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Abstract 

Cholesterol is an essential and ubiquitous component in mammalian cell membranes. 

However, its distributions and interactions with phospholipids are often elusive, partly 

because chemical modifications for preparing cholesterol probes often cause significant 

perturbations in its membrane behavior. To overcome these problems, a 2H-labeled probe 

(24-d-cholesterol), which perfectly retained the original membrane properties, was 

synthesized by a stereoselective introduction of 2H into the side chain of cholesterol. A 

deuterium label at the side-chain more sensitively reflects membrane fluidity than the 

conventional labeling at the 3 position of a sterol core (3-d-cholesterol), thus providing 

24-d-cholesterol with desirable properties to report membrane ordering. Solid state 2H 

NMR of 24-d-cholesterol with sphingomyelins (SM) and unsaturated 

phosphatidylcholine in the bilayer membranes clearly revealed the partitioning ratio of 

cholesterol in the rafts-like liquid ordered (Lo) phase and the liquid disordered phase 

based on cholesterol interactions with lipids in each phase. This probe turned out to be 

superior to the widely used 3-d-cholesterol; e.g., 24-d-cholesterol clearly revealed a 10 

mol% difference in the Lo distribution ratios of cholesterol between palmitoyl-SM and 

stearoyl-SM. The comprehensive use of 24-d-cholesterol in solid state 2H NMR will 

disclose the cholesterol-lipid interactions, distribution ratio of cholesterol, and membrane 

ordering in model bilayers as well as more complicated biological membranes.
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Introduction

Cholesterol (Cho) is an indispensable lipid in vertebrate cells consisting of 20–25% of 

the total lipids in the plasma membrane. Cho is involved in the formation of the 

biologically functional domain called lipids rafts along with sphingomyelin (SM) and 

other glycosphingolipids.1,2 In model bilayer membranes, the interactions with SMs 

induce the liquid-ordered (Lo) phase3-5 by increasing membrane ordering through the 

hydrophobic interaction between the rigid sterol core of Cho and the saturated acyl chain 

of sphingolipids,6-8 which is known as the Cho condensing effect.9 The SM-Cho 

interaction in membranes is known to alter the binding amount of the SM binding proteins 

on the membrane surfaces.10-12

Cho distribution and interactions in cell membranes and model membranes are key 

issues that need to be clarified.13 Filipin, a polyene antibiotic,14 perfringolysin O and 

related bacterial proteins targeting the Cho,15 and NBD-tagged and Bodipy-tagged Cho 

derivatives16 have been widely used for this purpose; however, the lipid organization in 

membrane are perturbed,17 Lo to Ld phase partition coefficients of such fluorescent Cho 

probes are significantly different from Cho itself because of the large fluorescence 

moieties at the side chain,18,19 the binding proteins often affect the Cho dynamics,20 and 

even the trace amounts (< 1 mol %) of these probes often perturb the morphology of the 

micro- and nanodomains.21 Fluorescent Cho analogues cholestatrienol and 

dehydroergosterol are useful mimics used for detecting membrane distribution, 

biophysical properties, and the transport of Cho.22-24 Although structurally similar 

analogues mimicking the Cho’s membrane properties are often used for studying 

biological and artificial membranes,25 serious limitations, such as perturbations in 

membrane behavior, lower ordering effect, the short excitation wavelength, and the weak 
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fluorescence intensities, have hampered broad applications.22,26 Cho probes carrying a 

stable N-oxyradical have been used for electron paramagnetic resonance (EPR) and 

fluorescence quenching experiments, although the ordering effect was weaker than that 

of Cho.27 A recent technique using imaging MS directly shows Cho distribution in planer 

monolayers in a quantifiable manner.28

The hydrophobic moiety of SM, which plays a key role in SM-Cho interactions, 

consists of a sphingosine chain and a fatty acyl chain. SM bearing a palmitoyl group 

(C16:0, PSM in Fig. 1) is normally a major sphingolipid in the plasma membrane of the 

mammalian cells,29-31 while some tissues, including the brain and skeletal muscles, 

contain more SM bearing a stearoyl chain (C18:0, SSM in Fig. 1).32 The characteristic 

distribution may partly account for the expression pattern of the six ceramide synthases, 

which have individual preferences for the substrate chain length of the CoA-linked fatty 

acids.33,34 However, it is largely unclear why SSM and PSM distribute quite differently 

in tissues and organelles.   

