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ABSTRACT: Lipid rafts have attracted much attention because of
their significant functional roles in membrane-associated processes. It is
thought that sphingomyelin and cholesterol are essential for forming
lipid rafts; however, their motion characteristics are not fully
understood despite numerous studies. Here we show accurate local
motions encompassing an entire sphingomyelin molecule, which were
captured by measuring quadrupole splittings for 19 kinds of site-
specifically deuterated sphingomyelins (that is, molecular motion capture
of sphingomyelin). The quadrupole splitting profiles, which are distinct
from those reported from perdeuterated sphingomyelins or simulation
studies, reveal that cholesterol enhances the order in the middle parts of the alkyl chains more efficaciously than at the shallow
positions. Comparison with dimyristoylphosphocholine bilayers suggests that cholesterol is deeper in sphingomyelin bilayers,
which likely explains the so-called umbrella effect. The experiments also demonstrate that (i) the C2′−C3′ bond predominantly
takes the gauche conformation, (ii) the net ordering effect of cholesterol in sphingomyelin bilayers is not larger than that in
phosphatidylcholine bilayers, (iii) cholesterol has no specific preference for the acyl or sphingosine chain, (iv) the acyl and
sphingosine chains seem mismatched by about two methylene lengths, and (v) the motion of the upper regions of sphingomyelin
chains is less temperature dependent than that of lower regions probably due to intermolecular hydrogen bond formation among
SM molecules. These insights into the atomic-level dynamics of sphingomyelin provide critical clues to understanding the
mechanism of raft formation.

To date, numerous studies have been conducted exper-
imentally and theoretically to reveal the order of

phospholipids in membranes and the ordering effect of
cholesterol (Chol). In particular, solid-state 2H NMR spec-
troscopy has frequently been used for this purpose because it
lends itself to noninvasive investigation of the order and
mobility of acyl chains in lipid bilayers.1 These 2H NMR
measurements provide quadrupole splitting (Δν) of chain
deuterons located in lipid bilayers, which allows us to determine
the segmental order parameters. However, previous 2H NMR
studies largely suffered from severe overlapping of quadrupole
splittings inherent in perdeuterated acyl chains,2−4 which can
lead to misassignment of deuterium signals. Another potential
concern in using multideuterated lipids is that the accumulated
deuterium isotope effects alter the chemical and physical
properties of their lipid bilayers; for example, chain melting
temperatures are known to decrease as a consequence of the
perdeuteration of acyl chains.5 To avoid these concerns
inherent in multideuterated lipids as well as to gain accurate
local dynamics information on the lipid molecule, selectively
deuterated lipids are particularly desired.
Among the membrane lipids, selective deuteration of

sphingomyelin (SM) is of special interest because of its

essential role in the formation of lipid rafts.6 Until now, 2′,2′-
d2-, 3′,3′-d2-, 3,4,5-d3-, and 3-d-N-palmitoyl SMs have been
reported;2,7 however, site-specific deuteration of the long-chain
regions of SM has not yet been reported. In particular, either
selective or multiple deuteration has never been achieved for
the sphingosine methylene chain. In this study, we successfully
synthesized 19 kinds of site-specifically deuterated SMs (Chart
1), which allowed us to accurately capture the segmental
motions encompassing the whole SM molecule (that is,
molecular motion capture of SM). Consequently, the effect of
Chol on the SM membrane could be evaluated in detail.

■ MATERIALS AND METHODS

Full synthetic procedures for the deuterated SSMs are
described in the Supporting Information.

Sample Preparation for 2H NMR. Because commercially
available semisynthetic SSM is a mixture of epimers at C3 of
sphingosine, we purified SSM from bovine brain SM (Avanti
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Polar Lipids) by reverse-phase HPLC.8 For preparation of SSM
membrane, a mixture of 10.5 μmol of purified SSM and 10.5
μmol of deuterated SSM was dissolved in MeOH−CHCl3. For
SSM−Chol sample, a mixture of 10.5 μmol of purified SSM,
10.5 μmol of deuterated SSM, and 21.0 μmol of Chol (Nacalai
Tesque) was dissolved in the solvent. The solvent was removed
in vacuo for at least 12 h. The dried membrane film was
hydrated with ca. 1 mL of water and vigorously vortexed
(Vortex-Genie 2 or Branson 1510) at a temperature of 65 °C to
make multilamellar vesicles. After being freeze−thawed three
times, each suspension was lyophilized, rehydrated with
deuterium-depleted water (Isotec Inc.) to be 50% moisture
(w/w), and freeze−thawed several times. Then each sample
was transferred into a 5 mm glass tube (Wilmad), which was
sealed with epoxy glue.

