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Abstract

The impact of low cholesterol concentrations on an egg sphingomyelin bilayer is investigated using 31P magic angle spinning (MAS) NMR
spectroscopy. The magnitude of the isotropic 31P MAS NMR line width is used to monitor the main gel to liquid crystalline phase transition, along
with a unique gel phase pretransition. In addition, the 31P chemical shift anisotropy (CSA) and spin–spin relaxation times (T2), along with the
effects of spinning speed, proton decoupling and magnetic field strength, are reported. The variation of this unique gel phase thermal pretransition
with the inclusion of 5 through 21 mol% cholesterol is presented and discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The aggregation of saturated phospholipids and cholesterol
in biomembranes to form lipid rafts [1,2] has generated consid-
erable interest due to their proposed role in cellular processes,
e.g., protein trafficking, signal transduction [3], and possible
toxin and virus entry sites [4]. Previous studies show that the
incorporation of cholesterol into the lipid bilayer broadens and
lowers the main gel to liquid crystalline phase transition tem-
perature (Tm) [5–7], decreases (increases) the lipid hydrocarbon
chain ordering below (above) Tm [8,9], decreases the acyl chain
tilt angle in the gel phase [10], and diminishes/eliminates the gel
phase pretransition prior to Tm [7]. Below Tm, the addition of
cholesterol can lead to the formation of a coexisting two-phase
region involving the low cholesterol content solid-ordered (so)
phase and the high cholesterol content liquid-ordered (lo) phase
[11], while above Tm a two-phase region involving the low
cholesterol content liquid-disordered (ld) phase and the high
cholesterol content lo phase results [11–15].
Abbreviations: SM, sphingomyelin; PC, phosphatidylcholine; Chol, cho-
lesterol; MAS NMR, magic-angle spinning nuclear magnetic resonance; DSC,
differential scanning calorimetry; CSA, chemical shift anisotropy; FWHM, full
width at half maximum
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Cholesterol appears to have a higher affinity for sphingo-
myelin (SM) than for other phospholipids [9,16–21], most likely
due to the distinct structural properties of SM. Sphingomyelin
has a large phosphoryl choline headgroup that is well hydrated,
allowing more favorable insertion of cholesterol and shielding
for the hydrophobic cholesterol molecules [18,19,22–25]. The
backbone and acyl chain regions of SM distinguish it from other
lipids with the same headgroup (i.e., phosphatidylcholines, PCs)
[16,24]. The sphingosine backbone consists of two H-bond
donor groups (OH and NH group) and one H-bond acceptor
group (carbonyl), compared to the glycerol backbone of PC
which only has two carbonyl H-bond acceptors. The main SM-
cholesterol interaction has been experimentally shown to occur
between the NH group of SM and the OH group of cholesterol
[26–28], a finding also supported by molecular dynamic simu-
lations [9]. The hydrophobic acyl chain regions of SM and PC
also have an important impact on chain packing effects. Natural
SMs have a high degree of saturation in the acyl chain, resulting
in stronger van derWaals interactions between SM and choleste-
rol. Naturally occurring PCs, on the other hand, have a high
occurrence of unsaturation which weakens the PC–cholesterol
interaction [6,17,18].