Solid state 2H NMR is a sensitive method to examine the lipid interactions by measuring 

the mobility of the deuterated lipids in bilayers.35 The width of the Pake doublet (Δν) 

obtained from 2H NMR spectra clearly reveals the degree of wobbling of a deuterated 

segment. In ternary membrane systems with co-existing Lo and Ld phases, the deuterated 

lipid usually causes two sets of Pake doublets originating from the partitioning to the Lo 

and the Ld phases respectively through the preferable and disfavored lipid 

interactions.36,37 Thus, we have been developing deuterated probes of phospholipids such 

as 10’-d2-SSM37 and 6’-d2-DOPC38 for the analysis of lipid ordering and partition. The 

3-deuterated Cho (3dCho) has been widely used as a 2H NMR probe to examine Cho 

interactions39 and Lo/Ld distributions37,40 in lipid bilayers; however, differences in the 
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Pake doublet widths between the Lo and Ld phases is small because the deuterated 

position is located in the rigid sterol core, which does not sharply reflect the wobbling 

effects of surrounding hydrocarbon chains of lipids. It is reported that the doublet widths 

are more significantly influenced by the tilt angle of the rigid sterol ring system in 

phospholipid membranes.41 Therefore, a Cho probe with deuteration at the flexible side 

chain is expected to better reflect the membrane ordering and the Lo/Ld distributions of 

Cho. Actually, Cho carrying multiple deuterations at the flexible side chain (C22-C27) is 

known to be highly susceptible to the order of surrounding lipids;42 however, the multiple 

deuteration sites cause the signals to have heavy overlapping, which hampers the 

quantifiable spectral analysis necessary to determine the partition ratios of Cho between 

the Lo and Ld phases. 

In this study, a novel deuterated Cho with a single deuterium atom at the 24(S) position 

(24dCho) was designed and synthesized (Fig. 1). This position on the flexible side chain 

is expected to be sensitive to the ordering effects from the surrounding lipids, thus 

provides a large difference in the quadrupole splitting between the Lo and Ld phases,42 

which greatly facilitates accurate determination of the Cho partition rate by measuring 

the peak areas for the well separated 2H signals from each phase. In addition, 

perturbations in membrane physicochemical properties by the single deuterium 

substitution are negligible. Cho exists as a single molecular species in the plasma 

membrane, while glycerolipids and sphingolipids are highly diverse in their head groups, 

length of the hydrocarbon chains with or without double bonds. Therefore, deuterated 

Cho could be an ideal molecular sensor to comprehensively compare the physicochemical 

properties of lipid membranes including model bilayers and plasma membranes by means 

of solid state 2H NMR. 
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First, the diastereoselective synthesis of 24dCho was achieved. With the compound 

thus obtained, its utility as an NMR probe was examined by evaluating the lipid 

interactions with SMs and determining the Lo/Ld partition ratios of 24dCho for two 

similar Lo/Ld coexisting systems. SSM/DOPC/Cho and PSM/DOPC/Cho bilayers were 

the focus because SSM has been reported to have a slightly lower affinity to Cho than 

PSM;43 however, the Cho probe, which is partitioned significantly higher to the Lo phase 

of the SSM bilayers than to that of the PSM bilayers despite the difference between SSM 

and PSM, was only in the acyl chain length by one ethylene segment. Therefore, 24dCho 

was proven to be an excellent probe to precisely measure Lo/Ld partition ratios of Cho.  
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Figure 1. Structures of 24dCho, 3dCho, and SMs. d2-SSM has two deuterium at the 10’ 

position of the acyl chain.

