranes are not ‘‘natural,’’ as
neither DOPC nor DPPC is found in most biological mem-
branes, but their study has provided considerable insight
into fundamental lipid physical chemistry, and particularly
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into the loþld phase coexistence region of the ternary phase
diagram. Furthermore, DPPC has been postulated to be a
reasonable analog for SM in such studies, since palmi-
toylsphingomyelin (PSM) and DPPC have similar chain-
melting transition temperatures and chain lengths and
identical phosphocholine headgroups. Sphingomyelin-con-
taining lipid membranes have also been studied in some
detail (see reviews (30,31)). The combination of POPC,
PSM, and cholesterol is particularly attractive, since all
three lipids are found in nature and together make an excel-
lent model for the mammalian plasma membrane outer
leaflet. Large-scale loþld phase coexistence was observed
for some regions of the phase diagram (10,11) of this sys-
tem, and an lo phase was found at sufficiently high choles-
terol concentrations (2,32,33).

Despite this ongoing progress with the three-component
system, there is still much to learn about the phase behavior
and physical properties of binary sphingolipid/sterol mem-
branes. Several groups have published results indicating
that ldþlo phase coexistence occurs in SM/cholesterol
(11,30,32,34,35), providing insight into, and partial deter-
minations of, the binary phase diagram. A comparison of
the investigations of these groups into the properties of
SM/cholesterol model membranes is, however, complicated
by the fact that SM from different sources differs in the
chemical mixture of its constituent chains. To directly assess
the nature of the interaction between sphingomyelin and
cholesterol, we have performed a detailed phase-diagram
determination of this system using deuterium nuclear mag-
netic resonance (2H NMR) and pure palmitoyl chain perdeu-
terated PSM (PSM-d31). Since the N-linked palmitoyl chain
of PSM is structurally analogous to the sn-2 chain of DPPC,
we chose to re-determine the DPPC/cholesterol phase dia-
gram (18) using sn-2-chain-perdeuterated DPPC (DPPC-
d31). In this way, we can directly compare and contrast
the effect of cholesterol on the phase behavior and chain
order of these two lipids.
MATERIALS AND METHODS

Sample preparation

DPPC-d31 (sn-2 chain perdeuterated) and PSM-d31 were obtained from

Avanti Polar Lipids (Alabaster, AL). Cholesterol and deuterium-depleted

water were obtained from Sigma-Aldrich Canada (Oakville, Ontario, Can-

ada). Lipid/cholesterol multilamellar dispersions (MLDs) were prepared

by adding cholesterol concentrations of 0, 2.6, 5, 8, 10.1, 12, 16, 18,

20.5, 25, 29.9, 40, and 45 mol % to DPPC-d31 and concentrations of

0, 2.5, 5.4, 8.5, 11, 14.5, 17.5, 20, 22.5, 25, 28, 31.5, 35, and 40 mol %

to PSM-d31. Each DPPC-d31/cholesterol sample was made separately us-

ing �50 mg lipid. Lipid and cholesterol were mixed and dissolved

in Bz/MeOH 4:1 (v/v) and then freeze-dried. PSM-d31/cholesterol sam-

ples were made by gradually adding cholesterol to PSM-d31, starting

from 50 mg sphingomyelin. Each PSM-d31/cholesterol sample was lyoph-

ilized after being recovered from the NMR tube and it was then dissolved

in Bz/MeOH 4:1 (v/v) and freeze-dried again to remove residual water. In

the next step, an appropriate amount of cholesterol was added (from

the Bz/MeOH stock solution) to the sample and then freeze-dried. All
samples were hydrated using deuterium-depleted water to form MLDs.

Hydration was performed by freeze-thaw-vortex cycling five times be-

tween liquid nitrogen temperature and 60�C.
1H solution NMR (at 300 K) in MeOH-d4 was used to test cholesterol

concentration by integrating non-composite peaks arising from the two

components. Specifically, these were the methyl peak at 0.74 ppm and

the H-6 peak at 5.36 ppm for cholesterol; the glycerol-c2 peak at

5.26 ppm and the g-(CH3)3 peak at 3.24 ppm for DPPC; and the sphin-

gosine C2 proton resonance at 5.47 ppm and the g-(CH3)3 peak at

3.24 ppm for sphingomyelin. All chemical shifts were measured with

respect to the MeOH-d4 methyl peak at 3.32 ppm (with assignments of

cholesterol and DPPC peaks taken from Muhr et al. (36) and Peng

et al. (37), respectively). After completion of the NMR experiments,

several samples were checked for degradation by thin-layer chromatog-

raphy (TLC), eluting with CHCl3/MeOH/H2O 65:25:4 v/v. These include

every other sample in the case of PSM-d31/cholesterol, and every third

sample in the case of DPPC-d31/cholesterol. The 2H NMR experiments

took 3–4 days per DPPC-d31/cholesterol sample and 4–10 days for

PSM-d31/cholesterol samples, but no degradation of any of the samples

could be detected by TLC. Also, no sign of degradation was evident in

the 1H NMR spectra.
2H NMR spectroscopy

2H NMR experiments were performed on a locally built spectrometer at

46.8 MHz using the quadrupolar echo technique (38). The typical spec-

trum resulted from 10,000 to 40,000 repetitions of the two-pulse sequence

with 90� pulse lengths of 3.95 ms, interpulse spacing of 40 ms, and dwell

time of 2 ms. The delay between acquisitions was 300 ms, and data were

collected in quadrature with Cyclops eight-cycle phase cycling. The fluid-

phase spectra were dePaked using an iterative method (39). However,

some dePaked spectra exhibited unphysical negative amplitudes, indi-

cating that liposomes are partially oriented in the magnetic field. In these

cases, the regularization dePakeing algorithm was used (40). Smoothed or-

der parameter profiles were extracted from the dePaked spectra using an

established procedure (41). The spin-spin relaxation time, T2e, was

measured by varying the interpulse spacing from 40 to 100 ms and taking

the initial slope of the echo peak signal versus echo time. Values of T2e
were used to correct the soþlo region of the phase diagram (see Support-

ing Material). The samples were heated from 25 to 70�C. At each tem-

perature, the sample was allowed to equilibrate for 20 min before a

measurement was taken.

