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ABSTRACT We used solid-state NMR techniques to probe the interactions of cholesterol (Chol) with bovine brain sphin-
gomyelin (SM) and for comparison of the interactions of Chol with dipalmitoylphosphatidylcholine (DPPC), which has a similar
gel-to-liquid crystalline transition temperature. 'H-, *'P-, and "*C-MASNMR yielded high-resolution spectra from multilamel-
lar dispersions of unlabeled brain SM and Chol for analysis of chemical shifts and linewidths. In addition, 2H-NMR spectra of
oriented lipid membranes with specific deuterium labels gave information about membrane ordering and mobility. Chol
disrupted the gel-phase of pure SM and increased acyl chain ordering in the liquid crystalline phase. As inferred from '*C
chemical shifts, the boundaries between the ordered and disordered liquid crystalline phases (L2 and L) were similar for SM
and DPPC. The solubility limit of Chol in SM was ~50 mol %, the same value as previously reported for DPPC membranes.
We found no evidence for specific H-bonding between Chol and the amide group of SM. The order parameters of a probe
molecule, d31-sn1-DPPC, in SM were slightly higher than in DPPC for all carbons except the terminal groups at 30 mol %
but were not significantly different at 5 and 60 mol % Chol. These studies show a general similarity with some subtle
differences in the way Chol interacts with DPPC and SM. In the environment of a typical biomembrane, the higher proportion
of saturated fatty acyl chains in SM compared to other phospholipids may be the most significant factor influencing

interactions with Chol.

INTRODUCTION

Sphingomyelin (SM) and phosphatidylcholine (PC) are ma-
jor phospholipids in mammalian membranes. The propor-
tions of these two phospholipids may modulate membrane
structure, including the formation and stabilization of lipid
rafts and caveolae (Simons and Ikonen, 2000). An increase
in the SM/PC ratio has been recorded in atherosclerotic
aorta lipids (Bottcher and van Gent, 1961) and in the lipid-
rich particles isolated from advanced plagues (Chao et al.,
1990); this increase may be a response to the higher levels
of unesterified cholesterol (Chol) in mature plaques. It has
been proposed that SM plays arolein stabilizing the bilayer
membrane structure, especialy in the presence of a high
concentration of Chol (Cullis and Hope, 1980). In addition,
increased Chol levels and SM/PC ratios in membranes,
coupled with increased chain ordering in phospholipids,
have been correlated with aging of cells and organs (Levi et
al., 1989; Prisco et a., 1986; Lewin and Timiras, 1984;
Aureli et a., 2000). Feeding Chol-enriched diets to rats
resulted in an increased SM/PC ratio in the ileal brush
border membrane (Keelan and Clandinin, 1997). In the
human skin fibroblast, depletion of Chol activates the de
novo synthesis of SM (Leppimé&ki et al., 1998), which
potentiates recruitment of new Chol molecules into the
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membrane bilayers. This suggests that the SM/Chol ratio is
under tight control by endogenous mechanisms.

Incorporation of Chol into SM bilayers decreases the acyl
chain ordering in the gel phase and increases ordering in the
liquid crystalline (L) phase, analogous to its effects on PC.
Pure SM membranes with asymmetric chains (i.e., chains
with a pronounced difference in length) have partially in-
terdigitated bilayersinthe gel (L) phase, which is disrupted
with incorporation of Chol (Lund Katz et a., 1988). De-
pending on the mixing ratio, phase separation may occur in
the liquid crystalline phase of SM/Chol (Ahmed et al.,
1997), similar to dipalmitoylphosphatidylcholine (DPPC)/
Chol mixtures (Sankaram and Thompson, 1990).

Are there specific molecular features of SM that distin-
guish it from PC in itsinteractions with Chol? Several kinds
of evidence suggest that Chol appears to interact more
strongly with SM than PC. For example, compared to its
effects on PC, Chol 1) condenses SM monolayers more
tightly and desorbs from such monolayers more slowly
(Ohvo and Slotte, 1996; Lund Katz et al., 1988; Needham
and Nunn, 1990), 2) results in lower water permeability in
SM bilayers (Lande et al., 1995), and 3) oxidizes more
slowly in SM bilayers when exposed to oxidase (Slotte,
1992) and shows atransition in oxidation rate at the mixing
ratio of Xg,, = 67 mol % (Bittman et a., 1994). One
hypothesis to explain these results is that Chol forms a
strong H-bond to the amide-linkage in SM (Sankaram and
Thompson, 1990). This hypothesis was supported by the
observation that the oxidation of Chol by cholesterol oxi-
dase was accelerated in SM/Chol monolayers or vesicles
when the amide-linked acyl group was replaced with an
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ester-linked acyl group, although Chol was equally miscible
in both phospholipids (Bittman et a., 1994).

In contrast, other investigators have found no evidence of
preferential interactions between Chol and either PC or SM
in the liquid crystalline phase at any mixing ratio using
x-ray diffraction (Calhoun and Shipley, 1979) or fluores-
cence techniques (Schroeder and Nemecz, 1989). Further-
more, no differencesin the Chol exchangerate (Langeet al.,
1979) or in the bilayer cohesive properties (Mclntosh et al.,
1992) were observed in SM/Chol compared to PC/Chol
membranes when the acyl chain lengths were matched to
give the same phase transition temperature without Chol.

In light of the recent debate on the existence of SM/Chol-
rich rafts and their biological functions in the plasma mem-
branes (Dobrowsky, 2000), new approaches are required to
address the question of whether Chol interacts with SM
more favorably than PC. In this work we investigated in-
teractions of Chol with SM using *H, 3'P, **C, and °H
solid-state NMR methods. The findings were compared to
PC/Chol interactions to identify effects of backbone and
acyl chain modifications on phospholipid/Chol interactions.