Until recently, only saturated phosphatidylcholines (e.g.,
DPPC) were known to form a rippled phase (Pβ′), or pretransi-
tion phase. This rippled phase is intermediate to the motionally
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restricted gel phase and the fluid liquid crystalline phase [29]
and is characterized by a long-wavelength rippling of the bilayer
and a swelling of the membrane [30]. In the past two decades,
several reports of gel phase pretransitions in sphingomyelin
bilayers have emerged. These pretransitions have been detected
by differential scanning calorimetry [6,7,10,31–38], freeze-etch
electron microscopy [35,36,39] and X-ray diffraction [10].
Several factors seem to effect the pretransition, including chain
length, headgroup size, hydration, and possibly chain tilt [29].
In addition to these factors, the observation of a pretransition in
SM appears to be dependent upon the type of SM sample. Thus
far, pretransitions have been observed for brain SM [33,35,39],
purified egg SM [7,37,38], synthetic C24 SM [6,10,34,36],
synthetic C18 SM ( D- and L-isomer) [32], synthetic C16 SM
(D-isomer) [31], but not detected in racemic mixtures of SM
[31,32] or unpurified egg SM. Interestingly, the X-ray diffrac-
tion data [6,10,40] for SM with long C24 chains indicate that
other processes are occurring in the bilayer, e.g., chain inter-
digitation, resulting in the presence of another type of transition
prior to the main transition. Thus, for SM, hydration, chain
length, chain heterogeneity, and chirality seem to be factors in
the occurrence and/or detection of a gel phase pretransition.

Previous NMR studies have revealed important information
regarding the conformation and molecular dynamics in the SM
bilayer. SM was shown to have similar headgroup motions and
conformations as the glycerol-based phospholipids using 31P
NMR [41]. However, unlike PC, intermolecular H-bonding
between SM amide groups and intramolecular H-bonding be-
tween the SM OH group and the phosphate headgroup was
shown to be a significant factor in the rigidity of SM mem-
branes using 1H and 31P NMR [42,43]. This result was further
supported by molecular dynamic simulations [8,9,44–46]. In
addition, restricted mobility in the gel phase was detected for
both the SM headgroup and the acyl chains using 31P and 13C
NMR, respectively. The mobility of the headgroup increased
as cholesterol was added to the bilayer and resembled that seen
in the liquid crystalline phase [20,47,48]. Multiple gel phases
for SM have also been seen in 31P NMR and 13C NMR [49].
More recently, Holland et al. suggested that an additional gel
phase transition was observable in the 31P MAS NMR spectra
of SM mixtures [48]. However, the appearance of this addi-
tional gel phase transition was quenched by the inclusion of
33% cholesterol. This paper continues this work with a 31PMAS
NMR analysis of the SM system at cholesterol concentrations
below 33% to study the structural/dynamical changes occurring
immediately prior to the main gel to liquid crystalline phase
transition.

2. Materials and methods

2.1. Materials and sample preparation

Egg SM and Chol were obtained from Avanti Polar Lipids (Alabaster, AL)
with no further purification. The SM contained the following acyl chain com-
position: 84% 16:0, 6% 18:0, 2% 20:0, 4% 22:0, 4% 24:0. Multilamellar vesicles
(MLVs) of SM and SM/Chol were prepared in deionized water using five freeze–
thaw cycles with a 2-min vortex time between each cycle. The freeze–thaw
cycles were accomplished using a dry ice bath and a water bath set to 333 K
(above the SM Tm). Hydrated samples contained 33 wt.% phospholipid with
varying mol% of Chol. Lipid samples were transferred to 4 mm zirconia MAS
rotors and sealed with kel-F inserts and caps. Sample volume for MAS expe-
riments was ∼50 μl of lipid MLV and ∼100 μl of lipid MLV for static expe-
riments. Samples were stored at −20 °C when not in use. The differential
scanning calorimetry (DSC) spectra were obtained using a TA Instruments Q100
with a scan rate of 5 °C/min from 20 °C to 60 °C.

