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Deuterium NMR of Raft Model Membranes Reveals Domain-Specific Order
Profiles and Compositional Distribution
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ABSTRACT In this report, we applied site-specifically deuterated N-stearoylsphingomyelins (SSMs) to raft-exhibiting ternary
mixtures containing SSM, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and cholesterol (Chol) and successfully acquired
deuterium quadrupole coupling profiles of SSM from liquid-ordered (L) and liquid-disordered (L4) domains. To our knowledge,
this is the first report that shows detailed lipid chain dynamics separately and simultaneously obtained from coexisting L, and Ly do-
mains. We also found that the quadrupole profile of the L, phase in the ternary system was almost identical to that in the SSM-Chol
binary mixture, suggesting that the order profile of the binary system is essentially applicable to more complicated membrane sys-
tems in terms of the acyl chain order. We also demonstrated that 2H NMR spectroscopy, in combination with organic synthesis of
deuterated components, could be used to reveal the accurate mole fractions of each component distributed in the L, and Ly domains.
As compared with the reported tie-line analysis of phase diagrams, the merit of our 2H NMR analysis is that the domain-specific
compositional fractions are directly attainable without experimental complexity and ambiguity. The accurate compositional distribu-
tions as well as lipid order profiles in ternary mixtures are relevant to understanding the molecular mechanism of lipid raft formation.

INTRODUCTION

Since the lipid raft hypothesis was postulated in the late
1990s (1), lipid rafts have been shown to play significant
roles in cellular processes, including signal transduction,
protein sorting, and microbial infection (2—6). The physical
properties of raft domains are comparable with those of a
liquid-ordered (L,) phase characterized by tight packing
of lipids. In contrast, unsaturated phosphatidylcholines
(PCs) are loosely packed, forming a liquid-disordered (L4)
phase surrounding the L, phase. It is known that the L,-Lq4
phase separation can be reproduced in artificial membranes
consisting of three components: saturated PCs or sphingo-
myelins (SMs), unsaturated PCs such as 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), and cholesterol (Chol)
(7-11). Therefore, the ternary mixtures are regarded as
a domain structure model for understanding biophysical
properties of lipid rafts. Recently, fluorescence microscopy
techniques have been applied to giant unilamellar vesicles
(GUVs) composed of raft-exhibiting ternary systems to
observe their phase behaviors and lipid mobility (12-20),
providing thermodynamic, albeit macroscopic, insights
into raft model membranes.

In contrast, more atomistic information of lipid bilayers is
obtainable from solid-state H NMR spectroscopy, which
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provides quadrupole couplings of deuterated phospholipids
and Chol, consequently yielding direct information re-
garding their membrane dynamics and the effect of Chol
on the membranes (21-28). However, most ’H NMR studies
of lipid bilayers have utilized per- or multideuterated lipid
molecules, which would hamper the application of *H
NMR to complex membrane systems. We recently synthe-
sized site-specifically deuterated N-stearoylsphingomyelin
(SSM, Fig. 1 a) and measured their quadrupole splitting in
single-component SSM and binary SSM-Chol membrane
systems, which revealed accurate segmental motions of
methylene groups encompassing an entire SSM molecule
(29,30). In this report, we further applied the site-specif-
ically deuterated SSMs to raft-exhibiting ternary mixtures
(SSM/DOPC/Chol) and acquired the quadrupole coupling
profiles of SSM from L, and Ly domains separately and
simultaneously. To our knowledge, this is the first report
that shows detailed lipid chain dynamics in coexisting or-
dered and disordered domains. We also found that the *H
NMR analysis is useful in determining the accurate mole
fraction of each component distributed in L, and L4 do-
mains, respectively.

MATERIALS AND METHODS
Materials

DOPC was purchased from Avanti Polar Lipids (Alabaster, AL), cholesterol
was purchased from Nacalai Tesque (Kyoto, Japan), and deuterium-depleted
water was from ISOTEC, Inc. (Miamisburg, OH). Unlabeled SSM was
purified from bovine brain SM purchased from Avanti Polar Lipids by
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FIGURE 1 Chemical structures of compounds used in this study. (a)
Site-specifically deuterated N-stearoylsphingomyelin (SSM). Each num-
bered position was deuterium labeled, and seven kinds of isotope isomers
were used to capture the motion of SSM in membranes. (b) 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 11’-d,-DOPC. (c¢) Cholesterol
(Chol) and 3-d;-Chol.

reverse-phase high-performance liquid chromatography as previously
reported (29). Site-specific deuterium labeled SSMs (4’-, 6’-, 8-, 10’-,
12’-, 14’-, and 16’-d,-SSMs) (Fig. 1 a) and 3-d,-Chol were synthesized as
previously reported (29,31). The synthetic procedure and characterization
for 11’-d,-DOPC (Fig. 1 b) is described in the Supporting Material.