MATERIALS AND METHODS
Materials

Bovine brain sphingomyelin (SM, >99% pure) was purchased from Avanti
Polar Lipids (Alabaster, AL) and cholesterol (Chol, >99% pure) from
Nuchek (Elysian, MN). Both lipids were used as received. The purity of
selected samples was checked by TLC before and after NMR experiments.
Sample degradation was not significant. According to the acyl chain
analysis provided by the supplier, the brain SM contained 45.5% 18:0,
23.5% 24:0, 7.2% 22:0, 6.3% 24:1, 5.1% 20:0, 1.7% 16:0, and 10.9% other
fatty acids with atotal ratio of saturated to unsaturated fatty acids of U =
13.1. The very long chain fatty acids occur predominantly in the acyl chain.
Deuterated cholesterol (3«,33-ol-cholesterol-d2) was prepared from cho-
lest-5-en-3B-on essentially according to a published procedure (Wheeler
and Mateos, 1958). The product purity was checked by TLC and *H-NMR.

Sample preparation

In al experiments the lipid compositions are expressed as X, the mol %
of Chol with respect to total lipid. Hydrated bovine brain SM hasal, —
L, phase transition temperature (T,,) of ~39°C (Mclntosh et al., 1992).
Using standard DSC and MASNMR measurements, we confirmed similar
phase transitions in fully hydrated (50 wt% H,O) pure SM samples (data
not shown). All the experiments presented in this work were performed
either at 25°C (below T,,) or at 45°C (above T,,).

For MASNMR, lipid powders of SM and Chol were weighed in a10-ml
test tube, dissolved in chloroform, and mixed. The organic solvent was
removed under dry nitrogen gas and the thin layer of lipids thus formed
was further lyophilized overnight. Then, de-ionized water was added to
hydrate the lipids with 50 wt % of water. The lipid mixture was further
mixed by vigorous vortexing, followed by 5-10 freeze-thaw cycles to
ensure homogeneity. The sample was then loaded into a 4 mm ZrO, rotor
for MASNMR experiments.

For 2H-NMR, oriented samples were prepared according to the follow-
ing procedure: 30 mg of the lipids was dissolved in 5 ml of deuterated
methanol (CH;OD). The solution was spread evenly on 50 ultrathin glass
plates (8 X 18 X 0.08 mm; Marienfeld Lab. Glassware, Bad Mergentheim,
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Germany) and dried for 20 min under a flow of warm air and then at room
temperature for at least 18 h in vacuo (20—30 Pa). The glass plates with the
dried lipid deposits were stacked on top of each other with gentle pressure
and inserted, along with a pair of glass cylinder segments, into an open
glass tube of 9.8 mmii.d. as previously shown (Fig. 1in Kurzeet a., 2000).
Two small paper strips were soaked in D,O and then dried carefully. D,O
(4 ul) was spotted onto each of the dry strips and the strips were attached
at the short side of the stack. The cylinder was rapidly stoppered by
appropriately machined Teflon plugs with silicon o-rings, and the mem-
branes were annealed for 4 h at 50°C. Further hydration was achieved by
repeating the process once more until full hydration (~25-30 mol/mol)
was achieved. The total time required for sample annealing was ~12 h.
Stepwise hydration resulted in planar alignment of the membranes,
whereas sudden addition of larger quantities of D,O sometimes led to the
formation of vesicular structures as shown by 3P-NMR spectroscopy.

NMR spectroscopy

13C-, *H-, and 3P-NMR experiments were performed on a Bruker (Bil-
lerica, MA) AMX300 NMR spectrometer equipped with solid-state NMR
accessories as described before (Guo and Hamilton, 1995). A standard
pulse sequence experiment was used for *H, *3C, and **P nuclei, with a 90°
pulsewidth of 12.0, 9.0, and 5.0 us, respectively. Inverse-gated decoupling
was used when observing **C and P and the pulse sequence is designated
“HPDEC.” For selected experiments observing *°C, a CPMAS pulse se-
quence was used. The Hartman-Hahn condition was determined using
glycine as the standard sample and was optimized using the manufacturer-
provided standard protocol with 50 kHz power level for both the cross-
polarization transfer and the decoupling periods. The same decoupling
power was used to obtain **C spectra without CP. For P, 5 kHz decou-
pling power was sufficient to yield high-resolution spectra. The sample
spinning rate was 4 kHz for *°C, and 1.7 kHz for *H- and 3'P-MASNMR
experiments. Chemical shifts were referred to the external reference stan-
dards: glycine carbonyl carbon for **C (176.06 ppm), phosphoric acid for
3P (0.0 ppm), and TMS for *H (0.0 ppm). Linewidths were measured
using the Bruker deconvolution program assuming only Lorentzian con-
tributions.

The 2H-NMR experiments were performed on a Varian VXR-400S
spectrometer controlled by a Sun SparcStation5 running Solaris 2.5 and
VNMR 5.1 software as described before (Kurze et a., 2000). The spectra
were acquired using a 10-mm i.d. flat wire solenoid coil and a quadrupolar
echo pulse sequence as provided by the manufacturer with composite
pulses (pulse width: 7 us, echo time: 20 us, spectral width: 200 kHz,
recycling time: 0.7 s). Zeroth- and first-order phase corrections and a
multipoint spline fit for the baseline resulted in a spectral shape, as shown
in Fig. 7 B. [Asymmetric peak heights and baseline irregularities are a
consequence of such corrections. In view of our objective of obtaining
sufficiently accurate peak positions, the used acquisition parameters were
considered well suited for the purpose.] The rather long pulse width of 7 u.s
and the resulting inhomogeneous excitation of the spectrum have no
influence on our interpretations, because we do not perform any peak
integration.

To extract quadrupolar splittings from these spectra, Lorentzian lines
were fitted according to the following procedure: for the inner splittings,
only that part of the spectrum was used where only one resonance of one
acyl chain segment dominated the shape of the spectrum. Influences of
other resonances in this spectral region were accounted for by an under-
lying linear baseline fit. One Lorentzian at a time was fitted on top of an
inclined baseline, using only a narrow region of the spectrum for the fitting
procedure. In the area of overlapping signals, three Lorentzians and an
inclined baseline were fitted simultaneously to simulate the envelope of
resonances. Similar to the line-fitting procedure for the inner splittings,
only that spectral region was fitted that was clearly distinct from other
resonances. This procedure does not require a perfect symmetry of the
acquired and phase-corrected spectra and still gives reliable and reproduc-
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ible values for quadrupolar splittings (Kurze, 1998; Kurze et a., 2000). A
home-built goniometer was used for accurate sample orientation placing
the glass plates at aright angle, and thus the bilayer normal parallel to the
outer magnetic field. The central D,O signal arising probably from unori-
ented water was minimized with optimal annealing of the sample.