2.2. 31P NMR spectroscopy

The NMR experiments were performed on either a Bruker Avance 600 at
242.9MHz (14.1 T), or a Bruker Avance 400 at 162.0MHz (9.4 T) using a 4-mm
broad bandMAS probe for bothMAS and static conditions. A Bruker BVT 3000
temperature controller maintained the sample temperature to ±0.2 K for all
experiments. Samples were allowed to equilibrate for 5 min at each temperature
before acquisition. The 31P MAS NMR experiments used a spinning speed of
2 kHz±1 Hz unless otherwise noted. An increase in sample temperature due to
frictional heating from sample spinning is∼1 K for speeds≤4 kHz and is∼3 K
for a rotor speed of 6 kHz. Sample temperatures reported here have been
calibrated using the method described previously [50]. The 31P MAS NMR
experiments utilized a single pulse Bloch decay with a 4.5 μs π/2 pulse, either
without 1H decoupling or withmoderate (22.5 kHz) 1H TPPMdecoupling. Spin–
spin relaxation times (T2) were obtained under MAS conditions with a rotor
synchronized spin-echo without 1H decoupling. All MAS experiments utilized a
3-s recycle delay. Static 31P NMR spectra were obtained using a Hahn spin-echo
sequence (π/2–τ–π) with a π/2 pulse of 4.5 μs and an interpulse delay of 20 μs
and moderate 1H TPPM decoupling (22.5 kHz).

All 31P chemical shift anisotropy (CSA) tensor fits were performed on the
experimental spectra as previously described [48] using the DMFIT software
package [51]. The anisotropic part of the CSA tensor is defined by

Dr ¼ r33 � 1=2ðr22 þ r11Þ ð1Þ

The asymmetry parameter of the CSA tensor is given by

g ¼ ðr22 � r11Þ
ðr33 � riÞ ð2Þ

where σi is the isotropic chemical shift, and the principal tensor components
(σii) are ordered as follows: |σ33−σi|N |σ22−σi|N |σ11−σi|. Above Tm the mo-
tionally averaged 31P CSA tensor becomes an axially symmetric tensor leading
to the anisotropy definition presented by Seelig

Dr ¼ rt � r8 ¼ ð3=2Þðrt � riÞ ð3Þ
where σ|| is the low intensity shoulder (σ|| =σ33), and σ⊥ is the high intensity
shoulder (σ⊥=σ11=σ22) [52]. The definition forΔσ presented here differs from
the definition of the anisotropy (Δδ) defined by DMFIT [51] by a factor of 3/2

Dd ¼ r33 � ri ð4Þ

and has been taken into account for the Δσ values reported here. The 31P MAS
NMR spectra, including all sideband resonances, were fit using a single spectral
component in whichΔσ and ηwere allowed to vary. The line width was obtained
by selectively fitting the isotropic resonance with a Lorentzian function.

3. Results and discussion

The 31P MAS NMR spectra for pure SM MLVs below and
above the main gel to liquid crystalline phase (Lα) transition
temperature (Tm∼313 K [7,53,54]) are shown in Fig. 1. Below
Tm the broad spinning sideband (SSB) manifold (Fig. 1a) reveals
an asymmetric 31P CSA tensor (Δσ=56.8 ppm, η=0.65)
consistent with previously reported gel phase 31P NMR spectra
[48]. Above Tm, the

31PMASNMR spectrum (Fig. 1b) is axially
symmetric (η=0) with a significantly smaller CSA value (Δσ=
44.5 ppm), consistent with a change in headgroup orientation



Fig. 1. The 31P MAS NMR spectra (black lines) and simulations (gray lines) of
SM bilayers (νr=2 kHz) at (a) 296 K (below Tm∼313 K) and (b) 318 K. The 31P
CSA parameters obtained from simulations are shown.

Fig. 2. The 31P MAS NMR isotropic full width at half maximum (FWHM) line
width as a function of temperature for (●) SM, (○) 5 mol% Chol, (▾) 7.5 mol%
Chol, (▿) 10 mol% Chol, and (▪) 21 mol% Chol. SM and 33 mol% Chol (□) is
shown for comparison and is from a previous work [48].
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and/or the increased motional averaging of the headgroup in the
liquid crystalline Lα phase, as previously discussed [47,48].