Results and Discussion 
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Design and Synthesis of 24dCho 

The C24 methylene is expected to be one of the ideal positions to sensitively reflect the 

ordering of surrounding lipids. A labeled position should not be influenced by a rigid 

sterol core since the tetracyclic core sometimes alters its orientation by interacting with 

surrounding lipids, which prevents the selective observation of the acyl chain ordering by 

2H NMR. The C24 position is less susceptible to the orientation change because it is 

separated from the core by a C3 chain, which is grossly in the extended conformation.42 

It is also expected that the terminal isopropyl group, C25/C26/C27, is not desirable 

because of its conformational ambiguity in bilayers and also the narrow splitting width of 

2H signals.42

The synthesis of 24dCho was achieved in seven steps from commercial 3β-hydroxy-Δ5-

cholenic acid. Initially, deuterated aldehyde 4 was prepared in three steps.44 The hydroxy 

group of 3β-hydroxy-Δ5-cholenic acid was protected by a TBS group, and following 

reduction using LiAlD4, it produced deuterated alcohol 3 in a moderate yield. The PCC 

oxidation of 3 provided deuterated aldehyde 4 in 54% yield. Then, the diastereoselective 

reduction of the deuterated aldehyde 4 was achieved under Midland reduction conditions 

using (R)-alpine borane45 to produce the desired alcohol 5 in 96% yield (> 95% d.e.). The 

stereochemistry at the C24 position was determined to be the S configuration by the 

Mosher method through the derivatization of an aliquot of 5 into an MTPA ester (Fig. 

S1).46 Then, the treatment of 5 with CBr4 and Ph3P produced bromide 6 in 70% yield. 

The terminal isopropyl group was introduced to the bromide 6 by treatment with i-

PrMgBr and Li2CuCl4, and following deprotection, it produced the desired 24dCho 1 in 

82% yield (2 steps). The stereochemistry of the deuterium at C24 was confirmed through 

the comparison of the 1H NMR chemical shifts of the remaining 1H at C24 with non-
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labeled Cho (Figs. 2 and S2).47 A cross peak in HSQC due to the remaining 24R-H versus 

C24 of 24dCho was found at 1.07 and 39.1 ppm, respectively, where a triplet was 

observed along the 13C axis due to the geminal 13C-2H coupling (1JC-D = 17.1 Hz), while 

the signal at pro-chiral 24R and 24S were found in 1.09 ppm and 1.11 ppm in Cho. The 

chemical shifts differences along both 1H and 13C axes can be accounted for by deuterium-

induced isotope shifts (DIS), which is in the range from −0.01 to −0.02 ppm.48 Thus, the 

stereochemistry at C24 was identified to be S as expected from the stereochemical 

preference of the reaction. Prior to use for the membrane experiments, 1 was further 

purified by HPLC under reverse phase conditions (column; ODS, solvent: MeOH).
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Figure 2. Comparison of the 1H-13C HSQC spectra of Cho (A) and 24dCho (B) in 

CDCl3. See also Fig. S2. in Supporting Information.

Solid state 2H NMR of 24dCho in binary SM/Cho bilayers

Cho is known to alter the SM bilayer from the highly packed gel phase or the Ld phase 

to the Lo phase through SM-Cho interactions.5,49 To demonstrate whether the 2H NMR 

signal of 24dCho highly reflects the mobility of surrounding hydrocarbon chains due to 

lipid interactions, a binary SM/Cho bilayer system in a multi lamellar vesicle (MLV) was 

first employed. Pake doublet width (Δν) of d2-SSM (Fig. 1), which has 2H-labeling in the 

middle part of an acyl chain, was compared with those of 24dCho and 3dCho. In the solid-

state NMR of the d2-SSM, the ordering effect of Cho on the acyl chain is shown by a 

marked increase in the Pake doublet width (Δν).50 Actually, the 10’ position of the SM 

acyl chain, where it is highly susceptible to the Cho ordering effect,7 shows the Δν value 

of 53.3 kHz (30 °C) in SSM/Cho 8:2 bilayers (Fig. 3A). According to the phase diagram,51 

the SSM/Cho membrane probably undergoes the Lo and gel coexisting phase at 30 °C. 