The magnitude of the quadrupolar splittings reflects combined effects of
the interaction of the deuteron quadrupolar moment with the electric field
gradient of their chemical bonds O-D and C-D [xop = 220 kHz, xcp =
170 kHz (Mantsch et al., 1977)], the average orientation of the bilayer
normal in the magnetic field [2nd Legendre polynomia P,(cos B)], with 3
the angle between the bilayer normal and the external magnetic field and
the orientational ordering of the membrane represented by the order pa-
rameter S (Davis, 1991; Marsan et a., 1999), according to Eq. 1:

Avg=3x-Py(cosp) - S (1)

RESULTS
"H-MASNMR spectra of the L and L, phase

"H-MASNMR spectra were obtained above and below T,
for fully hydrated SM membranes (T,, = 39°C) with 0% to
70% Chol at 25°C and 45°C. Spectra of pure SM bilayers at
25°C and 45°C and bhilayers with 25% Chol are shown in
Fig. 1 (left panel). The center band for pure SM was
detected as an envelope of signals (Fig. 1 A), because the
SM used in this study contained a small proportion of
unsaturated acyl chains, which remained in a mobile state at
25°C. The majority of the sample was in the L, phase, as
evidenced by the very broad sideband signals. The side-
bands originate predominantly from the resonance of the

internal methylene (CH,),, signal. The decrease in the side-
band linewidths is indicative of the increased mobility as-
sociated with the elimination of the Lz phase (Forbes et al.,
1988) with increasing Chol (Fig. 1 B). At 45°C pure SM is
inthe L, phase, and the *H-MASNMR spectrum consists of
sharp center bands flanked with sharp sidebands (Fig. 1 C).

The linewidth of the first-order sidebands of *H-MAS-
NMR spectra of SM is plotted as a function of X, in Fig.
1D. At 25°C, the *H linewidth of the (CH,), peak de-
creased rapidly with increasing Xqo UP to ~15%, and
displayed only a dlight decrease with further addition of
Chol (Fig. 1 D). This correlates with previous reports that
the incorporation of Chol into SM gradually disrupts the
bilayers in the L phase (Lund Katz et a., 1988), and
suggests that the Lz phase in SM was eliminated when the
Xehol Was >15%.

The continuous slight increase in the *H linewidth with
increasing Chol at 45°C reflects the acyl chain ordering
effect of Chol, which increases the spectral density at slow
fluctuations and thereby the transverse relaxation rate. At al
mixing ratios, spectra of SM membranes displayed broader
'H-MASNMR linewidths at 25°C than at 45°C.

31 p_.MASNMR

To investigate the effect of Chol on the phosphate head-
group, *P-MASNMR spectra were obtained for SM with
varying Xcng @ 25°C and 45°C. Fig. 2 compares the 3'P-
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FIGURE 2 SP-MASNMR spectra of (A) pure SM and (B) SM with 25% Chol at 25°C. (C) The linewidth of the first-order spinning sideband in the
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MASNMR spectra with Xq, Of 0% (Fig. 2 A) and 25%
(Fig. 2B) at 25°C. The 3'P spectra at 45°C were similar to
those of Fig. 2B (not shown). These spectra resemble
typical 3'P-MASNMR spectra of phospholipids as reported
before (Griffin et a., 1978; Guo and Hamilton, 1995).

Fig. 2 C shows the 3'P linewidth of the centerband ob-
tained from MASNMR spectra of SM membranes at 25°C
(@) and 45°C (O) as a function of Xo,. At 25°C, the
linewidth of the 3P center peak and the sidebands decreased
rapidly with the addition of Chol up to ~25% (Fig. 2 C, @)
and then only dlightly at higher X,,o- These results agree
with the concept that the insertion of Chol expands the
cross-sectional headgroup area available to each lipid mol-
ecule, thereby increasing the headgroup mobility (Shepherd
and Buldt, 1979). At 45°C the 3P linewidth showed little
change with increased X, (Fig. 2C, O).

We previously reported a line-broadening effect on the
31p resonance in MASNMR spectra with the addition of
Chol beyond 50% in DPPC membranes, which was as-
cribed to the crystallization of Chol near the headgroup
region (Guo and Hamilton, 1995). We did not observe
such an effect in SM/Chol mixtures prepared by the
identical protocol.
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'3C-MASNMR spectra of SM in the L and
L, phases

13C spectra provide numerous resolved resonances for in-
vestigating interactions of Chol with specific molecular
segments in SM, especially the backbone region. 3 C-MAS
spectra can be obtained with and without cross-polarization
(CP) to evaluate relative mobilities of different carbons in
lipids (Guo and Hamilton, 1995, 1996). The high-resolution
spectrum of SM in the L, phase (45°C) obtained without CP
to highlight carbons with relatively high mobilities (Fig.
3 A) is similar to MASNMR spectra of the other phospho-
lipids in the L, phase (Forbes et a., 1988). In a CPMAS
experiment, signals from C=C, NCHj, and a,b-CH, were
reduced (Fig. 3 B), and the shorter CP contact time resulted
in more complete attenuation (Fig. 3 C). At short CP-con-
tact times, the signa intensity depends primarily on the
effective strength of the dipole-dipole coupling between
protons and *3C. Geometric factors and motions influence
the strength of the dipole-dipole interaction. Under our
conditions, the geometric factors for individua CH, or
HC=CH groups remained the same with different contact
times. Hence, the reduced CP enhancement (seen as signal
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(E), and 1 ms (F).

attenuation when compared with the HPDEC spectrum) is
likely aresult of increased molecular motions or decreased
orientational ordering. The observation that signals from the
sphingosine backbone (SM(1) to SM(5)) have similar inten-
sitiesin the spectrum with a short CP contact time (Fig. 3 C)
indicates that these carbons have a similar mobility and are
more rigid than other carbons in the molecule. [Although
the C=0 of the acyl chain is close to the glyceryl backbone
and may have similar restricted motions, its intensity is not
efficiently amplified by CP contact because of the lack of
strong H-C dipolar interactions.]