Sample preparation and measurements
of 2H NMR

Sample preparation and “H NMR measurements were conducted in a
similar manner to our previous work (29). In this study, the following mix-
tures were prepared; 10’-d>-SSM, DOPC, and Chol (1:1:1, 12.7 umol
each); purified SSM, DOPC, and 3-d,-Chol (1:1:1, 14.2 umol each); puri-
fied SSM, 11°-d,-DOPC, and Chol (1:1:1, 9.2 umol each); purified SSM
(6.74 umol), deuterated SSM (except 10’-d»,-SSM, 6.82 umol), DOPC
(13.6 umol), and Chol (13.6 umol); purified SSM (7.00 umol), deuterated
SSM (6.86 umol), and DOPC (13.9 umol). These mixtures were dissolved
in MeOH-CHCl;, and the solvent was removed in vacuo for at least 12 h.
The dried membrane films were hydrated with ~1 mL of water, and
vigorously vortexed at 65°C to form multilamellar vesicles. After being
freeze-thawed, each suspension was lyophilized, rehydrated with deute-
rium-depleted water to be 50% moisture (w/w), and freeze-thawed several
times. Then each sample was transferred into a 5 mm glass tube (Wilmad,
Vineland, NJ), which was sealed with epoxy glue.

All the ?’H NMR spectra were recorded on a 300 MHz CMX300 spec-
trometer (Chemagnetics, Agilent, Palo Alto, CA) fitted with a 5 mm ’H
static probe (Otsuka Electronics, Osaka, Japan) using a quadrupolar echo
sequence. The 90° pulse width was 2 us, interpulse delay was 30 us, and
the repetition rate was 0.5 s. The sweep width was 200 MHz, and the num-
ber of scans was around 150,000.

RESULTS AND DISCUSSION

2H quadrupole splitting profiles of SSM in SSM/
DOPC/Chol ternary mixtures

The site-specifically deuterated SSMs were synthesized as
previously reported (29). Fig. 2 shows two pairs of quad-
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FIGURE 2 ?H NMR spectrum of 10’-d»-SSM in phase-separating
ternary mixture (10’-d,-SSM/DOPC/Chol at a ratio of 1:1:1) at 30°C.
The outer and inner quadrupole doublets are attributed to the deuterated
SSM distributed in the L, and L4 domains, respectively. The red trace rep-
resents the spectral simulation to evaluate the molar ratio of SSM distrib-
uted in the L, and Ly domains. To see this figure in color, go online.

rupole splittings in the ?H NMR spectrum of 10’-d>-SSM
in the ternary mixture (SSM/DOPC/Chol at a ratio of
1:1:1) at 30°C. Given that an ordered domain provides a
larger quadrupole splitting, the inner and outer doublets
are attributable to the deuterated SSM partitioned into
the Ly and L, phases, respectively. This spectrum clearly
demonstrates that SM is not completely confined to the
L, phase but partitioned both in the L4 and L, phases. In
addition, the clear observation of two pairs of splittings
suggests that the exchange of SM molecules between L,
and Ly phases does not occur or much slower than the
“H NMR timescale.