The first moment, or average spectral width, M1, was calculated using

M1 ¼ 1

2A

Xx

u¼�x

ju j f ðuÞ; (1)

where u is the frequency shift from the Larmor frequency, x was chosen so

that the frequency range �x to x contains the entire spectrum, f ðuÞ is the
spectral intensity, and A ¼ Px

u¼�xf ðuÞ.
The order parameter SCD ¼ h3 cos2 q� 1i=2 was calculated from

DvQ ¼ 3

4
ð167 kHzÞjSCD j ; (2)

where q is the angle between the carbon-deuteron vector and the bilayer

normal, DvQ is the quadrupolar splitting of the deuterons on the local car-

bon, measured from the powder pattern, and 167 kHz is the static quadru-

polar coupling constant.

Within the soþlo phase-coexistence region, a 2H NMR spectrum consists

of different amounts of endpoint spectra characteristic of the two phases in

equilibrium, and the phase boundaries (xs and xf) are determined by the

spectral subtraction method (see (18) and Supporting Material for more

details).
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RESULTS AND DISCUSSION

Distinct phases are observed

Depending on temperature and composition, both PSM-d31/
cholesterol and DPPC-d31/cholesterol MLDs can exist in
three distinct phases: the gel or solid-ordered (so) phase,
the La or liquid-disordered (ld) phase, and the liquid-
ordered (lo) phase. The 2H NMR spectra of these phases
have unique characteristics that can be used to map
phase boundaries and regions of phase coexistence. Fig. 1
shows the spectra representative of these three phases for
PSM-d31/cholesterol and DPPC-d31/cholesterol MLDs,
respectively.

The spectra in Fig. 1, A and A’ are typical of the mem-
brane ld phase. The ld spectrum is a superposition of Pake
doublets; each doublet corresponds to a labeled carbon
along the chain and is itself a powder pattern with a quadru-
polar splitting representative of the local carbon-deuterium
bond order parameter, SCD. In this phase, the lipid chains
have a relatively high population of gauche conformers
and gauche-trans isomerization is very rapid. The lipid mol-
ecules undergo rapid axially symmetric reorientation about
the bilayer normal (42,43) and are loosely packed laterally
within the bilayer, leading to rapid lateral diffusion (34).

Fig. 1, B and B’ show the spectra representative of the lo
phase. The lo phase spectrum has a line shape qualitatively
similar to that of the ld phase: the spectrum is again a super-
position of Pake doublets, indicating that the acyl chains
undergo rapid axially symmetric reorientation about the
bilayer normal (44,45). However, the average width of the
lo phase spectrum is much larger than that of the ld phase
spectrum, nearly 1.7 times larger for PSM-d31 and 1.9 times
larger for DPPC-d31. This means that the quadrupolar split-
ting for each position on the chain is considerably larger in
the lo phase than in the ld phase, and the lipid chains are
FIGURE 1 2H NMR spectra representative of three phases of PSM-d31

and DPPC-d31 membranes, respectively: (A and A’) typical ld phases above

41�C. (B and B’) lo phases with 40 mol % cholesterol at 48�C. (C and C’) so

phases below 39�C.
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therefore highly conformationally ordered, with a reduced
population of gauche conformers. Furthermore, the hydro-
carbon chains approach the all-trans conformation at
low temperatures (18), implying that the chain packing is
much tighter in the lo phase than in the ld phase and that
the rate of lateral diffusion is significantly reduced (34).

Fig. 1, C and C’, show spectra characteristic of pure so-
phase MLDs. Such spectra show that acyl chain deuterons in
so-phase MLDs do not undergo rapid axially symmetric mo-
tion on theNMR timescale, since the lipids are closely packed.
The significantly slower motions in the so phase lead to the
characteristic bell-shaped spectrum of this phase (46,47).
Phase transitions

Since labeled lipids in each phase state possess a distinct 2H
NMR spectrum we can use the average spectral width,M1, to
characterize lipid phase behavior; phase changes can be de-
tected by examining the spectra or M1 as a function of tem-
perature or composition. For instance, a large variation inM1

with temperature can be used to pinpoint phase-transition
temperatures in the membrane. Fig. 2, A and B, shows M1

as a function of temperature for all PSM-d31/cholesterol
and DPPC-d31/cholesterol MLDs, respectively. The gel
(so) phase of pure DPPC-d31 MLDs exhibits a pretransition
from the Lb0 phase to the Pb0 (ripple) phase near 32

�C. Fig. 2
shows that in the absence of cholesterol, pure PSM-d31 and
DPPC-d31 MLDs undergo main phase transitions (from the
so phase to the ld phase) near Tm¼ 40�C. Adding cholesterol
modifies both the ld and so phases of the lipid membranes.
The M1(T) curve decreases less dramatically at Tm as more
cholesterol is added; below Tm,M1 decreases with increasing
cholesterol concentration, whereas above Tm, it increases
with increasing cholesterol concentration. Since M1 is pro-
portional to the average order parameter in the ld and/or lo
phases, this shows that adding cholesterol increases the phos-
pholipid’s chain ordering above Tm.
Phase boundaries at low cholesterol content:
so/(soDld)/ld