In the L phase at 25°C, the MASNMR spectrum of SM
without CP (Fig. 3 D) showed narrow signals for the mobile
carbons. Signals from the rigid carbons were broad, prob-
ably because of chemical shift inhomogeneity due to mul-
tiple microenvironments with slow chemical exchange.
With CP, signals from the mobile carbons and the carbonyl
were attenuated, whereas the broad signals for the rigid
carbons were virtually unaffected, as expected (Fig. 3 E and
F). Inthe L, phase, the SM(4) and SM(5) peaks had similar
linewidths (Fig. 3 A), but in the Lz phase the SM(5) peak
was much broader than SM(4) (Fig. 3 D). This reflects the

low mobility of the paraffinic chains in the Lg phase,
probably as a result of interdigitation of acyl chains.

The effects of Chol on "> C-MASNMR spectral
features and the detection of crystalline
Chol monohydrate

At low Xqpo (<10%), the *C-MASNMR spectral features
were similar to those for pure SM (not shown). Beginning at
10%, Chol signals became apparent. Fig. 4 shows the spec-
tral region of 110-150 ppm of SM with varying Xcne
obtained with and without CP at 25°C and 45°C. The
spectral regions of 10-110 ppm and 150-180 ppm (not
shown) were generally similar to those for PC/Chol mix-
tures (Forbes et al., 1988; Guo and Hamilton, 1995). At
25°C without CP (Fig. 4 A), the peaks for SM(4) and SM(5)
became narrower and better resolved as Xqp,, increased.
These changes reflect the increasing disorder as a result of
Chol incorporation into the L phase. Alternatively, incor-
poration of Chol may cause phase changes into a more
mobile state in local regions. These two possibilities cannot
be distinguished with our data. At 45°C, the SM/Chol

Biophysical Journal 83(3) 1465-1478
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mixtures were in the L, phase regardless of Xqpo (0—70%),
and there were no significant effects of X, on the spectral
features of SM (Fig. 4 B) except for the relative peak
intensities reflecting changes in the sample composition.
The effects of Chol on SM as observed in CPMAS
spectra were more complicated. At 25°C, with X, = 0%
(Fig. 4 C) and 10% (not shown), both the acyl C=C and the
SM(4) and SM(5) resonances were detected. The incorpo-
ration of Chol reduced the signal intensities from the SM(4)
and SM(5) carbons relative to the acyl C=C signal. How-
ever, at 45°C the opposite result was observed (Fig. 4 D):
the SM(4) and SM(5) signals became relatively more in-
tense than the acyl C=C signa with X, of 0-10%. The
diminished acyl C=C signal was due to the higher mability
of these segments at this temperature, which would lead to
asignal attenuation with CP. With the addition of Choal, the
signals from acyl C=C became enhanced (Fig. 4 D, middle,
top), reflecting decreased acyl chain mobility. We do not
attribute such changes to geometric factors, because at 45°C
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the acyl chains containing the double bonds are essentially
in a liquid-like state.

When the Chol content exceeds the saturation limit in
phospholipid membranes, crystalline Chol monohydrate
(CholM) forms (Guo and Hamilton, 1995). In genera, for
choline phospholipids the saturation limit is ~50% Chol
(Bourges et al., 1967), although a higher solubility (65%)
has been reported (Huang et al., 1999). Because differences
in sample preparation may affect this determination, we
used identical procedures for preparation of SM/Chol sam-
ples as for DPPC/Chol samplesin our previous study (Guo
and Hamilton, 1995). In SM/Chol mixtures we detected
CholM when X, was above 60%, as in the case of
DPPC/Chol mixtures (Guo and Hamilton, 1995). Because
of the low sensitivity of natural abundance **C-NMR, we
were not able to determine more precisely the mixing ratio
of Chol at which crystallization began.

The *C-MASNMR spectrum of SM/Chol with X, of
65% obtained at 45°C with CP (Fig. 4 D, top) shows three
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resonances for the Chol(5) signal, the outer two resonances
representing CholM (Guo and Hamilton, 1995, 1996), and
the center signal for Chol in theliquid crystalline phase. The
downfield peak of the Chol(6) twin peaks in CholM over-
laps with the signal from the Chol (6) in bilayer phases, asin
the case of the DPPC/Chol mixtures (Guo and Hamilton,
1995).

Effects of Chol on the chemical shifts of C=0
group in SM

Effects of Chol on the carbonyl region of SM were
reflected in the chemical shifts of the C=0O group (6.0).
Although chemical shift should be independent of the
experimental protocol, in asimple system with coexisting
phases of different mobility (L, vs. Lg), CPMAS and
HPDEC each selectively enhance resonance signals of
lipids of the L and L, phases, respectively. [As both
CPMAS and HPDEC spectra were acquired with the
same decoupling conditions, the differences in the C=0
resonance are not likely a result of sample temperature
changes caused by RF heating.] Because the signal in-
tensity of C=0 was attenuated by CP at 25°C, only the
13C chemical shifts measured without CP contact were
analyzed, and the results reflect the changes in the L,
phase. At 25°C, 8¢ increased gradually with increasing
Xcho Up to ~50% Chol, where it leveled off (Fig. 5 A).
[A small mobile fraction exists in pure SM at 25°C as a
result of phase separation due to chain unsaturation.
Addition of Chol increases the pool size of this mobile
phase, as evidenced by the changes in the *H and 3'P
linewidths (Figs. 1 and 2). However, incorporation of
Chol increases the acyl chain ordering and increases the
13C chemical shifts (Guo and Hamilton, 1995).] At 45°C,
dco Was not significantly affected by Xqp,o Up to ~25%,
but then increased with increasing Xqy,., until leveling off
at Xcpo => 50%.