In a similar manner, we successfully acquired quadrupole
coupling data of 4’-d,-, 6’-d,-, 8’-d»-, 12°-d,-, 14’-d,-, and
16’-d,-SSMs distributed in the L, and Ly domains (Table
S1), which allowed us to depict the quadrupole splitting pro-
files of SSM at 30°C in ordered and disordered domains,
respectively (Fig. 3). For comparison, the figure includes
deuterium quadrupole profiles of SSM/Chol (1:1) (29) and
SSM/DOPC (1:1, Table S1) binary mixtures at 30°C. How-
ever, the profile of a single-component SSM membrane is
not indicated in the figure because pure SSM membranes
forming a gel phase at 30°C did not give clear quadrupole
couplings in the ’H NMR spectra. Interestingly, the deute-
rium quadrupole profile from the L, phase of the ternary
system was almost identical to that of the SSM-Chol binary
mixture (Fig. 3). This suggests that the order profile from the
binary system is essentially applicable to more complicated
membrane systems in terms of the acyl chain order. On the
other hand, the deuterium quadrupole values from the Lq4
phase are larger than those from the SSM/DOPC mixture,
suggesting that Chol is also distributed in the Ly phase to
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FIGURE 3 Quadrupole splitting profiles of SSM obtained from coexist-
ing ordered and disordered domains in SM/Chol/DOPC (1:1:1) ternary mix-
tures at 30°C. Data from binary systems, SM/Chol (1:1) (29) and SM/
DOPC (1:1), are also shown for comparison. The possible errors in the mea-
surements were within + 1 kHz. To see this figure in color, go online.

enhance the order of SSM as compared with the Chol-free
SSM/DOPC system.

It should be emphasized that this is the first report, to our
knowledge, on the order profile of lipid alkyl chains ob-
tained from coexisting ordered and disordered phases; the
lipid dynamics in phase-separated domains have never
been reported even theoretically because of the infeasibility
of reproducing the phase-separation of membranes by mo-
lecular dynamics simulations. In this context, this study
demonstrates the use of ’H NMR spectroscopy to detect
the atomic-level dynamics of lipid molecules in phase-sepa-
rating membranes.

Compositional mole fractions in L, and L4 phases

As described above, the order profiles of SSM in the L4
domain demonstrated that SM is not excluded but is parti-
tioned in the Ly domain to some extent. Moreover, these
profiles suggested that Chol is distributed to the Ly phase
to enhance the alkyl chain order of SSM. To understand
the properties of the coexisting L, and Ly domains precisely,
it is of particular importance to assess the distribution ratio
of each component in these domains. We found that the *H
NMR spectra could be used to determine the distribution ra-
tio. The mole fraction of SSM distributed to the L, and Lq4
phases was evaluated to be 83:17 at 30°C (Table 1) by simu-
lating the “’H NMR spectrum, using the SIMPSON software

TABLE 1 Mole fraction of each component distributed in L,
and L4 phases in the SSM/Chol/DOPC (1:1:1) system

L, Phase” (%) Lg Phase® (%)

SSM 83 + 17 =
Chol 80 =1 20 £ 1
DOPC 31 = 69 +

Data obtained at 30°C.
“Errors arise from manual fitting of the experimental and simulated spectra.

Biophysical Journal 108(10) 2502—2506

Yasuda et al.

(Fig. 2) (32). Similarly, H NMR spectra of 3-d;-Chol (31)
and 11’-d,-DOPC (Fig. 1, b and c¢), the latter of which was
newly synthesized for this study, whereas 11,11’-d,-DOPC
was previously reported (33), were measured in the ternary
system (Figs. 4 and S1), and their mole fractions were deter-
mined as listed in Table 1. Intriguingly, it was found that as
much as 30 mol% of DOPC is partitioned in the L, phase,
and ca. 20 mol% of Chol and SSM are distributed to the
L4 phase (Table 1). These data are difficult to obtain by us-
ing other methods, as discussed later, and are indispensable
for understanding the mechanism of domain formation at
the molecular level.

We also measured “H NMR spectra of the ternary mix-
tures at different temperatures and found that the two pairs
of doublets are merged into a single pair at around 40°C
(Table S2), which corresponds to the phase transition
from L,-L4 coexistence to a single liquid phase. However,
according to a reported temperature-dependent phase dia-
gram of SSM/DOPC/Chol, which was constructed using
fluorescent microscopy of GUVs (20), the phase transition
of the 1:1:1 mixture was supposed to occur at a lower tem-
perature of ~35°C. This inconsistency might be attributable
to the membrane perturbation and/or photo-induced lipid
modification, both of which are directly related to the pres-
ence of fluorophores. In this regard, noninvasive 2H NMR
using minimally deuterated lipid molecules, which would
induce minimal isotope effects, would be a more appro-
priate tool to establish sensitive phase diagrams of ternary
membranes.