3.1. Variation of 31P isotropic line width with temperature and
cholesterol concentration

Previously, it was noted that the line widths of the isotropic
resonance in the 31P MAS NMR spectra of SM were tempera-
ture sensitive, and revealed some type of disordering or mo-
tional transition event (i.e., pretransition, gel→ gel) occurring in
the gel phase region (298 K to 310 K), prior to the main gel→ Lα
phase transition. The same type of 31P MAS NMR line width
variation can be seen in Fig. 2, where the isotropic line width of
SM increases from ∼328 Hz at 292 K to 530 Hz at 310 K, then
drops dramatically to ∼167 Hz following the main gel → Lα
transition at ∼312 K. The overall increase in FWHM for this
SM gel phase transition is 202 Hz. This change is ∼100 Hz
smaller than previously reported [48] and is being attributed to
the slight variability of lipid chain length distribution between
different samples. Anecdotal evidence has shown that lot-to-lot
variations of egg SM impact the magnitude of the observed
temperature variations in the line width, such that for the work
reported in this manuscript a single SM lot was employed for all
samples.

It can also be seen in Fig. 2 that the addition of Chol impacts
the extent of this 31P MAS NMR line width variation just prior
to the main gel → Lα transition. For example, increasing the
Chol content to 5 mol% reduces the line width variation, with
the maximum occurring at 306 K and an overall line width
change reduced to 118 Hz (versus 202 Hz in pure SM). As the
Chol content increases to 7.5 mol% this gel phase line width
variation diminishes to ΔFWHM=50 Hz. For Chol concentra-
tions N10 mol% this unique increase in the line width was not
observed, instead revealing only a gradual decrease with in-
creasing temperature throughout the gel phase.

A more detailed look at the effects of Chol on the 31P MAS
NMR line widths are shown in Fig. 3. Below Tm the line widths
of SM bilayers with low Chol concentrations are broader com-
pared to other SM/lipid mixtures (e.g., SM/DOPC, SM/DOPC/
Chol [48]) and suggest either restricted phosphorus headgroup
mobility and/or heterogeneity in the headgroup environment
within the SM gel phase. With the addition of 5 or 7.5 mol%
Chol to the SM bilayer, no changes in the line width are observed
(Fig. 3b). At 10 mol% Chol, a 15.5% reduction in the line width
occurs, and at 21 mol% Chol, an overall FWHM reduction of
34% was observed. SM with 33 mol% Chol (previous work)
shows a slightly larger line width value (FWHM=270 Hz) [48]
than the 21 mol% value (FWHM=236 Hz) reported, here but
remains consistent with the overall trend. For cholesterol con-
centrations greater than 10 mol%, this reduction of the gel phase
line width mirrors the reduction of the 31P CSAvalues at higher
cholesterol contents (see discussion below). Interestingly, below
10 mol% Chol no changes in the line width were observed at
296K. Therefore, at 296 K (in the gel or so phase, and prior to the
observation of the pretransition shown in Fig. 2) the inclusion of
Chol at concentrations N10 mol% results in either an increased
headgroup mobility or change in headgroup orientation, while
below 10 mol% Chol changes in the headgroup dynamics on the
timescale of the 31P line width (1/Δδiso) are not occurring. These
results are consistent with previous studies in which increased
headgroup mobility or changes in headgroup orientation were
observed as cholesterol was added to the bilayer [47,48]. The
phase diagram for N-palmitoyl-D-sphingomyelin (PSM)/Chol
below Tm has been reported [11]. For intermediate Chol concen-
trations a two-phase region exists between the low cholesterol
content so and lo phases. The observed line width of 357 Hz
(296 K) and 0 mol% Chol corresponds to the so phase, while the



Fig. 4. DSC profiles of (a) SM and (b) SM with 7.5 mol% cholesterol. The
pretransition temperature range is expanded in the inset.

Fig. 3. The (a) 31P MAS NMR isotropic chemical shift region of pure SM and
SM with 5, 7.5, 10 and 21 mol% Chol at 296 K. The line width (b) as a function
of Chol concentration at (●) 296 K and at (○) 318 K. SM and 33 mol% Chol at
(▾) 296 K and (▿) 318 K from previous studies are also shown [48].
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line width of 272 Hz of the 33 mol% Chol sample is cha-
racteristic of the lo phase. The change in the

31P MAS NMR line
width between 10 and 20 mol% Chol may reflect the averaging
within the mixed so+ lo phase, but is complicated by the pre-
sence of multiple gel phases [49].