Therefore, the 2H NMR spectral shape in Fig3A was distorted because the fluidic Lo 

(A) (B)
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phase provided the doublet in 53.3 kHz and the rigid gel phase provided broaden 

components. The Δν value of the lipid hydrocarbon chains in the presence of Cho 

gradually decreases as the temperature rises from 53.3 through 49.2 to 43.1 kHz at 30, 

40, and 50 °C, respectively (Fig. 3A, Table 1). The spectral shape at 40 °C indicates that 

the gel phase almost disappears and shifts to the Lo phase. The Lo phase was preserved 

up to the melting temperature of SSM (Tm; 44.8 °C).52 The 3dCho in the same system 

(SSM/3dCho 8:2) did not clearly show temperature-dependent changes of the Δν values 

(Fig. 3B), which is a sharp contrast to the d2-SSM. The Δν value of 45.2 kHz with a 

broadened component at 30 °C was slightly increased to 46.9 kHz at 40 °C and then 

decreased to 43.5 kHz at 50 °C. These Δν differences on the temperature independent 

change, particularly under Tm, originates from the restricted mobility of the deuterium on 

the steroidal core. In sharp contrast, 24dCho clearly showed a temperature-dependent 

decrease of the Δν values in the same membrane system (SSM/24dCho 8:2) (Fig. 3C). 

The Δν values were 36.3 kHz at 30 °C and decreased to 34.4 kHz (40 °C) and then to 27.8 

kHz (50 °C). It is clear that 24dCho is superior than 3dCho to monitor the membrane 

ordering in melting of SM because of the decrease in the relative Δν values similar to d2-

SSM (Fig. S7). The smaller Δν values compared to that of d2-SSM is probably due to the 

difference in the membrane depth of the deuterated carbon.7 A similar temperature-

dependent decrease was also observed for the PSM/24dCho 8:2 system (Table 1). In this 

PSM bilayer, the Δν values were 35.0, 32.7, and 27.0 kHz at 30 °C, 40 °C, and 50 °C, 

respectively; the difference in the melting temperatures between PSM (41.0 °C)52 and 

SSM only slightly affected the Δν values. Thus, the data demonstrate that 24dCho 

accurately reflects the mobility change of the surrounding lipid, shown as the Δν values 

of d2-SSM, compared with 3dCho. The trends in decreasing Δν values of 24dCho were 
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comparable to the decrease of the fluorescent anisotropy using diphenylhexatriene, which 

is good reporter for membrane fluidity (Fig.S8).

Figure 3. 2H NMR spectra of the deuterated lipids in SSM/Cho 8:2 membranes at 30, 40, 

and 50 °C. Deuterated lipids, d2-SSM (A), 3dCho (B), or 24dCho (C), were used instead 

of natural lipids. The spectra of d2-SSM are those in our previous report.50 The sharp 

center peak of the spectra originated from residual DOH. Reprinted (panel A) with 

permission from Langmuir, 2015, 108, 2502-2506. Copyright 2015 American Chemical 

Society.　

Table 1.  The Δν values (kHz) of the deuterated lipids in solid state 2H NMR in 
SSM/Cho 8:2 or PSM/Cho 8:2 bilayers. 
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Δν (kHz)
SM/Cho 8:2 deuterated lipid

30 °C 40 °C 50 °C

d₂-SSM 53.3 49.2 43.1 

3dCho 45.2 46.9 43.5 SSM/Cho

24dCho 36.3 34.4 27.8 

PSM/Cho* 24dCho 35.0 32.7 27.0 

*The spectra of PSM/24dCho 8:2 are shown in Supporting Information.

Solid state 2H NMR of 24dCho in ternary bilayers

To demonstrate that the Cho probe efficiently exhibits Cho distribution under Lo/Ld 

phase separation conditions, 24dCho was mixed into the ternary SM/DOPC/Cho bilayers. 

The molar ratio of Cho present in the Lo and Ld phases can be determined from the peak 

areas of the two sets of the 24dCho signals, which create larger and smaller widths of 

Pake doublets, respectively.37,40 Due to the significant differences in the Lo/Ld membrane 

orders, the widths of Δν in the Lo phase is much larger than that in the Ld phase.  