2H NMR Measurements. 2H NMR spectra were recorded
on a 300 MHz CMX300 spectrometer (Chemagnetics, Varian,
Palo Alto, CA) with a 5 mm 2H static probe (Otsuka
Electronics, Osaka, Japan) using a quadrupolar echo sequence.9

The 90° pulse width was 2 μs, interpulse delay was 30 μs, and
repetition rate was 0.5 s. The sweep width was 200 kHz, and
the number of scans was around 100 000.

■ RESULTS AND DISCUSSION
Preparation of Site-Specifically Deuterated SSMs and

Their 2H Quadrupole Splittings. As shown in Chart 1, we
selected N-stearoyl SM (SSM) because it is known to be the
most abundant SM constituent in bovine brain10 and to recruit
some raft-specific proteins more efficiently than other SMs with
shorter acyl chains.11 A total of 19 kinds of site-specifically
deuterated SSMs were synthesized as shown in Schemes S1−S8
(Supporting Information) by modification of previously
reported procedures.12−14 Scheme 1 shows examples of the
synthesis for SSMs deuterated at sphingosine and acyl chains.
Briefly, for synthesis of 10-d2-SSM (Scheme 1A), 7-deuterated
pentadecene was prepared by reduction of the ketone with
NaBD4, conversion of the resulting secondary alcohol to the
tosylate, and treatment with LiAlD4. Then, the olefin
metathesis reaction with the allyl alcohol, which was
synthesized from L-serine according to a previous report,12

provided the precursor of 10-d2-SSM (Scheme 1A). For
synthesis of 6′-d2-SSM, 6-deuterated stearic acid was prepared
by reducing the ketone with NaBD4 (Scheme 1B). Coupling
with sphingosine, which was synthesized from L-serine based on
previous reports,12−14 provided protected 6′-d2-SSM (Scheme
1B). Full synthetic procedures for the deuterated SSMs except
3-d-SSM and 10′-d2-SSM, which were prepared as previously
reported,15 are described in the Supporting Information.
With the labeled SSMs in hand, we measured their 2H NMR

spectra and determined the quadrupole coupling values (Δν) in
membrane form in the presence and absence of 50 mol % Chol

(Figure 1). Because the phase transition temperature of a pure
SSM membrane is 44 °C,16 the measurements were carried out
at 45 °C. We also examined 12′-d2-SSM membranes containing
33 mol % Chol instead of 50 mol % and confirmed that the

Chart 1. Structure of Site-Specifically Deuterated N-Stearoyl
Sphingomyelin (SSM)a

aEach numbered position was deuterium labeled. A total of 19 kinds of
deuterium-labeled SSM were prepared to capture the motion of SSM
in membranes.

Scheme 1. Examples of Synthesis of Sphingomyelines
Deuterated at Sphingosine (A) and Acyl Chain (B)a

aConditions: (a) IBX, DMSO, rt, 4 h; (b) CH3(CH2)7MgBr, Et2O, rt,
18 h, 75% (2 steps); (c) SO3−Py, Et3N, DMSO, CH2Cl2, rt, 14 h,
83%; (d) NaBD4, MeOH−CHCl3, 0 °C, 2 h, 96%; (e) TsCl, Et3N,
DMAP, CH2Cl2, rt, 45 h, 80%; (f) LiAlD4, Et2O, rt, 5 h, 86%; (g)
Grubbs second, CH2Cl2, reflux, 2 h, 51%; (h) NMe3 aq, MeOH, rt, 17
h, 43%; (i) (COCl)2, toluene, rt, 1 h; (j) CH3(CH2)11MgBr, Cul,
THF, −78 °C 2 h, 61% (2 steps); (k) NaBD4, MeOH−CHCl3, 0 °C, 2
h, 93%; (l) TsCl, Et3N, DMAP, CH2Cl2, rt, 45 h, 74%; (m) NaBD4,
DMSO, 80 °C, 14 h, 54%; (n) NaOH aq, MeOH−THF, 60 °C, 2 h,
quant; (o) DCC, p-nitrophenol, THF, rt, 18 h, 80%; (p) Et3N, DMAP,
THF, rt, 17 h; (q) TBAF, THF, rt, 17 h, 63% (2 steps). *Reference 12.
**References 12−14
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quadrupole splitting data are essentially identical between 33
and 50 mol % Chol. As is evident from Figure 1, 2′-d2-SSM
gives rise to two pairs of doublets both in the presence and
absence of Chol, whereas other selectively deuterated SSMs
show a single pair. The magnitude of quadrupole splitting
depends both on average segment orientation and on the
degree of motional averaging. Since the two deuterium atoms
on C2′ undergo the same motional averaging, the observation
suggests that the acyl chain predominantly kinks at the C2′−
C3′ bond and the two C−D bonds on C2′ take different
average orientations with respect to the axis of rotational