Above Tm (318 K), the isotropic line width is ∼140 Hz for
all bilayers with concentrations up to 21 mol% Chol (Fig. 3b),
after which a dramatic decrease in line width is seen at 33 mol%
Chol. The phase diagram for SM/Chol above Tm also reveals
the existence of a two-phase region, with the coexistence of the
ld and lo phases [11,12,14,15]. At 0 mol% Chol the line width of
140 Hz (318 K) corresponds to the ld phase while at 33 mol%
Chol the line width of 51 Hz (318 K) represent the lo phase. The
lack of variation in the line width between 0 and 22 mol% Chol
shows that the 31P MAS NMR line width is not sensitive to the
presence of the two-phase ld+ lo region. This result is in contrast
to the gradual decrease in the lateral diffusion rates observed
between 2.5 and 20 mol% Chol reported by Filippov and co-
workers [14,15]. The invariance of the 31P MAS NMR line
width to changing Chol concentration above Tm is most likely
the result of timescale differences, with the line width timescale
being much shorter than the lateral diffusion process.
The most notable item in the 31P MAS NMR line width
variation is the pronounced effect that cholesterol has on the
appearance of the gel phase pretransition (Fig. 2). Inclusion of
b10 mol% cholesterol diminishes this pretransition, and for
Chol concentrations N10 mol%, the gel phase pretransition is
completely eliminated. Several explanations have been for-
warded to explain this observed 31P MAS NMR line width
variation in the gel phase, including the presence of a distinct
gel → gel phase transition, dynamical changes in the bilayer,
and changes in headgroup motional correlation times. These
possibilities will be addressed in the following sections.

3.2. Differential scanning calorimetry

One possible explanation for the observed gel phase 31P
MAS NMR line width variation is a gel → gel transition, such
as that observed in the gel phase to rippled phase [35] or the gel-
α to gel-β transition [32]. Differential scanning calorimetry
(DSC) was used to investigate a possible phase transition in the
temperature region prior to the main gel to liquid crystalline
transition. The calorimetric heating scans for SM and SM with
7.5 mol% Chol are displayed in Fig. 4. For SM, the endothermic
gel→ Lα phase transition is marked by a broad peak centered at
313.7 K (40.7 °C), while there is no visible indication of a
pretransition (inset). The 7.5 mol% Chol bilayer also shows a
broad main transition (313.1 K, 40.1 °C) with no measurable
pretransition (inset). The main phase transition temperature for
SM and the 0.6 °C shift to lower temperatures seen with the
inclusion of Chol correlate well with previous reports [5,7,
53–56]. Although pretransitions have been reported in the DSCs
of SM, they have only been observable for synthetic and/or
purified SM, with pretransition temperatures at approximately
301 K for purified 16:0-SM [7,31,36,37], from 293 K to 309 K
for synthetic 18:0-SM (depending upon hydration) [32,57], and
∼312 K for 24:0-SM [6,10,36]. The lack of an observable
pretransition in the DSC shown here suggests the pretransition
observed in the 31P MAS NMR line width data between 300 K
and 310 K is not the result of a bulk gel→ gel phase transition.
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3.3. Variation of 31P MAS CSA with cholesterol concentration
and temperature

A second argument is that the observed line width variation
during this gel phase pretransition is the result of purely dyna-
mical changes occurring on the 31P CSA timescale. The varia-
tions of the CSA parameters from the 31P MAS NMR spectra as
a function of cholesterol concentration and temperature have
therefore been explored. The 31P MAS NMR CSA parameters
for pure SM and SM with varying mol% of Chol are displayed
in Fig. 5a while the temperature variation for these mixtures is
shown in Fig. 5b. For samples with b33 mol% Chol there is a
dramatic reduction in the 31P CSA at Tm, and the production of
a symmetric 31P CSA tensor. This change is indicative of the
main gel to Lα phase transition, and shows that there are head-
group motions on the order of a ∼15 ppm (3600 Hz) leading to
partial averaging of the 31P CSA tensor.