To fulfill a macroscopical Lo/Ld phase segregation, the ternary membrane consisting 

of SSM/DOPC/24dCho 33:33:3353 was selected and subjected to 2H NMR measurements 

at 30, 40, and 50 °C (Fig. 4B). As a result, two sets of Pake doublets with the splitting 

widths of 35.6 kHz and 19.2 kHz, respectively, were clearly observed at 30 °C. Taking 

into account the membrane order, the outer doublet is 24dCho in the more ordered Lo 

phase, and the inner doublet originates the 24dCho in the Ld phase. Importantly, the Δν 

difference of 24dCho between the Lo and Ld phases was significantly larger than that of 

3dCho (Lo; 47.3 Hz, Ld; 42.6 kHz) under identical conditions37 (Fig. 4A). After 

increasing the temperature to 40 °C, only a single set of Pake doublets with 26.7 kHz was 
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observed from 24dCho. The temperature was found to be beyond the limit of the two 

liquid-phase coexisting conditions, thus exhibiting one coalesced Pake doublet from a 

mixed phase, which is consistent with the phase diagram reported for giant unilamellar 

vesicles.54 

The temperature dependent Lo-Ld partition of Cho was also examined for a PSM system 

(PSM/DOPC/24dCho 33:33:33) (Fig. 4C). The boundary temperature between Lo-Ld 

phase co-existence and a mixed phase was similar to the SSM/DOPC/Cho system, 

creating two doublets from the Lo phase (33.4 kHz) and from the Ld phase (20.1 kHz) at 

30 °C, and only one Pake doublet from a mixed phase at 22.0 kHz was observed at 40 °C. 

 

 

 
Figure 4. 2H NMR spectra of SSM/DOPC/3dCho 33:33:33 membrane (A);37 

SSM/DOPC/24dCho 33:33:33 membrane (B); and PSM/DOPC/24dCho 33:33:33 

membrane (C) at 30, 40, and 50 °C. Reprinted (panel A) with permission from 

Biophysical Journal, 2015, 31, 13783-13792. Copyright 2015 Elsevier.
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The widths of the Pake doubles of 24dCho in the homogeneous phase at 40 °C showed 

a significant difference between the ternary SSM and PSM bilayers (Fig. 5). The 

differences could have originated from the structural difference of PSM and SSM, namely 

two-methylene gaps between the palmitoyl (16:0) and the stearoyl (18:0) chains. The 

difference in the Δν values at 40 °C is suggested that the longer acyl chain of SSM can 

transfer the ordering effect to the deeper area of the bilayer where C24 of Cho is located. 

Figure 5. Summary of the temperature-dependent Pake doublet widths (Δν) of 24dCho 

in the SSM/DOPC/Cho 33:33:33 membrane ( ● ) and the PSM/DOPC/Cho 33:33:33 

membrane (○).

Molar fractions of Cho in SSM/DOPC/Cho bilayers
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The molar fractions of deuterated lipids in the Lo and Ld phases were previously 

determined using 2H NMR spectra.37,40 According to the procedure, the 24dCho 

distribution ratios in the Lo and Ld areas were determined based on the peak areas of 2H 

NMR signals (Fig. 6A,B). 

In the SSM/DOPC/Cho 33:33:33 bilayer at 30 °C, 81 mol% and 19 mol% of 24dCho 

were partitioned to the Lo and the Ld phases, respectively (Fig. 6C), which was quite 

similar to previous results for the same bilayer system using 3dCho.37 The use of PSM 

instead of SSM for the ternary SM/DOPC/Cho bilayer resulted in a 11 mol% reduction 

of the partition of 24dCho to the Lo phase. The difference of a two-methylene length in 

an SM acyl chain significantly affected the Cho partition ratio between the Lo and Ld 

phases. In bilayers with a lower Cho content (SSM/DOPC/24dCho 40:40:20), the 

partition ratio of 24dCho to the Lo phase was decreased to 73 mol% (Fig. 6D), indicating 

that Cho content affects the Lo/Ld partition ratio. The use of PSM instead of SSM, Cho’s 

partition in the Lo phase, was observed in 62 mol% for the same SM/DOPC/Cho 

compositions. The mol% ratio of Cho in the Lo phase was again decreased relative to the 

SSM/DOPC/Cho membranes. Based on the previous phase diagram, the SM/DOPC/Cho 

40:40:20 membrane was in the So/Lo/Ld three phase co-existing area at 30 °C.53 Thus, a 

part of SM forms the gel phase through a potent SM-SM interaction,8 and the available 

SM used to form the Lo phase with 24dCho was lower for the 20 mol% Cho condition. 