The spectra shown in Fig. 3 A also illustrate the sharp main
transition of pure PSM-d31 MLDs near 40�C. The spectra
obtained below 39�C are characteristic of an so-phase
membrane and those obtained above 41�C represent the ld
phases. The spectrum collected at 40�C is composed of both
so and ld components. The so component in such a soþld
spectrum is evident in the ‘‘shoulders’’ of the spectrum;
so and ld spectral shoulders extend to �560 kHz and
�530 kHz, respectively (Fig. 3 A). Therefore, the signal be-
tween 30 and 60 kHz (or between �30 and �60 kHz) is an
indication of the so component. Spectra obtained above
41�C show only noise in this region, and thus, they contain
no so component. Fig. 3 B displays the temperature depen-
dence of spectra for the 94.6:5.4 PSM-d31/cholesterol



FIGURE 3 2H NMR spectra of (A) pure PSM-d31 and (B) 94.6:5.4

PSM-d31/cholesterol as a function of temperature.

FIGURE 2 The temperature dependence of M1 for (A) PSM-d31/choles-

terol and (B) DPPC-d31/cholesterol at various cholesterol concentrations.
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MLDs. The spectrumobtained at 37�Cdisplays both so and ld
components, but with the so component dominating. The
emergence of the 90� edges near519 kHz confirms the exis-
tence of the ld component (the onset of the transition). The
39�C spectrum also contains both so and ld components, but
the ld component dominates (the end of the transition). The
trace of a residual so component in the tail of the spectrum
is also visible, illustrated by the arrow in Fig. 3 B. Thus, the
addition of 5.4 mol % cholesterol broadens the region of so
and ld coexistence in PSM-d31 MLDs. This is true even for
2.5 mol % cholesterol, as shown by the more gradual slope
ofM1 versus temperature (Fig. 2 A).
Phase boundaries at higher cholesterol content
and low temperature: so/(soDlo)/lo

Fig. 4 shows the spectrum of PSM-d31/cholesterol MLDs as
a function of cholesterol concentration at 31�C (i.e., below
the Tm). Up to 8.5 mol % cholesterol, these MLDs display
so-phase spectra. For the 11 mol % cholesterol sample, a
small lo component appears in the so spectrum. This resid-
ual lo component can be detected by the emergence of peaks
near 519 and 523 kHz. These peaks are more obvious in
the 14.5 mol % sample. The coexistence of so and lo phases
indicates that cholesterol induces lo domains in PSM-d31
MLDs. Fig. 4 shows that the fraction of lo phase increases
as the concentration is increased within the two-phase re-
gion. Thermodynamically, this process corresponds to the
growth of lo-phase domains at the expense of so-phase do-
mains. In the presence of 25 mol % cholesterol, PSM-d31
MLDs appear to display a lo spectrum. However, it is not
clear whether the so component has totally disappeared
from this spectrum. Examining the shoulders of the spec-
trum as we did for the soþld spectrum is difficult in this
case, as the shoulders of so and lo spectra both extend
to �560 kHz (see Fig. 1). When the cholesterol concentra-
tion reaches 31.5 mol % and higher, the spectra are consis-
tent with lo-phase PSM-d31 MLDs. Therefore, the data of
Fig. 4 imply a so/(soþlo) phase change occurring between
8.5 and 14.5 mol % and a (soþlo)/lo phase change between
22.5 and 28 mol % cholesterol. Further analysis is required
to measure these phase boundaries accurately.

The 2H NMR spectrum of PSM-d31/cholesterol MLDs
within the two-phase region will be a superposition of its
distinguishable components, provided that the domains are
sufficiently large and exchange of the lipid molecules be-
tween the two domains is slow on the NMR timescale. In
this case, spectral subtraction can be used to determine the
Biophysical Journal 114, 1344–1356, March 27, 2018 1347



FIGURE 4 2H NMR spectra of PSM-d31/cholesterol as a function of

cholesterol concentration at T ¼ 31�C.
FIGURE 5 Half of the dePaked spectrum, at 47�C, of PSM-d31/choles-

terol MLDs as a function of cholesterol concentration. The C15 peak,

used in exchange-rate calculations, is labeled with an asterisk.
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end-point spectra associated with phase boundaries (see the
Supporting Material for details).
Phase boundaries at higher cholesterol content
and high temperature: ld/(ldDlo)/lo

Adding cholesterol induces lo-phase domains in PSM-d31
MLDs. This can be qualitatively observed by examining
the dePaked spectra of PSM-d31/cholesterol MLDs at a
temperature above the Tm as a function of cholesterol con-
centration (see Fig. 5). For all temperatures below 55�C,
the ld/ldþlo phase boundary was determined by direct ex-
amination of the dePaked spectra. For example, at 47�C
(Fig. 5), the spectra exhibit the well-resolved ‘‘sharp’’ peaks
associated with ld-phase membranes up to 8.5 mol %
cholesterol. The width of the spectrum increases rapidly
from 11 to 28 mol % cholesterol, and the spectra are blurry.
We interpret this line-broadening in terms of lipid diffusion
between the ld and lo domains at a rate faster than the NMR
timescale. This implies that PSM-d31/cholesterol bilayers
are in a heterogeneous state: ld and lo domains coexist.
1348 Biophysical Journal 114, 1344–1356, March 27, 2018
A similar type of line broadening is apparent in oriented
PSM-d31/cholesterol bilayers at 15 and 20 mol % choles-
terol (32). The individual peaks become sharp again for
cholesterol concentrations of 31.5 mol % and above. These
spectra are representative of the lo phase, having quadrupo-
lar splittings significantly larger than those of ld-phase
spectra. Thus, the ld/ldþlo phase boundary lies between
8.5 and 11 mol % cholesterol, as indicated on the phase di-
agram (Fig. 7) and the ldþlo/lo phase boundary lies between
28 and 31.5 mol % cholesterol.