averaging, thus giving two pairs of doublet signals.2,17 Notably,
the difference between the two quadrupole splittings at the C2′
position is larger in the presence of Chol (8.3 kHz in the
absence of Chol and 17.7 kHz in its presence), which suggests
that Chol enhances the population of the gauche conformation
at the C2′−C3′ bond and/or changes the average angle
between the rotation axis and the C2′−C3′ bond.
Figure 2 shows the quadrupole splitting profiles of SSM in

the absence and presence of Chol at 45 °C, from which we
clearly see that Chol efficaciously enhances the order in the
middle portions of both sphingosine and acyl chains. However,

Figure 1. 2H NMR spectra of deuterated SSM bilayers in the presence and absence of 50 mol % Chol at 45 °C. The sphingosine chain (A) or acyl
chain (B) is site-selectively deuterated. To conserve the amount of deuterated SSMs, we mixed unlabeled SSM that was isolated from a bovine brain-
derived SM mixture by HPLC.8,10

Figure 2. Quadrupole splitting profiles obtained from SSM that has been site-specifically deuterium-labeled on the sphingosine (A) and stearoyl (B)
chains. Data were obtained in the absence (blue circles) and presence (red ones) of 50 mol % Chol at 45 °C.
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its effect is much smaller at the shallow parts of SSM, as seen at
C3 and C5 of sphingosine (Figure 2A) and C3′ and C4′ of the
acyl chain (Figure 2B). The order parameters at C10 and C10′
in the presence of Chol were calculated to be 0.40, which is
close to the maximum value of 0.5, suggesting that chain
fluctuation is significantly suppressed in the middle regions of
both alkyl chains.
It was reported that lipid alkyl chains in bilayers undergo

rapid gauche−trans isomerization, and the chain order
parameters (i.e., quadrupole splitting values) are qualitatively
correlated with trans populations of the C−C bonds.18 Since
the rigid alicyclic skeleton of Chol increases the trans
percentage of the C−C bonds,18 straightens the chain, and
effectively enhances the order,19,20 the profiles in Figure 2 may
imply that Chol’s alicyclic skeleton is preferentially located in
the middle portions of the SSM hydrocarbon chains.
Figure 2B also shows that the presence of Chol less increases

the order in the upper chain region than that in the middle
positions. This may be interpreted, albeit qualitatively, as
follows. In our previous paper that reported the conformation
of SM in membrane environment,15 the amide plane of SM is
likely to be parallel to the membrane plane, probably because
the hydrogen bond formation with neighboring SM molecules.
On the other hand, in the presence of Chol, the middle-chain
region should predominantly take a relatively straight
orientation with its axis perpendicular to the membrane surface.
That means that the chain segment between the amide and the
middle chain must be bent. As described above, the C2′−C3′
bond predominantly takes a gauche conformation, but it may
not enough to relieve the strain, and the other C−C bonds (i.e.,
from C3′ to middle chain) also take part in the gauche
conformation. This would increase the gauche population of
the C−C bonds between the amide and the middle chain,
resulting in the smaller splitting in this region. This effect, along
with the aforementioned ordering effect of Chol in the middle
chain, could influence the location of the splitting maximum
along the chain. A more detailed discussion on the correlation
between the order profile and the depth of Chol is described
later.
Here it should be emphasized that this study is the first to