The probe in phase separated ternary lipid systems clearly reflects the ordering of 

surrounding lipids in the Lo and Ld phases, which allowed for accurately determining the 

Lo/Ld partition ratio of Cho.
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Figure 6. Cho molar fractions in the Lo and Ld phases of the SM/DOPC/Cho 

membrane at 30 °C. A, B; spectral fittings of the SSM/DOPC/Cho and PSM/DOPC/Cho 
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bilayers between the experimental spectra (black trace) and the theoretical curve (gray 

dashed trace). C, D: Cho mol% in the Lo (gray mesh) and Ld (white dot) phases using 

24dCho in SM/DOPC/Cho 33:33:33 and 40:40:20 membranes. The Lo/Ld ratio using 

3dCho was taken from a previous report.37

Discussion

It has been demonstrated that synthetic 24dCho is a superior NMR probe to 3dCho 

for determining the partition ratios of Cho in SM model membranes. In the solid state 2H 

NMR of membrane lipids under the conditions of the axial symmetric rotation, the Δν 

values can be expressed by the product of the molecular order parameter Smol and the 

averaged angular terms <(3cos2θ’−1)/2>, where θ’ is the angle between the molecular 

axis and the C-D vector and the angle brackets show the motional average. On the Cho 

structure, a C-D bond at the 3-axial position on a sterol core has a constant θ’ = 80°,41 

while a C-D bond at the 24 position resides in the flexible ensemble of the side chain, 

thus reflecting surrounding chain fluctuations and ordering effects to a much greater 

extent.50 The usefulness of similar design on the deuterated position has been also proved 

for the phosphatidylcholine bearing unsaturated fatty acids.38 Therefore, 24dCho, which 

can be stereoselectively synthesized in only seven steps, could be a more ideal probe to 

report the Cho-lipid interactions and Cho distribution in the Lo and the Ld phases by 

measuring 2H NMR. As shown in the spectrum of 3dCho in Fig. 5A, the difference in the 

quadrupole splitting width between the Lo and Ld phases is much smaller than that of 

24dCho, which potentially compromises the accurate measurements of the Lo/Ld 

partition ratios of Cho through the spectral simulations. 
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   The 24 position is close to the side chain terminus, and thus it is expected to be located 

deeply in a bilayer interior. The 2H NMR data of 24dCho in the PSM/Cho membrane 

showed a slightly smaller Δν value in comparison with that of the SSM/Cho membrane 

(Table 1). A similar tendency was also found in the ternary SM/DOPC/Cho membranes 

in mixed phase conditions at 40 °C and 50 °C (Fig. 5). These findings consistently 

indicate that the mobility at C24 in SSM membranes is slightly more restricted than that 

from PSM membranes. In terms of the lipid interaction, previous reports indicate that 

PSM interacts with Cho most strongly among SMs bearing various acyl-chain lengths 

and unsaturations.43 On the other hand, our 2H NMR results show that SSM induced wider 

Δν values. Thus, the difference between SSM and PSM regarding the potency of the SM-

Cho interactions cannot be directly related to the different Δν values of 24dCho. On the 

other hand, it has been reported that the lipid chain order becomes highest at the middle 

of a leaflet in the presence of Cho and gradually decreases as the position of 2H-lebeling 

moves down to the leaflet interface.36,55 Therefore, the slightly higher mobility at the C24 

position of Cho in PSM/Cho bilayers indicates that the side chain of Cho resides a little 

closer to the leaflet interface. Previously, X-ray diffraction studies revealed that the P-P 

distances of SSM unitary bilayers (52.0 Å) and SSM/Cho 50:50 bilayers (46.6 Å) were 

thicker than PSM unitary bilayers (49.6 Å) and PSM/Cho 50:50 bilayers (45.2 Å), 

respectively.56,57 Similar observations by MD simulations were reported for binary 

SSM/Cho bilayers, where a 1–2 Å thicker bilayer than that of the PSM/Cho bilayer was 

observed.58 The molecular axis of Cho is known to be directed mostly in parallel to the 

bilayer normal,59 thus the small tilt angle difference of the Cho’s sterol core in PSM (15.9° 

at 45 °C) and SSM (14.6° at 50 °C)58 negligibly affects the membrane thickness (～0.1 

Å). Therefore, the observed difference in the Δν values implies that the C24 of Cho in the 
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PSM bilayer is somewhat closer to the leaflet interface because the acyl chain of PSM is 

shorter, which makes the PSM bilayers thinner than those of SSM. Therefore, 24dCho 

can report the relative membrane depth of the Cho side chain from the leaflet interface 

based on its Δν values. 