Effects of X ON the chemical shifts of internal
methylene (CH,), in SM

The chemical shift 3¢, of the composite resonance of
internal methylenes [(CH,),] reflects the ratio of trans/
gauche conformations in the hydrocarbon chains
(VanderHart, 1981). A novel feature of the *C-MAS
experiment is that the mobile and immobile CH, groups
can be detected selectively. At 25°C the HPDEC exper-
iment detected the hydrocarbon chains of pure SM mem-
branesin the L, phase at 31.7 ppm (Fig. 5 B, *), whereas
CPMAS detected the hydrocarbon chains in the Lz phase
at 32.8 ppm (Fig. 5B, @). In both experiments the
decoupler power and the acquisition time were the same.
It is unlikely that the RF heating in the HPDEC experi-
ment results in the observed chemical shift. The down-
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FIGURE 5 The **C chemical shift of the carbonyl group (8.0, A) and
theinternal methylenes (8¢yy,, B) in SM asafunction of Chol content. Error
margins calculated from linewidths and signal-to-noise ratios.

field shift is more likely to reflect a lower fraction of
gauche conformations in the L phase. The addition of
Chol increased the ordering of the L, phase, as reflected
in the increased 3¢y, while reducing the ordering in the
L phase (decrease in 8¢y, for 0 = Xgng = 15%). At
Xenol =~ 15%, which corresponds to the L, — L, phase
transition detected with the *H linewidth (Fig. 1), the two
resonances converged to the same value.

At 45°C, the methylenes of pure SM in the L, phase
exhibited achemical shift of ¢, = 30.7 ppm (Fig. 5B, O),
the same as that of DPPC in the L, phase (Guo and Ham-
ilton, 1995). Addition of Chol resulted in a continuous
increase of 8¢y, (Fig. 5 B) with aslight decreasein the slope
(for analysis cf. Discussion) at ~25% Chol, though not as
significant as that observed in DPPC/Chol mixtures (Guo
and Hamilton, 1995). The net change in ¢, from pure SM
to SM/Chol mixtures with X, = 50% in the L, phase was
15 = 0.1 ppm, dlightly higher than that found in DPPC/
Chol mixtures (1.3 = 0.1 ppm).
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Effects of X, on the chemical shifts of other
carbons in SM and Chol

The chemical shifts of selected carbon resonances in *3C-
MASNMR spectra of Chol and SM at 45°C are shown in
Fig. 6 as a function of Xcq; dsu(s) (Fig. 6 A) decreased
with increasing Xy, 10 @ minimum value at ~25%, above
which it increased with increasing Xcpq - IN contrast, dgy (4
(Fig. 6 B) increased with increasing Xqp,o t0 @ maximum
value at ~25%, then decreased with further Chol incorpo-
ration. Both dgy 4, and dgy (s, leveled off above 50%, where
crystallization of Chol monohydrate occurs.

The transition point around X, =~ 25% corresponds to
that detected by 8o and 8¢y, of SM (Fig. 5). The opposite
trends of gy 4y @Nd Sgys) May reflect an induced shift of
electron cloud density along the double bond induced by the
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SM paraffinic chain interaction with Chol. The dependen-
cies of *3C chemical shifts on X, provide evidence for
phase boundaries at 25 and 50% Chol, and suggest the
coexistence of ordered and disordered liquid crystalline
phases (L2; L%) between 25 and 50% Chol (cf. Discussion).

Fig. 6 C—+ show the chemical shift of resonances of selected
Chol carbons [Chol(4), Chol(6), Chol(18), and Chal(19)] at
45°C. The changes in Scngzqy (NOt shown) were smilar to
those of Scpoi(10). Signals from other Chol carbons either
overlapped with the SM signals or showed only insignificant
changes (not shown). Irrespective of whether the signals
shifted upfield (Scnoi(ay @A Scnoi(ey) OF downfield (Scnoi (1) @A
Schol(19))» the chemical shifts of these Chol carbons all leveled
off a ~50% Chol. For these resonances there were no marked
trangition points at lower Chol; however, the inability to detect
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FIGURE 7 (A) H-NMR spectrum of Chol-d2 (60%) in D,O-hydrated oriented DPPC membranes at 47°C. (B) ?H-NMR spectrum of d31-sn1-DPPC
bilayers with 60% Chol at 47°C. (C) Order parameters of d31-sn1-DPPC in SM (45°C) and DPPC (47°C), with 30% Chol (SM: @, DPPC; O) and 5% Chol
(SM: m, DPPC: 0). (D) Quadrupolar splittings of the CHol-CD (Av&P) and Chol-OD (Av3P) and as afunction of Xy, in SM (45°C, @) and DPPC (47°C,
O) membranes. (E) Order parameter of the carbon segments 3 to 7 (S3g of d31-sn1-DPPC (5%) in SM (45°C, @) and DPPC (47°C, O) membranes as a
function of X,q- Error margins calculated from linewidths and signal-to-noise ratios.

Chol signals at X, < 15% compromises the analysis of the
data in this region.

Orientational ordering of Chol and phospholipid
acyl chains in SM and DPPC bilayers in the L,
phase by 2H-NMR

2H-NMR spectra of labeled Chol-d2 were obtained from
macroscopically oriented membranes of SM or DPPC with
varying concentrations of Chol hydrated with D,O. The
samples were oriented such that the bilayer normal pointed
in the direction of the external magnetic field. The experi-
ments on DPPC were performed to allow comparisons with
SM and complement earlier MASNMR experiments on
DPPC/Chol mixtures (Guo and Hamilton, 1995). The main
phase transition temperature of DPPC (T,,, = 41.1°C, Ship-
ley et d., 1974) is very close to that of brain SM (T,,, ~
39°C, Mclntosh et al., 1992). Thus, DPPC can be consid-
ered a glycero-phospholipid analog to brain SM when com-
paring interactions with Chol.

Spectra were obtained at 45°C (SM) and 47°C (DPPC),
equivalent reduced temperatures above their T,,. Xcho =
60% was used to assure that the L, phase is saturated by
Chol (cf. Discussion).

Fig. 7 illustrates spectra of DPPC with labeled Chol (7 A)
and with labeled DPPC (7 B). Both spectra showed a narrow
splitting (~2 kHz) for membrane-associated water, which has
aresidua orientational ordering arising from its interactions
with the lipid membranes (not shown in 7 A). The central
signal represents water that is not interacting with lipid mem-
branes and therefore shows no preferred orientation and no
quadrupolar splitting (small resonance at 0 kHz shown in Fig.
7 B). The appearance of a signd for isotropic water indicates
full hydration of the membranes with a surplus of waeter
(Kurze, 1998). The HDO signas are much lessintense in Fig.
7B because deuterium-depleted water was used to permit
observation of DPPC signas close to the water peak.