reveal the 2H NMR profiles in the sphingosine chain of SM
(Figure 2A) because neither selective nor multiple deuteration
had been achieved for the sphingosine methylene chain before
this study. In addition, we must stress that our characteristic 2H
NMR profile of the SM acyl chain (Figure 2B) is different from
those obtained from SMs that bear perdeuterated acyl
chains2,3,21 because in previous studies the overlapped doublet
signals from the perdeuterated acyl chains were assigned by
assuming that the quadrupole splitting decreases monotonically
from the lipid−water interface toward the terminal.2−4 A
comparison of quadrupole splitting profiles of SM acyl chain
between previous report3 and current data is shown in Figure
S4 of the Supporting Information, which clearly demonstrates
the necessity of our comprehensive and selective deuteration
strategy. Our results, therefore, may suggest that previous
quadrupole splitting profiles obtained from perdeuterated lipids
should be reexamined.
Comparison with DMPC. Then we compared Chol’s

ordering effects on SSM with those on diacylglycerophospho-
cholines (PCs). The only available experimental data on
segmental quadrupole splittings for PCs are, to our knowledge,
those of dimyristoylphosphocholine (DMPC), which were
obtained by Oldfield et al. using site-specifically deuterated

DMPC (Figure 3).22 Comparison of the quadrupole splittings
in the acyl chains of SSM and DMPC (Figures 2B and 3) shows

that Chol enhances the orders of the shallow region (C3′ and
C4′) more effectively in DMPC than in SSM bilayers and that
the position with the maximum quadrupole splitting of Chol-
containing bilayers is deeper in SSM than in DMPC membrane
by about two methylene groups (C8′ for DMPC−Chol in
Figure 3 and C10′ for SSM−Chol in Figure 2B). These findings
may suggest that the rigid alicyclic rings of Chol are located
deeper in SSM than in DMPC bilayers. However, of major
concern here is the validity of the discussion that the shape of
order profile reflects the location of steroid rings. Based on the
aforementioned notion that the rigid Chol’s rings increase the
trans population and enhance the order in the middle chain,18 it
is not far-fetched to connect the order profile and Chol’s
location. Here, comparison with the effect of different Chol
locations on simulated splittings might be helpful to interpret
these observations. A simulation study showed that shallowly
located sterol molecule increases order parameters of upper
chain effectively and shifts the order profile to the upper
region,23 which seems supportive of the correlation between
the order profile and location of steroid rings.
To further support the deeper location of Chol in SSM

membrane, we inspected the reported electron density profiles
for SSM−Chol and DMPC−Chol membrane systems obtained
from X-ray and neutron diffraction experiments (see Figures
S1−S3 in the Supporting Information),24−26 and the
comparison suggests that the distance between the membrane
headgroup and Chol rings can be longer in SSM-Chol than in
DMPC-Chol membranes (for more detailed discussion, refer to
the Supporting Information). The location of Chol being
deeper in SSM than in DMPC membrane seems also
reproduced by a simulation study,27 which showed that in the
SM−Chol bilayer the OH group of Chol locates, on average,
0.8 Å lower in the interface than in the DMPC−Chol bilayer
because H-bonding anchors the OH group of Chol in the lower

Figure 3. Reported quadrupole splittings of sn2-acyl chain of DMPC
in the presence and absence of 30 mol % Chol.22 The acyl chain was
site-specifically 2H labeled. Thin arrows indicate the order enhance-
ment by Chol, and thick red arrow shows the maximum position in the
Chol-containing membrane.
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regions of the SSM−Chol bilayer interface. Overall, these
discussions seem to support the deeper location of Chol in
SSM membranes than in DMPC; however, there is a significant
concern about the comparison between SSM and DMPC
membranes because of the difference in acyl chain length.
Therefore, it would be interesting to compare also the distances
from Chol rings to the head groups in PC membrane that
shares the same acyl chain as SSM. In fact, comparison of the
quadrupole splittings of SSM with those of palmitoylstear-
oylphosphocholine (PSPC) is now in progress.
It is well-known that SM strongly shields Chol from