Below the main gel to Lα phase transition the 0 mol% Chol
(pure SM) sample has 31P CSAvalue ofΔσ=56.8 ppm (296 K)
and corresponds to the gel (so) phase. The

31P CSA anisotropy
decreases to Δσ=55.6 ppm with the addition of 5 mol% Chol.
Fig. 5. (a) The 31P CSA (Δσ) parameters extracted from 31P MAS NMR fits of
the spinning sideband manifold at (●) 296 K and (○) 318 K as a function of
Chol concentration. SM and 33 mol% Chol at (▾) 296 K and (▿) 318 K from
previous studies are also shown [48]. (b) The 31P CSA parameters as a function
of temperature for (●) SM, (○) 5 mol% Chol, (▾) 7.5 mol% Chol, (▿) 10 mol%
Chol, and (▪) 21 mol% Chol. SM and 33 mol% Chol (□) is shown at select
temperatures for comparison and is from a previous work [48].
The CSA again decreases for the 7.5 mol% Chol mixture (Δσ=
54.3 ppm) and remains at the same value for bilayers containing
10 and 21 mol% Chol. Only at 33 mol% Chol is an additional
∼10 ppm decrease in CSA observed with Δσ=44.3 ppm
(296 K), which corresponds to the lo phase. In the intermediate
Chol concentration range no distinct 31P NMR spectral signa-
ture for the co-existing so+ lo phase was observed. The decrease
in the 31P CSA with the addition of Chol is consistent with the
averaging between the two phases, with increasing lo concen-
tration at higher Chol content. Analysis of this 31P CSA trend is
complicated by the presence of multi-component gel (so) phase
31P NMR spectra [48], and variation in the degree of magnetic
alignment. A detailed discussion on the 31P NMR CSA varia-
tion will be presented in a future publication.

Above Tm the 31P CSA shows only a minor variation rang-
ing from Δσ=44.5 ppm (318 K) for the ld phase (0 mol% Chol)
to Δσ=43.6 ppm (318 K) for the lo phase (33 mol% Chol).
These results support the argument that the SM headgroup
dynamics are very similar for the concentration range of Chol
studied. The invariance of the 31P CSA to the two-phase (ld+ lo)
regions most likely results from the rapid exchange of lipid
between the lo and ld phases on the timescale of hundred of
microseconds, suggesting very small domain sizes (∼10 nm) as
previously discussed [48], or that the ordering of the acyl chains
in the lo phase has a minimal impact on the dynamics detectable
through measurement of the 31P CSA tensor.

The overall decrease in 31P CSAwith increasing temperature
in the gel phase does not correlate with the increasing 31P MAS
NMR line width shown in Fig. 2, since the predicted increase in
headgroup dynamics should narrow the 31P isotropic line width
in this region. Because this predicted trend was not observed in
the FWHM data, the observed gel phase pretransition is not
being attributed to a purely dynamical change on a timescale
measurable by the 31P CSA (∼12 kHz). It has been suggested
that the 31P CSA reduction results purely from a change in the
headgroup orientation near Tm, such that the increasing 31P
MAS NMR line width in the gel pretransition reflects an in-
crease in the heterogeneity of this orientation. The observation
of a symmetric 31P CSA tensor above Tm and an asymmetric
tensor below Tm argues against the CSA reduction occurring
entirely from a change in headgroup orientation.