In the spectrum of DPPC with X, = 60% (Fig. 7 A),
the signals arising from the Chol deuterons are far apart
from the central water signal, and much less intense. The
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inner quadrupolar doublet (Avg® ~ 58 kHz) represents the
exchangeable B-hydroxyl deuteron of Chol (Chol-OD), the
outer doublet (Avg® ~ 96 kHz), the o deuteron covalently
bound to the Chol(3) carbon (Kurze, 1998; Kurze et dl.,
2000). The H-NMR spectral features of Chol-d2 in ori-
ented D,O-hydrated SM (not shown) were similar to those
for the DPPC hilayers and those of Chol-d2 in palmitoyl-
oleyl-PC bilayers (Kurze et al., 2000).

To compare the hydrocarbon chain ordering in SM/Chol
and DPPC/Chol binary mixtures, we used deuterium-la-
beled DPPC (d31-sn1-DPPC) as a probe molecule (5%) in
DPPC or SM membranes with unlabeled Chol hydrated
with deuterium-depleted water. As shown in Fig. 7B
(DPPC membranes with X, = 60% at 47°C), the spectra
displayed an envelope of quadrupolar doublets symmetrical
around a small central signal representing residual deute-
rium in water (cf. above). After fitting Lorentzian line-
shapes to this spectrum (see Methods), the splittings Avg, of
the quadrupolar doublets were extracted.

d31-Palmitoyl chain order parameter profiles (|Sp| as a
function of methylene segmental position) both in a DPPC/
Chol and SM/Chol bilayer were obtained using Eg. 1. The
splittings were assigned to carbon chain positions according
to magnitude. This assignment is most probably correct for
the narrower splittings, whereas the assignment was uncer-
tain in the plateau region where splittings overlap. Assign-
ing the broadest splitting to the methylene in position 2 is
arbitrary, and we did not assign the broader splittings to
exact methylene positions rigorously. Fig. 7 C shows the
order parameter profilesin SM and DPPC membranes with
Xenot = 5% and 30%. Although the profiles are not signif-
icantly different for 5% Chol (and 60% Chal, not shown),
for 30% Chol the order parameters in the SM matrix were
consistently slightly higher compared to the DPPC matrix,
except for carbons 14-16. Near the center of the bilayer the
acyl chains experience considerable motional freedom, re-
sulting in smaller order parameters for the termina seg-
ments of the acyl chain and smaller distinctions among our
samples (Oldfield et a., 1978).

The quadrupolar splittings AvG> and Avg° obtained for
Chol-CD and Chol-OD (Fig. 7 A) in SM and DPPC mem-
branes are plotted in Fig. 7 D at three Chol concentrations.
With increasing X, the splittings increase. Because the
Chol molecules undergo rapid rotation around their princi-
pal axis (Seelig and Seelig, 1977; Dufourc et al., 1984) and
rapid lateral diffusion within the membrane (Seelig and
Seelig, 1977), the increase in quadrupolar splittings can be
explained only by an increased ordering of the membranes.
Thisincreased ordering can be associated with a decrease of
chain fluctuations, which results in a decrease of the most
probable tilt angle of the the molecular axis of the Chol
molecules. Oldfield et a. reported a method of calculating
this most probable tilt angle from molecular order parame-
ters assuming a Gaussian distribution of tilt angles (Oldfield
et al., 1978). From the measured quadrupolar splittings we
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TABLE 1 Tilt angle of Chol in SM and DPPC membranes at
three Chol concentrations; SM membranes at 45°C, DPPC
membranes at 47°C

Xeror [%] 5 30 60
SM 20.9° 18.3° 17.8°
DPPC 21.7° 18.1° 17.6°

obtained order parameters S, = %sAv5°/170 kHz and cal-
culated the tilt angles for al X, (Table 1).

Within error margins AvS

S~ shows no significant differ-
ence of the orientational ordering of the Chol(3«) C-D bond
for SM (@) and DPPC (O) membranes, yet Ang differsin
SM and DPPC membranes at 5 and 30% Chol. At 60%
Choal, Ang is identical in both phospholipid membranes.
Within error margins (£0.8°) the angles decrease signifi-
cantly with increasing X, indicating a decrease in mem-
brane mobility and undulations. At the same Chol concen-
tration, though, the tilt angles do not differ significantly in
SM and DPPC membranes.

The most intense splitting observed in spectra of d31-
sn1-DPPC (Fig. 7 B) represents several methylene deuter-
ons leading to the plateau region of the order parameter
profiles (Fig. 7 C, carbon segments 3 to 7). Fig. 7 E shows
the order parameter of the plateau region || for SM (@)
and DPPC (O) membranes as a function of Chol content. At
Xcna =0, 5, and 60% |S27| is not significantly different in
SM and DPPC membranes, but at 30% Chol, |S%| is
somewhat higher for SM than for DPPC membranes.

DISCUSSION

To ducidate molecular interactions and phase behavior in SM
bilayers with Chol, we used *H- and *'P-MASNMR experi-
ments to evaluate molecular motions in the hydrocarbon inte-
rior and the polar interface, respectively. **C-MASNMR ex-
periments monitored molecular motions and local molecular
environments throughout the SM structure and in parts of the
Chol molecule. ?H solid-state experiments quantified molecu-
lar ordering and orientation of Chol and ordering of SM. These
NMR approaches are advantageous in that they directly mea
sure abundant NMR signals from various molecular segments
in Chol and phospholipids (**C, *H, 3'P) or signds from
specifically enriched sites (H) without introducing perturbing
molecular probes or chemical reactions. New insights into the
phase behavior of SM with Chol and local interactions char-
acterigtic of the various phases are discussed below.

Phase separation below and above T,,

As with other Chol-phospholipid binary mixtures, incorpo-
ration of Chol into SM below T, gradually diminished the
amount of the gel phase and increased the liquid crystalline
pool. This process was detected by monitoring simulta-
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neously the changes in the two phases by *C-MASNMR
with (gel) and without (liquid crystalline) CP. At 25°C the
gel phase was completely abolished at X, ~ 15%, as
determined by **C (Fig. 5 B) and *H data (Fig. 1). The linear
change in 8o With X, in the range of 15-50% suggests
no phase separation in the liquid crystalline phase at 25°C.