Although the structural difference between SSM and PSM is only two methylene units 

in the acyl chain, Cho is about 10 mol% more partitioned to the Lo phase consisting of 

SSM rather than that of PSM (Fig. 6). A previous report has revealed that Cho or its 

fluorescent probe CTL preferred PSM over any other saturated SMs, including SSM in a 

ternary SM/POPC/Cho membrane.43 On the other hand, SSM is less miscible with DOPC 

than PSM, thus having a substantial effect on the gel phase formation in the binary 

SSM/DOPC bilayer.60 Therefore, it is speculated that the SSM largely segregated from 

DOPC possibly forms larger Lo domains to which Cho partitions more preferentially 

regardless of intermolecular interactions between SM and Cho. These findings may partly 

account for the distinctive distributions of SSM and PSM in mammalian tissues and 

cells.32 Because the abundance of Cho in each cell membrane is sufficient and mammalian 

cells contain a significant amount of SMs with C16 and C18 acyl chains in different 

ratios,31 it is also assumed that the dynamics of the microdomain structure may partly be 

regulated by the contents of SSM and PSM.　  

  In comparison with widely used 3dCho, 24dCho showed a significantly larger 

difference in the Pake doublet widths between the Lo and Ld phases. Therefore, 24dCho 

would be more useful than 3dCho in determining the distribution ratios of Cho for diverse 

phase-segregated membrane systems. The probe may also facilitate the elucidation of 

Cho-lipid interactions as well as Cho distributions and properties in biological 

membranes using 2H NMR, such as the plasma membrane, micro vesicles, and exosome 
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membranes.

Conclusion 

A new Cho probe, 24dCho, was developed for solid state 2H NMR to determine the Cho-

lipid interactions and the distribution and partition of Cho in bilayer membranes. Efficient 

synthesis of 24dCho was achieved in the seven steps of transformation, including the 2H-

introduction at the C24(S) position in a highly stereoselective manner. The Cho probe 

sensitively reflects the ordering of the surrounding lipids and dependently altered widths 

of the Pake doublet in 2H NMR spectra. Furthermore, the different Pake doublet widths 

of 24dCho in the PSM and SSM membranes demonstrate that the relative depth of the 

Cho position is different between these bilayers. In the SM/DOPC/Cho membrane, where 

the Lo and Ld phases coexist, 24dCho present in the Lo phase shows a remarkably wider 

doublet signal, which is clearly separated from a much narrower doublet signal in the Ld 

phase. The ratio of the Lo/Ld signal area directly exhibits the Cho distribution ratios, thus 

clearly showing a difference in the Lo/Ld partition ratios between stearoyl-SM containing 

and palmitoyl-SM containing membranes, which differ only by two methylene units of 

the SM acyl chains. Synthetic 24dCho is a useful NMR probe to elucidate Cho 

distributions and the physicochemical properties in model membranes, and it can be 

applicable to biological membranes.

Experimental 

Generals: Cho and other standard chemicals were purchased from Nacalai Tesque 

(Kyoto, Japan). Dry solvents for organic reactions and silica gels for column 

chromatography (Silica gel 60N 100–210 μm and 40–50 μm) were purchased from Kanto 
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Chemical Co. (Tokyo, Japan). The TLC glass plate (Silica gel 60F254) was purchased from 

Merck (Darmstadt, Germany). The deuterated solvents and deuterium depleted water for 

NMR experiments were obtained from CIL (Tewksbury, MA, US) and ISOTEC (St. 