3.4. Variation of 31P NMR T2 with cholesterol concentration
and temperature

Spin–spin (T2) relaxation measurements were also performed
to complement the 31P CSA results. The 31P T2 relaxation times
are sensitive to molecular processes with correlation times equal
to the inverse chemical shift anisotropy determined from the
width of the SSB pattern (Fig. 1a, Δσ ∼80 ppm or ∼20 kHz)
[58]. The results of the 31P T2 relaxation measurements as a
function of temperature are displayed in Fig. 6. Below Tm, the T2
relaxation times are similar for pure SM, 5 mol% Chol, and
7.5 mol% Chol mixtures (1–2 ms), consistent with a dynamical-
ly restricted headgroup. At the main phase transition tempera-
ture, a sharp increase in T2 is seen for SM bilayers with less than
10 mol% Chol and the Lα phase is marked by values ranging



Fig. 6. 31P MAS NMR T2 relaxation times as a function of temperature for (●)
SM, (○) 5 mol% Chol, (▾) 7.5 mol% Chol, (▿) 10 mol% Chol, and (▪) 21 mol
% Chol.

Fig. 7. (a) The 31P MAS NMR isotropic full width at half maximum (FWHM)
line width as a function of temperature for (●) SM at 14.1 T, (○) SM with 1H
decoupling at 14.1 T and (▾) SM at 9.4 T. (b) The 31P isotropic full width at half
maximum (FWHM) line width for SM at 9.4 T as a function of temperature and
rotor frequency at (●) νr =2 kHz, (○)νr =4 kHz, and (▾)νr =6 kHz.
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from 8 to 10 ms, indicating a dynamically mobile phase. For
N10 mol% Chol the T2 measurements display a gradual in-
crease with higher temperatures, throughout the gel (so) phase
and into the Lα (or ld) phase. For the higher Chol concen-
trations the main phase transition is not clearly distinguishable
with the T2 measurements, similar to the 31P MAS NMR line
width measurements. The increasing T2 values correlate well
with the decreasing FWHM values for SM bilayers with N10%
Chol, indicating an increase in the motional processes of the
phosphorous headgroup and a reduction in the correlation time
governing T2. The similarity of 31P T2 relaxation times for
intermediate Chol content also shows that these relaxation
measurements are not sensitive to the presence of the two-
phase so+ lo or the ld+ lo regions. The 31P NMR T2 measure-
ments are also in agreement with the 31P CSA observations,
revealing no pretransition in the gel phase for SM with Chol
concentrations b10 mol%. These results support the conclusion
that the molecular motions measurable by the 31P T2 and CSA
(12–20 kHz) are not responsible for the 31P MAS NMR line
width gel phase pretransition observed in the FWHM data.

3.5. Impact of proton decoupling, field strength, and sample
spin rate on line width broadening

The 31P CSA is the dominant nuclear interaction for 31P at
high frequencies [59], and therefore the 31P MAS NMR spectra
reported here were collected without 1H decoupling at 14.1 T.
However, due to the unusual increase in line width, the effects of
heteronuclear 1H–31P dipolar coupling, magnetic field strength,
and sample spin rate were also explored in an effort to explain the
observed gel phase pretransition. Previously, Holland et al. [48]
showed that residual 1H–31P dipolar coupling was still present
under 31PMAS conditions at a spinning speed of 2 kHz, while in
the Lα (or ld) phase, the heteronuclear dipolar coupling was
averaged out. A similar effect can be seen in Fig. 7a, where a
narrowing of ∼113 Hz is seen in the 31P MAS NMR line width
of SM (0 mol% Chol) at 296 K with the addition of 1H decoup-
ling. Despite this narrowing, the overall change in 31P MAS
NMR line width during the pretransition range is the same with
andwithout 1H decoupling supporting the argument that 1H–31P
dipolar interactions are not responsible for the observed line
width variations.