Further analysis allowed us to pinpoint the boundary
between the ldþlo domain coexistence region and the lo
phase. Fig. 6 shows the progression of the average order
parameter, M1, with increasing cholesterol concentration
for several temperatures above the Tm. The average order
parameter of MLDs containing coexisting lo and ld domains
is expected to be particularly sensitive to increasing choles-
terol concentration, because a portion of the ld phase will be
converted to the more ordered lo phase upon the addition of



FIGURE 6 First moment (M1) of PSM-d31/cholesterol spectra as a func-

tion of cholesterol concentration for various temperatures above the main

transition. Note that the rate of increase in M1 falls above a certain choles-

terol concentration (�30 mol %) for temperatures <55�C, characteristic of
a homogeneous lo phase. Such changes in slope are plotted on the phase di-

agram in Fig. 7 (top). The right-pointing arrow indicates the ldþlo/lo phase

boundary at 41�C (28 mol % cholesterol). The left-pointing arrows indicate

the two boundaries, at 25 and 27.5 mol % cholesterol, of the ldþ lo region at

65�C, which is likely close to a critical temperature.
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cholesterol. The effect of added cholesterol is less pro-
nounced for lo-phase MLDs. The dependence of M1 on
cholesterol concentration exhibits two distinct behaviors:
below 28 mol % cholesterol, the average order parameter in-
creases rapidly, whereas above 28 mol % cholesterol, it in-
creases slowly or levels off. This plateau indicates that the
PSM-d31 acyl chain has reached its maximum choles-
terol-induced order. The NMR spectra suggest that from
41 to 65�C, 75:25 PSM-d31/cholesterol MLDs have coexist-
ing ldþlo phases, whereas 68.5:31.5 PSM-d31/cholesterol
MLDs are in the lo phase. Therefore, the changes of slope
in the M1 (cholesterol) curve suggest an ldþlo/lo boundary
near 28 mol % cholesterol. To determine this boundary, a
line was drawn through points between 17.5 and
25 mol % cholesterol and another line was fitted to the
points between 31.5 and 40 mol % cholesterol. The ldþlo/lo
boundary is then obtained from the intercept of the two
lines. An alternative approach to map the ldþlo/lo boundary
is to examine the behavior of the order parameter of a spe-
cific C-D bond. This was verified by analyzing, at several
temperatures, the increase in the C12 order parameter with
additional cholesterol (Fig. S4).

In principle, there should be a similar change in the slope
ofM1 at low cholesterol concentrations, reflecting a crossing
of the ld/ldþlo phase boundary. However, no change in
slope is observed up to 50�C. For higher temperatures,
this slope change becomes obvious and the ld/ldþlo bound-
ary can be determined. The two cholesterol concentrations
corresponding to the slope changes come together as the
temperature is raised, indicating that the ld/ldþlo and
ldþlo/lo boundaries are starting to merge. There is a narrow
ldþlo region between 25 and 28 mol % cholesterol at 65�C,
suggesting that this temperature is close to the critical point
of the PSM-d31/cholesterol MLD. For all temperatures
below 55�C, the ld/ldþlo phase boundary was determined
by direct examination of the dePaked spectra. The blurred
individual peaks at intermediate cholesterol concentrations
become sharp again at cholesterol concentrations of
31.5 mol % and above. Thus, the ld/ldþlo phase boundary
lies between 8.5 and 25 mol % cholesterol and the ldþlo/lo
phase boundary between 28 and 31.5 mol % cholesterol.
Phase diagrams

The partial phase diagrams for PSM-d31/cholesterol and
DPPC-d31/cholesterol MLDs determined from the analysis
of 2H NMR spectra for various temperatures and cholesterol
compositions, as discussed above, are shown in Fig. 7. We
have identified three regions of two-phase coexistence and
a three-phase line in PSM-d31/cholesterol MLDs and
confirmed these features in DPPC-d31/cholesterol MLDs.
The region of so and ld phase coexistence lies in a narrow
temperature range just below the melting point of the pure
lipids and extends up to �8 mol % cholesterol. The bound-
aries of this two-phase region were estimated by inspection
of the powder spectra as a function of temperature (Fig. 3).
The boundaries of the so and lo phase coexistence region
were mapped using the well-established spectral subtraction
method described in the Supporting Material. For PSM-d31/
cholesterol MLDs, the soþlo phase coexistence region
lies below 37�C and extends from 9 mol % cholesterol to
27–31 mol % cholesterol. For DPPC-d31/cholesterol
MLDs, this region lies below 39�C and extends from
9 mol % cholesterol to 26–30 mol % cholesterol. The
soþlo/lo boundary obtained from spectral subtraction is
consistent with the onset of the transition in the M1(T)
curves (Fig. 2) for MLDs having cholesterol concentrations
R25 mol%.