Louis, MO, US). Solution NMR was collected by JEOL ECS-400 (400 MHz) and ECA-

500 (500 MHz) spectrometers (Tokyo, Japan). The chemical shifts of 1H NMR were 

calibrated according to the solvent signals (CDCl3; 7.26 ppm and CD3OD; 3.30 ppm). 

Mass spectra were collected by LTQ-Orbitrap XL with an ESI beam source (Thermo 

Fisher Scientific, Waltham, MA, USA). Non-labeled PSM and SSM were isolated from 

egg SM or brain SM (Avanti, Alabaster, AL, US) by reverse-phase HPLC (column; 

Cosmosil C18-AR-II, eluent; 100% MeOH). Synthetic procedures of 24dCho are 

described in Supporting Information.

Solid-state 2H NMR: Multi-lamellar vesicles (MLV) for solid state 2H NMR were 

prepared in a conventional manner.13 The lipid mixtures in an appropriate lipid molar 

ratio were dissolved in methanol–chloroform (1:1), and an appropriate amount of Cho 

solution in methanol–chloroform (1:1) was combined to comprise the total lipid amount 

of 15 mg. The organic solvent was removed by evaporation, and the homogeneous lipid 

film was prepared by cycles of the dissolution and the removal of the methanol–

chloroform. The film was then dried for 12 h under a high vacuum condition. The 

resulting lipid film was hydrated with water (30 times of the lipid weight), vortexed, and 

sonicated. The hydrated sample was freeze-thawed 15 times and lyophilized for at least 

12 h. The lipid film was again rehydrated with deuterium-depleted water to reach 50% 

moisture (w/w), vortexed, and freeze-thawed several times. The sample was transferred 

into the NMR tube. Finally, the tube was sealed with epoxy glue.
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   The solid-state 2H-NMR spectra were recorded on a 300 MHz or 400 MHz 

spectrometer (CMX-300, Varian, Palo Alto, CA, US, AVANCE400, Bruker, Billerica, 

Massachusetts, USA) equipped with static 2H probes. A solid echo pulse sequence61 was 

used with a 90° pulse width set to 2.0 μs, and the solid echo delays were set to 30 μs and 

20 μs, respectively. The initial delay was set to 0.5 s. The sweep width was set to 250 kHz 

with 4k data points, and the number of scans was approximately 30,000. FID data were 

Fourier transformed upon exponential multiplication. The splitting widths of the 2H 

signals (Δνobs) can be expressed by the following equation: 

∆ν𝑜𝑏𝑠 =
3
2

𝑒2𝑞𝑄
ℎ 𝑆(3cos2 𝜃q ― 1

2 ),

(1) 

where e2qQ/h is the quadrupolar coupling constant in 170 kHz of a typical methylene 

group, S includes the scaling and order parameters, and θq is the angle between the C-D 

vector and the outer magnetic field. 

Peak fitting: The fitting of the 2H NMR spectra was performed for the elliptical spheres.62 

Assuming an ellipsoidal shape of liposomes and a fast uniaxial rotation of lipid molecules, 

the probability density  is expressed as𝑃(𝛽)

 , [1]𝑃(𝛽) =
sin 𝛽

{sin2 𝛽 + (𝑎/𝑐)2cos2 𝛽}2

where  is the angle of bilayer normal with respect to the external magnetic field, and a 𝛽

and c are the semi-minors and semi-major ellipse axes, respectively. Thus, the line shape 

of static 2H NMR spectrum can be written as
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 , [2]𝐼(𝜔) = ∫𝜋
0{𝑊[𝜔 ― 𝑔 + (𝛽)] + 𝑊[𝜔 ― 𝑔 ― (𝛽)]}𝑃(𝛽)𝑑𝛽

where  is the signal intensity at a given frequency, , and  is a broadening function 𝐼 𝜔 𝑊

(Lorentzian or Gaussian).  and  are peak top positions at a given 𝑔 + (𝛽) 𝑔 ― (𝛽)

quadrupolar splitting value,  written as ∆𝜈,

 . [3]𝑔 ± (𝛽) =±
1
2∆𝜈(𝛽)

The numerical integration of [2] was carried out from 0.25° to 89.75° by 0.5° due to the 

symmetric feature of these equations with respect to 90°, and the Lorentzian distribution 

function was used for line broadening.
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