The impact of magnetic field strength on 31P MAS line width
is shown in Fig. 7a. These experiments show that the gel phase
pretransition is essentially unaffected by changes in the mag-
netic field, with the overall change in 31P line width (ΔFWHM)
in the same temperature range (296 K–310 K) revealing similar
values for SM at 9.4 T (140 Hz) and SM at 14.1 T (173 Hz). The
dramatic decrease in line width marking the main transition at
both fields is also approximately the same (320 Hz at 9.4 T
compared to 380 Hz at 14.1 T). In the Lα (or ld) phase, however,
the 9.4 T line widths are slightly narrower (∼50 Hz) than the
line widths seen at higher field, partially due to the difference in
the field homogeneity and quality of shimming with a different
magnet. Spin–spin T2 relaxation measurements were also con-
ducted at a lower magnetic field (data not shown) and did not
reveal any correlated change in T2 values. These results suggest
that the observed 31P MAS NMR line width variation in the gel
phase pretransition is not directly tied to the magnitude of the
31P CSA.

It has also been suggested that the increase in line width
observed in the gel phase pretransition arises from destructive
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interference between the coherent averaging of MAS and in-
coherent molecular averaging processes [60,61]. To address this
possibility, the 31P MAS NMR line width was measured at
different spinning speeds at 9.4 T (Fig. 7b). Increasing the
sample spinning speed from 2 kHz to 4 kHz and finally 6 kHz
dampens the observed gel phase pretransition, with a reduction
in the 31P MAS NMR line width variation of 60 Hz (νr =4 kHz)
and 80 Hz (νr =6 kHz). Temperature effects due to frictional
spinning under MAS have been accounted for, and result in a
shift of the pretransition, not a dampening of the transition with
increasing spin rate. This result shows that the gel phase pre-
transition observed in the 31P MAS line width variation results
from slow headgroup motions with correlation times on the
order of 2 to 6×10−5 s (τc ∼ 0.7/ωr, where ωr is the MAS rotor
frequency in rad/s) [61]. This is a slightly slower timescale than
measured by the 31P T2 relaxation and CSA studies, which
showed no clear evidence of a pretransition. The addition of
Chol increases the rate of the headgroup motions reducing the
interference with the coherent averaging of the MAS.

One final possibility for this observed gel phase pretransition
in SM is a subtle change in the local headgroup structural
environments (leading to a distribution of chemical shifts) just
prior to the gel→ Lα phase transition that is eliminated with the
addition of cholesterol. Compared to other lipids with a glycerol
backbone, SM has been shown to have unique intra- and inter-
molecular hydrogen bonding properties due the hydroxyl and
amide groups on the sphingosine backbone [42–44,62], that
may be disrupted by the addition of Chol. The SM headgroup
may undergo significant structural changes during the gel→ Lα
transition with the 31P MAS NMR line width variations reflect-
ing SM preparing for this transition. With increasing Chol
content, these intra- and intermolecular bonding interactions are
reduced, and correspondingly the required structural changes in
SM diminished. On the other hand this increased distribution
of 31P NMR chemical shifts should not be influenced by the
variation in spinning speed as was observed experimentally.

4. Conclusions

The 31P MAS NMR spectra for SM and SM with 5, 7.5, 10,
and 21 mol% Chol have been presented. The variations in 31P
MAS NMR line width indicate a transition is occurring in the
gel phase prior to the main gel→ Lα. The incorporation of Chol
into the bilayer diminishes this gel phase transition. Possible
explanations for this observation included a gel → gel phase
transition, dynamical changes, and changes in correlation times.
The DSC results show it is not a bulk gel → gel transition.
Analysis of the 31P NMR data shows that it does not result from
CSA, 1H–31P dipolar coupling or T2 relaxation effects. The
observed pretransition appears to be due to slow motions on the
order of the MAS spinning speed or a result of a local disorder
in the headgroup region, possibly due to changes in intramo-
lecular and/or intermolecular hydrogen bonding. Although sub-
tle, these changes are readily apparent in the 31P MAS NMR as
an increase in line width that is diminished with the addition of
10 mol% cholesterol. The results demonstrate how low concen-
trations of cholesterol can have an impact on the headgroup
structure/dynamics of sphingomyelin, further illustrating the
complexity of the sphingomyelin in membrane systems.
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