The ld/ldþlo boundary is determined from the onset of
line broadening characteristic of ldþlo heterogeneities in
the dePaked spectra, as shown in Fig. 5. The ldþlo/lo
boundary in Fig. 7 is determined from the changes of slope
in the curves ofM1 versus cholesterol concentration (Fig. 6).
For PSM/cholesterol MLDs, the ld/ldþlo boundary shifts
from 8 to 22 mol % cholesterol with increasing temperature,
whereas the ldþlo/lo boundary, at 28–30 mol % cholesterol,
is relatively insensitive to temperature. In the DPPC/choles-
terol phase diagram, the ld/ldþlo boundary similarly
shifts from 7 to 22 mol % cholesterol with increasing tem-
perature, but the ldþlo/lo boundary has a greater variation,
from 26 to 32 mol % cholesterol. The fact that no more
than 30 mol % cholesterol is needed to form the lo phase
in PSM/cholesterol MLDs could well reflect the known
Biophysical Journal 114, 1344–1356, March 27, 2018 1349



FIGURE 7 Partial phase diagram of PSM-d31/cholesterol (top) and

DPPC-d31/cholesterol membranes (bottom). Symbols indicate the midpoint

of the transition, from inspection of dePaked spectra versus temperature

(Fig. S3) (solid circles); the onset or end of the transition as obtained by

inspection of the spectra versus temperature (Fig. 3) (open triangles), by

spectral subtraction (open squares), from M1(cholesterol) curves (Fig. 6)

(open diamonds), and by inspection of the dePaked spectra versus choles-

terol concentration (Fig. 5) (solid diamonds); the onset of the transition

in M1(T) curves for MLDs having cholesterol concentrations of 25 or

28.1 mol % in PSM-d31/cholesterol and 25 mol % in DPPC-d31/cholesterol

(solid triangles).
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higher affinity of cholesterol for PSM than for DPPC (2).
The upper bound of the ldþlo phase-coexistence region
lies in the vicinity of 65�C in the PSM-d31/cholesterol
phase diagram, as discussed above, and higher than 65�C
in the DPPC-d31/cholesterol phase diagram.

The so to ld transition for PSM-d31/cholesterol MLDs
containing 8.5–25.0 mol % cholesterol was determined
by inspecting the dePaked spectrum as a function of
temperature between 33 and 43�C (Supporting Material,
1350 Biophysical Journal 114, 1344–1356, March 27, 2018
Fig. S3). This transition occurs at Tm ¼ 37.5 5 1.0�C,
implying the existence of a three-phase soþloþld line
separating the soþlo and ldþlo regions in the phase
diagram. The temperature of the three-phase line in
the DPPC-d31/cholesterol phase diagram was determined,
consistently, from both the M1(T) curves in Fig. 2 and in-
spection of dePaked spectra as a function of temperature
(Fig. S3), to be Tm ¼ 39.5 5 0.5�C. It lies between 8.0
and 20.5 mol % cholesterol. Note that it is likely that the
three-phase line extends to 22.5 mol % cholesterol, but
this was not specifically tested.

It is important to emphasize that the phase diagram’s
shape (Fig. 7) relies heavily on the existence of an
isothermal three-phase line separating the soþlo and ldþlo
regions. Since this transition temperature cannot be exactly
determined, it is possible that this line is not exactly
isothermal. If it slopes, even slightly, ld and lo phases are
not required to coexist in the region above the line, but
the membrane can still display dynamic compositional het-
erogeneity due to fluctuations.

We now compare the partial phase diagram of sn-2-
chain-labeled DPPC-d31/cholesterol MLDs with that
of DPPC-d62/cholesterol MLDs by Vist and Davis (18).
Both diagrams contain a three-phase line and three two-
phase regions. For DPPC-d62 MLDs, the main phase tran-
sition temperature, Tm, is two degrees lower at 38�C, since
both lipid chains are perdeuterated, and in the presence of
cholesterol, the soþld region and the three-phase line occur
at lower temperatures for the same reason. To compare the
so/(soþlo)/lo boundaries, we consider our spectral subtrac-
tion results without the correction due to transverse relax-
ation time, since this effect is missing in the DPPC-d62/
cholesterol study. The so/soþlo boundary lies close to
9 mol % for DPPC-d31/cholesterol MLDs and around
7.5 mol % for DPPC-d62/cholesterol MLDs, which is
consistent within error. However, the soþlo/lo boundaries
are quite different. The soþlo/lo boundary of DPPC-d62/
cholesterol occurs around 22.5 mol % and is nearly verti-
cal, indicating that the amount of cholesterol required to
eliminate the last so domains in the soþlo membrane de-
pends only slightly on temperature. In contrast, this bound-
ary is �5 mol % higher for DPPC-d31/cholesterol MLDs
and shifts gradually from 26 mol % at 36�C to 29 mol %
at 26�C. The ld/(ldþlo) and (ldþlo)/lo boundaries of
DPPC-d62/cholesterol MLDs were partially determined
from the upper limit of the broad component of differential
scanning calorimetry traces and the sharpening of spectral
resonances at high cholesterol concentrations, respectively.
The available data above the Tm in (18) agree closely with
our work, which extends the phase diagram to considerably
higher temperatures.

We also compare the partial phase diagram of PSM-
d31/cholesterol MLDs (or DPPC-d31/cholesterol MLDs)
with that of sn-1-chain-labeled DPPC-d31/ergosterol MLDs
determined by Hsueh et al. (20). The overall phase diagrams
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are very similar, except that the ldþlo/lo boundary in
DPPC-d31/ergosterolMLDs is shifted to lower sterol concen-
trations and extends only to �54�C.
Order parameter profile