H NMR spectra were previously used to determine
phase diagrams of binary lipid-Chol membranes (34,35)
and ternary mixtures (36); however, this study is the first
report, to our knowledge, that mole fractions of all of the
components in membrane mixtures are estimated using
’H NMR. In general, the domain composition in phase-
segregated ternary mixtures can be defined by the tie-lines
in a phase diagram (11); however, the procedure for deter-
mining tie-lines is rather complicated and challenging.
Fig. 5 shows how our data can be used to simultaneously
determine the tie-line and phase boundary in the phase di-
agram. Fig. S2 displays the superposition of our data with
recently reported phase diagrams for the SM/DOPC/Chol
system obtained from fluorescent microscopy (37), which
demonstrates that, although the reported and current
phase boundaries are in good agreement, the tie-line incli-
nations are significantly different between them. This
discrepancy might indicate the difficulty and ambiguity
in determining the tie-lines and the phase boundaries
in phase diagrams. Hence, the merit of our “H NMR
analysis is that the mole fraction of membrane lipids
distributed in ordered and disordered domains is directly
attainable without experimental complexity. In particular,
the synthesis of deuterated compounds allows for the dis-
tribution of all components to be determined without
ambiguity.
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FIGURE 4 H NMR spectra of 3-d;-Chol (leff)
and 11°-d,-DOPC (right) in phase-separating
ternary mixtures (SSM/DOPC/Chol at a ratio of
1:1:1) at 30°C. The outer and inner quadrupole
doublets are attributed to the deuterated compo-
nents residing in the L, and L4 phases, respectively.

Finally, we refer to the accuracy of the mole fractions ob-
tained from “H NMR spectra. Although the manual spectral
fitting causes some errors, change of 1% or 2% fraction ratio
provided simulated spectra significantly different from
observed ones, as reflected in Table 1. Another possible
cause of error is the difference in relaxation times of “H sig-
nals from ordered and disordered domains. We therefore
measured “H NMR with different interpulse delay times in
the quadrupolar echo sequence and confirmed that the relax-
ation of H signals gave little influence on the estimation of
mole fractions up to the delay time of 100 us.

CONCLUSIONS

In this study, for the first time to our knowledge, we success-
fully acquired deuterium quadrupole coupling profiles of
SSM from coexisting L, and L4 phases, separately and
simultaneously. The data indicates that the quadrupole pro-
file of the L, phase in an SSM/DOPC/Chol ternary system
shows close similarity to that in an SSM-Chol binary
mixture, although a significant amount of DOPC is parti-
tioned to the L, phase. This observation suggests that, in
the presence of Chol, SSM is not molecularly miscible
with DOPC and possibly forms small (nanometer-scale)
clusters.

. . 2|
XSM * XChol - XDOPC
=33:33:33

XSM * XChol * XDOPC

%SM * %Chol * XDOPC =43:41:16
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FIGURE 5 Tie-line and phase boundary in the phase diagram for SSM/
DOPC/Chol. The red point marks 1:1:1 composition, and the black points
are obtained from Table 1, which represent phase boundaries between
(L, + Ly) and L, phases and between (L, 4+ L4) and Ly phases, as hypothet-
ically shown by the blue curves. These three points lie on a straight line,
which is the tie-line. To see this figure in color, go online.
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We also demonstrated that “H NMR spectroscopy, in
combination with organic synthesis of deuterated compo-
nents, could be used to reveal the accurate mole fractions
of each component distributed in the L, and L4 phases. Rela-
tive lipid composition of the L4/, domains provides rich
thermodynamic information, particularly on drawing and/
or verifying phase diagrams. Mole composition data are
further utilized not only for examining the effect of mem-
brane-acting peptides and organic compounds, some of
which are known to modulate raft domains (38), on compo-
sitional distributions of membranes, but also for extracting
molecular interactions by computer simulations. In fact,
molecular dynamics simulations of ternary mixtures are
currently underway using the compositional distribution ob-
tained in this study. These simulations, in combination with
lipid order profiles separately obtained from coexisting do-
mains, will further provide a deeper understanding of the
phase separation and consequently the molecular mecha-
nism of lipid raft formation.

SUPPORTING MATERIAL

Supporting Methods, two figures, and two tables are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)00386-0.
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