Phase separation above T,, has been documented for
PC/Chol mixtures of varying acyl chain lengths (Vist and
Davis, 1990; Huang et al., 1993; Sankaram and Thompson,
1991). Less information is available for SM/Chol (San-
karam and Thompson, 1990). In our study, the marked
changes in chemical shifts of SM carbons in the interfacia
region provide evidence for phase separation above 45°C.
Phase separation boundaries are suggested by the **C chem-
ical shifts of CO, SM(4), and SM(5), which showed discon-
tinuities at Xgng ~ 22% and ~50% (Figs. 5 and 6), imply-
ing the appearance of subphases at these ratios. Because all
chemical shift values plateau at X ~50%, the liquid
crystalline phase at this ratio was likely saturated with Chol
and reached the maximum orientational ordering inducible
by Chol, characteristic of the LS, subphase.

Theoretically, a phase discontinuity at X, ~ 20% is
predictable, as this is the ratio at which free phospholipid
domains disappear (Hui, 1993). Our observation of the
changes in the chemical shifts at ~22% is in close agree-
ment with this prediction. Hence, analogous to our previous
findings with DPPC/Chol mixtures (Guo and Hamilton,
1995), the phase diagram of SM/Chol bilayers at 45°C can
also be divided into three ranges according to X,y IN
range |, a disordered liquid crystalline phase (LY); in range
I, an ordered liquid crystalline phase (LS) appears and
coexists with LY; in range 111, L% and crystalline Chol
coexist. The molecular exchange among these subphases
(except for crystalline Chol) was fast on the NMR time
scale (fast chemical exchange), as only one set of narrow
NMR resonance was detected at any single Xgp,. The
detected chemical shiftsin range | or 1 reflect the popula-
tion averages of the coexisting subphases and vary with the
changes in pool sizes of the coexisting subphases.

The phase boundaries between range | and 11 detected by
NMR are higher than those derived from ESR studies of
brain SM/Chol (Sankaram and Thompson, 1990), and pre-
dict a wider range in which LY and L2 subphases coexist.
The ESR data (hyperfine splitting constants) show little or
no dependence on Chol content in the range of 22-50%,
where our chemical shift data show large changes. This
discrepancy may be a result of the insensitivity of ESR to
changes detected by NMR.

Interactions between SM and Chol in the polar
region in comparison with those in
DPPC/Chol bilayers

As noted above, phase separation above T,, detected by
13C-MASNMR in SM/Chol bilayers was similar to that

1475

found in DPPC/Chol bilayers. If the paraffin chain and the
acyl chain in SM are considered structural analogs for the
snl and sn2 acyl chains in DPPC, then the similarity in
chemical shift changes in the polar region between these
two systems israther striking. At 45°C, both 65 in SM and
Scosnz) IN DPPC remained nearly unchanged until Xcp,q
reached ~22-25%, and then increased with increasing
Xchol- The dgy(s) of the paraffin chainin SM varied with the
same pattern as that of dcoenyy iN DPPC: both shifted
upfield with increasing X Up to 25% and then shifted
downfield with higher Xc,q. The changes in dgy s were
paralleled by an opposite change in dgy 4 Probably because
of the induction effects of the double bond between SM(4)
and SM(5). Taken together, the data suggest that conforma-
tional changes induced by Chol in the polar region of the
glycerol or sphingosine backbones are similar. Chemical
shifts of both SM carbonyl and DPPC sn2 carbonyl were
insensitive to low X, but became significantly dependent
on Xqp after the LY subphase appeared. A possible inter-
pretation is that in the L phase, SM molecules adopted an
average orientation that led to stronger perturbations or
interactions between the paraffinic chain and Chol. This
arrangement changed in the LS phase when the interactions
between the interior acyl chain and Chol became stronger,
and/or the probability of Chol interacting with both chains
increased with increasing X, l€ading to rapid changesin
the corresponding 8-o values. If this model is applicable
below T, it also explains the linear increase of o with
Xehot (0-50%) at 25°C (Fig. 5 A). At this temperature the
liquid crystalline pool was small and Chol preferentially
incorporated in this small pool, influencing 8o even when
the overall X, Was low.

Another probe of the interfacial region suggested simi-
larities between DPPC and SM in their interactions with
Chol. The quadrupolar splitting (Av5") of the Chol (3a)-CD
was the same in both SM and DPPC bilayers at intermediate
(30%) and high (60%) Xgno @dove T, (Fig. 7D). This
indicates similar molecular ordering and orientation of the
Chol molecules in the two different host lipid bilayers.
Furthermore, although the tilt angle was affected by Chol
content (Table 1), it was the same for SM and DPPC at a
given Xep-

Interactions of Chol with SM and DPPC in the
nonpolar region

The most significant differences between SM and DPPC are
seen in the interactions within the hydrophobic area, the
main segments involved in the van der Waals interactions
with Chol. This was evaluated by the changes in the °C
chemical shifts and the order parameters of the interna
methylenes (C4-C14).

As shown in Fig. 5B, dcyy, in SM shifts downfield with
Xcno 1N @ linear manner, as reported for DPPC (Guo and
Hamilton, 1995), with a change in the corresponding slopes