The 2H NMR spectra of PSM-d31/cholesterol MLDs are
much broader than those of DPPC-d31/cholesterol MLDs
in both the ld and lo phases (Fig. 1), indicating that the
lipid molecules in the two systems have different packing
properties. To discuss these differences, we have calculated
the order parameter profiles, SCD, along the acyl chains of
both lipids for various cholesterol concentrations. Fig. 8 A
shows order parameter profiles of PSM-d31/cholesterol
MLDs for various cholesterol compositions at 47�C. In
pure PSM-d31 MLDs, the SCD is �0.26 in the plateau re-
gion near the headgroup and drops significantly to �0.02
for the methyl group at the end of the chain. The PSM-
d31 plateau SCD of 0.26 compares well with the maximum
SCD of 0.24 observed for selectively deuterated stearoyl-
sphingomyelin at 50�C (48). Adding cholesterol orders
the membrane at different rates in the ld, ldþlo, and lo re-
gions of the phase diagram. The average order parameter,
<SCD>, is the average of the individual SCDs that make
up the order parameter profile (Fig. 8), excluding the C2
deuterons (see below). It increases from 0.195 to 0.230
in the ld phase when 8.5 mol % cholesterol is added to
pure PSM-d31. In the ldþlo region, adding 8 mol %
cholesterol to PSM-d31/cholesterol 85.5:14.5 MLDs causes
<SCD> to increase much more, from 0.259 to 0.308. In the
lo phase, <SCD> increases by only a small amount, from
0.343 to 0.348, when 8.5 mol % cholesterol is added to
PSM-d31/cholesterol 68.5:31.5 MLDs. Thus, additional
cholesterol is least effective in ordering the lipid chains
of PSM-d31 MLDs in the lo phase. This is consistent
with the observed reduction in slope at high cholesterol
concentrations observed in Fig. 6.

Fig. 8 B shows the order parameter profile of PSM-d31/
cholesterol MLDs compared with that of DPPC-d31/choles-
terol MLDs for 0, 20, and 40 mol % cholesterol MLDs at
47�C. In the absence of cholesterol, PSM MLDs
(<SCD> ¼ 0.195) are significantly more ordered than
DPPCMLDs (<SCD>¼ 0.169). This result supports the hy-
pothesis of intermolecular hydrogen bonding within the
PSM bilayer mediated by the free hydroxyl group of adja-
cent PSM molecules (49). Fig. 8 B also shows that when
cholesterol is added to pure lipids, PSM-d31/cholesterol
MLDs are still more ordered than DPPC-d31/cholesterol
MLDs, but the difference in the order parameter decreases
as cholesterol concentration is increased. For instance, for
carbon 10 on the acyl chain, the differences between the
SCD of PSM-d31/cholesterol MLDs and that of DPPC-
d31/cholesterol MLDs are as follows: for pure lipids,
DSCD ¼ 0.221–0.191 ¼ 0.03 (PSM 15.7% more ordered
than DPPC), for lipids with 20 mol % cholesterol,
DSCD ¼ 0.323–0.298 ¼ 0.025 (8.4% more ordered) and
for MLDs with 40 mol % cholesterol, DSCD ¼ 0.386–
0.365 ¼ 0.021 (5.7% more ordered). This trend agrees
well with the observation that the order parameter profiles
of 1:1 mixtures of selectively deuterated stearoylsphingo-
myelin:cholesterol or 1-palmitoyl-2-stearoyl-sn-glycero-3-
phosphocholine:cholesterol are almost identical (48).

It should be emphasized that the kink conformation has a
unique geometry that is reflected in the reduced quadrupolar
splittings of the C2 deuterons (50). One of the C2 deuterons
displays unusual behavior as cholesterol is added to the
PSM-d31 or DPPC-d31 MLDs (Figs. 5 and 8), indicating
that C2 undergoes a unique conformational change. The
dePaked spectra of PSM-d31/cholesterol MLDs (Fig. 5)
show that the quadrupolar splitting of this C2 deuteron, un-
like that of the rest of the acyl chain, drops slightly when
cholesterol is added. This quadrupolar splitting changes
from �19 kHz in pure PSM-d31 MLDs to �16 kHz in
PSM-d31 with 40 mol % cholesterol. Fig. 8 A shows that
the C3 deuterons in PSM-d31/cholesterol MLDs have
different quadrupolar splittings and are therefore inequiva-
lent. This is evident in the dePaked spectra of PSM-d31
and PSM-d31 MLDs with low cholesterol concentrations
FIGURE 8 Smoothed order parameter profiles of

(A) PSM-d31/cholesterol and (B) PSM-d31/choles-

terol and DPPC-d31/cholesterol for various choles-

terol concentrations at T ¼ 47�C.
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(Fig. 5). A similar kink is observed in DPPC-d31/cholesterol
MLDs, but the difference in quadrupolar splitting of the C3
deuterons is smaller than that of PSM-d31/cholesterol
MLDs.
Domain size in the ldDlo region

Within the ldþlo region, the 2H NMR spectrum of each
phase has a different average quadrupolar splitting. For
example, the largest quadrupolar splitting in the spectra of
PSM-d31 MLDs at 47�C changes from 39.4 kHz at
11 mol % cholesterol to 53.5 kHz at 28 mol %. This differ-
ence in quadrupolar splitting translates into an exchange
time, t, of �46 ms. The translational diffusion constant, D,
for PSM/cholesterol bilayers is about 1:8� 10�12m2=s
(34). We used the relation

��
Dx2

��1=2 ¼ ð4DtÞ1=2 (3)

to estimate that a lipid molecule diffuses over a root mean
squared (rms) distance of�18 nm. Domains in the ldþlo re-
gion must be much larger than this characteristic distance
for the spectrum to show two clearly separable ld and lo
components. Our observation of spectral line broadening
within this region is instead suggestive of nanoscale separa-
tion between cholesterol-rich and cholesterol-poor regions,
as was proposed for cell membranes (51), and of the related
exchange averaging mechanism. Such small length scales
are consistent with the lack of observation of micron-sized
phase-separated domains in binary phospholipid/cholesterol
GUVs (52).