unfavorable contact with the water layer (the so-called umbrella
effect).28 The umbrella effect was experimentally shown by the
observation that the desorption of Chol caused by β-
cyclodextrin is slower from SM membrane as compared to
that from PC membrane.29 This effect has been explained by
the idea that Chol molecules are covered with SM choline
groups. For instance, a simulation study suggested that a
charge-dipole interaction between the choline ammonium
cation of SM and the OH group in Chol plays an important
role in the capping on Chol molecule.30 In the model, however,
Chol should come close to the upper region of membrane to
interact with the choline ammonium. The present data, by
contrast, suggest that the origin of the umbrella effect may be
the deeper immersion of Chol in the SM bilayers, which
prevents contact with the water layer. This seems consistent
with the above β-cyclodextrin-mediated sterol desorption
experiment29 because the deeper location of Chol in SM
bilayers should retard its removal by β-cyclodextrin. Then, why
is Chol preferentially distributed in deeper regions of SM
bilayers? It is well-known that the hydroxy and amide groups of
SM involve in the formation of intermolecular hydrogen bonds
in SM membranes,31 which would suggest the formation of a
hydrogen bond network among SM molecules. This hydrogen
bond network, which is not formed in PC membranes due to
the lack of hydrogen bond donors, might push Chol downward
into the SM membrane core or prevent Chol from rising up.
Figures 2B and 3 also suggest that the net ordering effect of

Chol is not larger in SSM membranes than in DMPC
membranes. It has been proposed that the nature of the
SM−Chol interaction is more attractive when compared with
the interactions of Chol with other lipids, and the ability of
Chol to specifically interact with SM is a driving force in liquid-
ordered phase formation in SM/Chol bilayers.20,32 Our
quadrupole splitting data, however, could not support the
existence of a specific interaction between Chol and SM.33

Comparison of Quadrupole Splitting Profiles be-
tween Sphingosine and Acyl Chains. Next, we compared
the motion characteristics of the acyl and sphingosine chains, as
shown in Figure 4, where the quadrupole splitting profiles are
superposed. As is obvious from the figure, the magnitude of the
maximum quadrupole splitting in the presence of Chol is
almost identical for both hydrocarbon chains, thus suggesting
no specific preference for Chol in either chain. This seems
consistent with the aforementioned finding that no specific
interaction existed between SM and Chol.
Another intriguing finding from Figure 4 is that the

quadrupole splittings of the sphingosine chain from C8 to
C16 nicely overlap with those of the acyl chain from C6′ to
C14′. A less obvious but similar tendency can be seen in sterol-
free SSM membranes (Figure S5). Assuming that the
deuterated methylenes at the same depth have identical
quadrupole splittings irrespective of acyl or sphingosine chain,

this finding may suggest that acyl and sphingosine chains have a
mismatch of about two methylene units. Indeed, the methyl
group in the acyl chain (C18′) has smaller quadrupole splittings
than that in the sphingosine chain (C18) (Figure 2), indicating
higher flexibility for the methyl group in the acyl chain due to
the chain-length mismatch. Recently, we reported the
conformation of the polar region of SSM in bicelles,15 which
is also reasonably consistent with a two-carbon chain-length
mismatch. Of course, it is necessary to verify the above two-
carbon-mismatch assumption using other methods such as
neutron diffraction experiments, and for that purpose these site-
specifically deuterated SSMs will be of great use.

Temperature Dependency of Quadrupole Splittings.
Because the phase transition temperature of a pure SSM
membrane is 44 °C,16 the measurements were carried out only
at 45 and 50 °C in the absence of Chol, while in the presence of
Chol, the quadrupole splittings were measurable even at 20 °C
(Figure 5 and Tables S1−S19). As is evident from Figure 5, the
quadrupole splitting values of the acyl chain in SSM
membranes are significantly reduced with a temperature rise
of only 5 °C from 45 to 50 °C, whereas only a small decrease
occurs in the values for the SSM−Chol system with a
temperature change of 30 °C from 20 to 50 °C. This also
applies to the sphingosine chain (Figure S6). The smaller
temperature sensitivity of the SSM−Chol membranes is
attributable to the tighter packing in the liquid-ordered phase.
Of note is the fact that the quadrupole splittings in the upper
region (C2′ and C3′) are relatively less temperature-sensitive
than those in the lower positions in both the presence and
absence of Chol (Figure 5). This tendency is also clearly seen
in the sphingosine chain (Figure S6). This can be accounted for
by the aforementioned intermolecular hydrogen bonds among
SM molecules; the occurrence of the intermolecular hydrogen
bond is likely to provide higher temperature stability to the
upper regions of SSM bilayers in both the presence and absence
of Chol. More specifically, temperature dependence of
quadrupole splitting may be accounted for by population
change between trans and gauche conformations. The smaller
temperature dependency in the upper region indicates that
population is not changed by temperature rise because the