We now estimate the size of the domains involved in this
ldþlo nanoscale phase coexistence by applying the method
commonly used to understand A4B chemical exchange,
replacing chemical shifts by quadrupolar splitting (20).
The lipid exchange time is

t ¼ 1=kex; (4)

where kex is the rate constant characterizing lipid exchange
between the lo and ld domains. This rate constant is ob-
tained from (53)
1=T2;obs ¼ ðfAÞ=ðT2AÞ þ ðfBÞ=ðT2BÞþ kex
2

� 1ffiffiffi
8

p
n
k2ex � 4p2ðDdABÞ2þ

h�
k2ex þ 4p2ðDdABÞ2

�2�16fAfB4p
2ðDdABÞ2k2ex

i1=2o1=2

:

(5)
In this equation, fA and fB are fractions of the total
labeled lipid in the lo and ld domains, respectively, and
DdAB ¼ DdA � DdB is the difference of the quadrupolar
splittings in the two states,
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DdAB ¼ DdQ; lo � DdQ; ld; (6)

where DdQ;lo and DdQ;ld are the quadrupolar splittings of

doublets of a particular carbon for the pure ld and lo spectra,
respectively. In both PSM/cholesterol and DPPC/cholesterol
MLDs, the only isolated doublets for all cholesterol compo-
sitions are those for the methyl group and one of the C2 deu-
terons. However, neither of these peaks is reliable for this
calculation. It is well known that the methyl resonance has
distinctly long T1 and T2 relaxation times, resulting in an
inaccurate measurement of its width. In addition, the de-
Paked spectra in Fig. 5 show that the quadrupolar splitting
of the C2 deuteron in PSM-d31/cholesterol MLDs stays
more or less constant as the cholesterol concentration is
raised. Our best option is the C15 peak, since it is either
well separated from other peaks or overlaps with only one
other peak, in which case it can be separated by multipeak
fitting.

The rate constants for the relaxation times T2;obs, T2A, and
T2B are given by

1=T2;obs ¼ pDnldþlo (7a)

1=T2;A ¼ pDnlo (7b)
1=T2;B ¼ pDnld; (7c)
where Dnldþlo, Dnlo, and Dnld are the widths at half-
maximum height of the individual C15 peaks in the depaked
ldþlo, lo, and ld spectra, respectively.

The calculation of domain size within the ldþlo region is
based on the labeled phospholipids diffusing between
the two domains. In principle, the phospholipid and choles-
terol molecules all diffuse in the coexistence region. A
study of the lateral diffusion of DPPC and cholesterol
by 1H pulsed field gradient magic-angle spinning NMR
spectroscopy (34) revealed that the diffusion constants
of DPPC and cholesterol are very close. For example,
in DPPC-d62 bilayers with 20 mol % cholesterol at
47�C, D ¼ 7:5� 10�12m2=s for DPPC and D ¼ 9:0�
10�12m2=s for cholesterol. Depending on the cholesterol
composition, the DPPC diffusion constant is four to six
times larger than that of sphingomyelin (54).

Examples of the parameters required to estimate the rms
distance, ðhDx2iÞ1=2, in DPPC/cholesterol, PSM/cholesterol,
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andDPPC/ergosterolMLDs (20) are listed inTable 1. The rms
distance reported byHsueh et al. (20) is roughly one-sixth that
of DPPC/cholesterol MLDs. The main discrepancy arises
from their explicit assumption that the lipid molecules un-
dergo fast exchange between the two domains. Under this
condition, Eq. 5, which is exact, reduces to the approximate
solution for kex used by Hsueh et al. Our comparison between
exact and approximate equations results in domain sizes
that differ by an order of magnitude. This indicates that in
our case, the labeled phospholipids undergo intermediate
exchange; hence, the exact equation must be used. We
also compare our results with the work by Veatch et al. (55),
who estimated domain sizes of �80 nm in GUVs made up
of dioleoylphosphatidylcholine/DPPC (1:1) þ 30 mol %
cholesterol that display liquid/liquid coexistence at 25�C.

The exchange rate was obtained by solving Eq. 5 numer-
ically and is plotted in Fig. 9 A. At 20 mol % cholesterol, the
exchange times for PSM-d31 and DPPC-d31 molecules
between the ld and lo phases are �200 and �60 ms,
respectively.

The domain size in the ldþlo region is considered double
the rms distance, and its dependence on cholesterol concen-
tration is illustrated in Fig. 9 B. The size of the domains for
PSM-d31/cholesterol and DPPC/cholesterol MLDs are in
the nanoscale regime and in close agreement with each
other. Note that close to the ld and lo boundaries, the do-
mains enlarge significantly, indicating that the membrane
is becoming more homogeneous. The number of molecules
constituting a domain is not known, since we have no infor-
mation on domain shape. If we assume that the domains are
circular, the number of DPPC molecules constituting an ld
domain close to the middle of the ldþlo region is on the or-
der of 104, since each DPPC molecule occupies �0.60 nm2

(27,56,57).This implies that there are �9000 DPPC mole-
cules and �1000 cholesterol molecules in an ld domain of
diameter 90 nm.

Fluorescence microscopy methods have not been able to
detect the phase separations in binary DPPC-cholesterol
mixtures that have been inferred from 2H NMR studies.
The line broadening observed in DPPC/cholesterol MLDs
(18), DPPC/ergosterol MLDs (20), and the binary MLDs
TABLE 1 Parameters Used in Eqs. 3, 4, and 5 and the Estimated rm

Parameters and Results DPPC-d31/Cholesterol

Cholesterol mol % 20.5

D 7.5 � 10�12 m2/s

fA 0.44

fB 0.56

1/T2A 3.4 (ms)�1

1/T2B 5.7 (ms)�1

1/T2,obs 7.6 (ms)�1

DnQ,lo 56.2 kHz

DnQ,ld 33.6 kHz

DdAB 22.6 kHz

(<Dx2>)1/2 44 nm

Temperature and cholesterol concentration were kept constant at T ¼ 47�C and
studied in this work was attributed to a diffusion-limited ex-
change of lipids between domains of the coexisting liquid
phases. More recently Shaghaghi et al. (58) observed similar
broadening in various POPC/phytosterol MLDs.

The ‘‘condensed complex’’ model (CCM) provides an
alternative interpretation for phase diagrams involving ste-
rols and, in particular, for domain formation (line broad-
ening) in DPPC/cholesterol and DPPC/ergosterol binary
mixtures (59). The CCM is a thermodynamic model that at-
tributes the composition-dependent NMR line broadening to
the kinetics of complex formation between these sterols and
DPPC molecules (28). Micron-sized immiscible liquid
domains have been observed in ternary mixtures of DPPC/
DOPC/cholesterol by fluorescence microscopy (60). The
CCM provides a semi-quantitative description of the
DPPC/DOPC/cholesterol phase diagram and involves no
phase separation of DPPC/cholesterol or other binary lipid
systems. In particular, the chemical kinetics of complex for-
mation and dissociation is able to account for the 2H NMR
line broadening attributed to nanoscale domain coexistence.
The calculated firstmoment of the 2HNMRspectra inDPPC/
ergosterol MLDs using the parameters in the model fits well
with the experimental data (20). However, a more recent
study on DPPC/DiPhyPC/cholesterol ternary mixtures using
the CCM predicts phase separations in binary DPPC/choles-
terol mixtures (29). Thus, although dynamic ‘‘condensed
complexes’’ are useful for modelling the phase diagrams of
lipid systems, the choice of model parameters strongly influ-
ences the prediction of phase separation in binary mixtures.
CONCLUSIONS

We have constructed and compared partial phase dia-
grams for N-linked palmitoyl-chain-perdeuterated PSM-
d31/cholesterol and sn-2-palmitoyl-chain-perdeuterated
DPPC-d31/cholesterol MLDs solely from 2H NMR mea-
surements. It was found that these phase diagrams are
very similar. They both exhibit soþlo and ldþlo coexistence
regions with a clear three-phase line separating them. In
both phase diagrams, the narrowing of the ldþlo coexis-
tence region at high temperature implies that a critical point
s Length Scale, ðhDx2iÞ1=2, Characterizing the ld/lo Domains

PSM-d31/Cholesterol DPPC-d31/Ergosterol

20 20

1.8 � 10�12 m2/s 10�11 m2/s

0.45 0.52

0.55 0.48

3.4 (ms)�1 3.8 (ms)�1

4.5 (ms)�1 3.2 (ms)�1

6.8 (ms)�1 7.1 (ms)�1

64.4 kHz 53.4 kHz

34.6 kHz 27.8 kHz

29.8 kHz 25.6 kHz

38 nm 6.5 nm

20 mol %, respectively.
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FIGURE 9 (A) The NMR exchange rate and (B)

the domain size for PSM-d31/cholesterol and

DPPC-d31/cholesterol membranes within the

ldþlo region for various cholesterol compositions

at T ¼ 47�C. To see this figure in color, go online.
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exists corresponding to a cholesterol concentration between
�25 and 30 mol %. By relaxing the requirement of fast lipid
exchange, we were able to characterize the ldþlo nanodo-
main coexistence region with improved accuracy compared
with previous studies (20). We estimated distances between
ld/lo domain interfaces in PSM/cholesterol and DPPC/
cholesterol MLDs to be �80 nm. Such dimensions are on
the order of the purported size of ‘‘rafts’’ in cell membranes
(61). Thus, if rafts exist in cell membranes they will be
strongly influenced by lipid/lipid interactions. The high
cholesterol concentration found in many plasma mem-
branes, however, makes it likely that their preferred physical
organization is similar to the lo phase. Complicating matters
in biological membranes is the asymmetric distribution of
lipid molecules between the inner and outer leaflets. Choles-
terol distribution is still controversial; recently, a ratio of
12:1 outer/inner leaflet cholesterol concentration in HeLa
cell plasma membranes was observed, and this asymmetry
was attributed to sphingomyelin ‘‘trapping’’ cholesterol in
the outer leaflet (62).

Although the physical organization of PSM and DPPC
membranes is not grossly different, nature chooses to use
PSM instead of DPPC in most natural cell membranes. In
the liquid crystalline (ld) phase, pure PSMMLDs are signifi-
cantly more ordered than pure DPPC MLDs, but this differ-
ence diminishes as cholesterol is added. This implies that it
takes less cholesterol to promote an lo phase in PSM MLDs
than in DPPC MLDs. In other words, cholesterol orders
PSM lipid chains more effectively than DPPC acyl chains to
form an lo phase. This is consistent with our observation
that above 45�C, the ldþlo/lo boundary in the PSM/choles-
terol phase diagram forms at a lower cholesterol concentration
(by�2 mol %) than in the DPPC/cholesterol phase diagram.

The outer leaflet of plasmamembrane is mostly composed
of sphingomyelin, POPC, and cholesterol. The next logical
step in determining the lipid-lipid interactions governing
possible raft formation is to study ternary mixtures of
PSM/POPC/cholesterol, ideally deuterating each lipid,
including cholesterol, in turn. This ternary system has
1354 Biophysical Journal 114, 1344–1356, March 27, 2018
already been explored by fluorescence microscopy tech-
niques and 2H NMR (2,10,32,33). Results consistently
show micron-scale phase separation at temperatures below
40�C, but this system is not so well characterized at higher
temperatures. Bunge et al. (33) studied 3:3:2 PSM/POPC/
cholesterol mixtures at 40�C and reported evidence of inho-
mogeneous cholesterol distribution, but they observed no
micron-scale domains. Now that we have a detailed picture
of the PSM/cholesterol binary system, 2H NMR can be
used to study the ternary system more thoroughly and thus
gain insight into the complex behavior of lipid rafts in
cellular plasma membranes.
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