Figure 4. Comparison of quadrupole splitting profiles between
sphingosine and stearoyl chains for SSM−Chol membrane. Arrows
indicate that the quadrupole splitting profile of the sphingosine chain
(C8−C16) overlaps well with that of the acyl chain (C6′−C14′). This
suggests that the acyl and sphingosine chains are mismatched by two
methylene lengths.
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orientation of the amide portion is relatively fixed by the
intermolecular hydrogen bonds. On the other hand, in the
middle and lower chain, the temperature rise would increase
the space between SM molecules or between SM and Chol (in
other words, packing becomes looser) and enhance the gauche
population, which may result in the larger temperature
dependency.
Implications for Raft Studies. This study suggests that

Chol is located more deeply in SM than in DMPC bilayers
(Figure 6), which probably gives rise to the umbrella effect. The
other findings are summarized as follows: (i) the C2′−C3′
bond predominantly takes the gauche conformation, (ii) the
net ordering effect of Chol in SM bilayers is not larger than that
in PC bilayers, (iii) Chol has no specific preference for the acyl
or sphingosine chain, (iv) the acyl and sphingosine chains seem
mismatched by about two methylene length, and (v) the
motion of the upper regions of SM chains is less temperature
dependent than that of lower regions probably due to
intermolecular hydrogen bond formation among SM molecules
(Figure 6). Accordingly, the principal function of Chol in raft
formation is, rather than specific interaction with SM,

enhancement of the order in the middle portions of both
sphingosine and acyl chains. A plausible scenario for raft
formation, therefore, is that the thus-ordered hydrocarbon
chains enable intermolecular van der Waals contacts between
SM molecules and facilitate the formation of intermolecular
hydrogen bond network between SM molecules, which would
stabilize the liquid-ordered phase of SM membranes more than
that of PC membranes. The intermolecular hydrogen bond
network probably anchors Chol downward.
As described above, the characteristic order profiles of SM

and their temperature dependency are not available without our
comprehensive and selective deuteration strategy; in fact,
previous studies that used SMs bearing perdeuterated acyl
chains provided different quadrupole splitting profiles.2,3,21 In
addition, the present data may serve as a standard for future
molecular dynamics studies of SM membranes since our
quadrupole splitting profiles are more or less different from
order profiles from a considerable number of simulation studies
that have been conducted so far.27,30,32,34−38

■ CONCLUSIONS AND FUTURE PROSPECTS
In this study, we have achieved comprehensive molecular
motion capture of SM, one of the most important constituents
in lipid rafts, by the combination of elaborate organic synthesis
and NMR experiments. The order profiles presented here
provided a reasonable model for the mechanism of raft
formation; Chol enhances orders of the middle parts of SM
hydrocarbon chains and facilitates intermolecular van der Waals
contacts between SM molecules, leading to the formation of
intermolecular hydrogen bond network among SM molecules,
which would not only stabilize the liquid-ordered phase of SM
membranes but also anchor Chol downward.
In future, application of these selectively deuterated SMs can

be extended to a wide range of raft studies: SM dynamics in
ternary or more complex membrane systems, the effects of
peptides and proteins on SM membrane, and differences in
ordering effects between Chol and other sterols. Moreover,
selectively deuterated SMs can be feasibly applied to infrared
and neutron diffraction experiments. It is also possible to
extend this technique to ceramides and glycosyl ceramides,
both of which are key players in lipid rafts. Indeed, these studies
are currently underway in our group. We are firmly convinced
that such comprehensively and site-selectively deuterated lipid
molecules are a powerful and critical tool to scrutinize
membrane dynamics at the atomic level and consequently to
provide deeper understanding of biological membranes.

Figure 5. Temperature dependency of quadrupole splittings of the acyl
chain of SSM. The upper region of the chain generally shows less
temperature dependency than lower regions in both the presence and
absence of Chol. This tendency is observed in the sphingosine chain
(see Figure S6).

Figure 6. Schematic presentation of the results obtained in this study.
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