Biophysical Journal 83(3) 1465-1478



1476

when the LY subphase appears. However, this phase sepa-
ration was correlated with a large change in slope from
(43 = 0.4) - 1072 to (0.9 = 0.5) - 10" 2 ppm/mol % in
DPPC (Guo and Hamilton, 1995), in contrast to a moderate
change from (39 = 05) - 10 % to (26 = 0.5) - 102
ppm/mol % in SM (Fig. 5 B). Because 5¢y,, reflectsthe ratio
of gauche/trans conformations in the hydrocarbon chains,
the increase in 6¢y, with Xq reflects the chain ordering
effect of Chol. At lower X, gauche conformations dom-
inated in both SM and DPPC, and the progressive incorpo-
ration of Chol led to an increased trans/gauche ratio. There-
fore, the slopes are similar in both systems in this region.
The somewhat lower slopein SM-Chol probably reflectsthe
higher ordering of SM bilayers compared to DPPC bilayers
in the absence of Chal (Fig. 7 C, see below). When domains
of free DPPC disappeared and the LS subphase appeared,
the chain-ordering effect of Chol in DPPC bilayers was
nearly maximal, so that further increasesin X, only led to
minor increases in 8cy,. In SM, however, Chol-induced
chain ordering continued to increase significantly after the
appearance of an L, subphase. This discrepancy is due at
least in part to the fact that DPPC has two saturated hydro-
carbon chains with 16 carbons, whereas the bovine SM
contained a small fraction of unsaturated chains and each
molecule had one chain of 16-18 carbons and the other of
20-24 carbons. Therefore, even after the disappearance of
free SM clusters and the appearance of the L2 subphase, the
incorporation of Chol continues to increase the chain order-
ing until Xgq ~ 50%. Whether this aso indicates an
overall “stronger” interaction of Chol with SM than with
DPPC cannot be unambiguously determined by these re-
sults. However, it is clear that Chol-induced acyl chain
ordering is more significant at intermediate mixing ratiosin
SM than in DPPC.

To address this issue further, we used 2H-NMR to probe
the orientational ordering of the bilayers. Because of the
difficulty in obtaining H-labeled SM, our strategy was to
incorporate a small fraction of H-labeled DPPC (d31-sni-
DPPC, 5 mol %) into the SM/Chal bilayer. Parallel exper-
iments were performed with DPPC/Chol. The order param-
eters obtained from SM membranes were consistently
slightly higher than those from DPPC membranes (Fig. 7).
Particularly noteworthy was the more significant increase in
ordering with 30% Chol.

The order parameters (S53) of carbons 3-7 of d31-snil-
DPPC in both DPPC and SM bilayers increased with X¢yq,
consistent with the chain ordering effect of Chol in lipid
bilayers (Fig. 7 E). The slightly higher S at 0% Chol is
consistent with the findings reported by Neuringer et al.
(1979). However, the difference in & between SM and
DPPC at X, Of 5% or 60% was no greater than the
difference found in the absence of Chol. At Xqpg = 30%,
where LY and L2 coexist, S5 in SM was significantly
higher than in DPPC. The higher S value in SM, as well
as the higher-order parameters for the remainder of the
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chain, except for the two terminal carbons, could suggest
either that SM per se was more ordered or that the pool size
ratio of L%/LY was larger compared to DPPC at this mixing
ratio. Either possibility suggests a stronger interaction be-
tween SM and Chol at this mixing ratio range. Because high
concentrations of Chol (X ~ 30-50%) are found in the
plasma membranes of most cell types, our data support the
general hypothesis that Chol could interact more strongly
with SM in biologica membranes (Roper et al., 2000;
Simons and Ikonen, 2000).

H-Bonding between Chol and DPPC or SM

Many studies have attempted to determine whether there is
direct H-bonding between the OH of Chol and the carboxyl
in DPPC or the amide in SM, (e.g., Bhattacharya and
Haldar, 2000; Dimitrov and Lalchev, 1998). On the basis of
NMR studies, we proposed that direct H-bonding between
Chol and DPPC was unlikely (Guo and Hamilton, 1995).
This work shows that at Xqpg < 22%, Chol had no effects
on 6co (Fig 5 and 6), implying an absence of strong H-
bonding between Chol and the amide group of SM. At
Xcho = 22%, the *3C chemical shift of the amide group
shifts downfield with X, Similar to the result for the sn2
carbonyl of DPPC (Guo and Hamilton, 1996). Although this
could be an indication of H-bonding with Chal, it could aso
be caused by other factors. For instance, in the absence of
Choal, the electron-rich oxygen or nitrogen in SM can be
H-bonded to the surrounding H,O molecules, which may
also be H-bonded to each other. Insertion of Chol perturbs
this water layer, and Chol-OH becomes H-bonded with
surrounding H,O molecules. These effects could account, in
part, for the changes in chemica shift of carbons in the
interfacial region of the SM or DPPC molecules. The small
difference in the quadrupolar splitting (A»g3°) of Chol-OD
in SM and DPPC bilayers (Fig. 7 D) could reflect slightly
different hydration states at the bilayer surface without the
formation of specific H-bonds between Chol and SM. They
do not suggest formation of a strong, specific H-bond with
the amide. Others have found that the miscibility of Chal in
SM is the same after the replacement of the amide with an
ether linkage (Bittman et al., 1994). Thisindirectly suggests
that H-bonding between Chol and the SM is not a signifi-
cant determinant of interactions between the two lipids.

Saturation limit of Chol in SM and the detection
of crystalline Chol monohydrate

An important conclusion derived from the **C-MASNMR
results was that SM bilayers are not able to incorporate
higher levels of Chol than DPPC bilayersin anoncrystalline
form. As shown in Figs. 5 and 6, the chemical shifts of
several carbons in both SM and Chol plateau at Xy, ~
50%, suggesting that increasing Chol beyond X, = 50%
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did not affect the SM-Chal interactions significantly. Dis-
tinctive C5 and C6 signals of Chol monohydrate (Fig. 4)
were detected by CPMASNMR at X, = 60% with signal
intensities in proportion to increasing Xq,o- BY extrapola
tion, crystallization began at X, ~ 50%. Therefore, the
saturation limit of Chol in SM is the same as that in the
bilayers of DPPC (Guo and Hamilton, 1995) and egg PC
(Bourges et a., 1967), consistent with the conclusions
drawn from calorimetric (McIntosh et al., 1992; Oldfield
and Chapman, 1971) and elastomechanical (Needham and
Nunn, 1990) studies.

It is not clear where the Chol monohydrate crystals are
localized in SM, as the excess Chol did not affect any of the
measured NMR quantities. Because the longer and asym-
metric hydrocarbon chains of SM create a 25% thicker core
than DPPC and increased free volume in the center of the
bilayer (Shipley et a., 1974; Schmidt et a., 1977), it is
possible that small clusters of Chol crystals could localizein
this region. Small aggregates of Chol crystals have been
suggested to form laterally segregated domainsin PC bilay-
ers (Tulenko et a., 1998) or to be localized near the phos-
phate group in the aqueous interbilayer region (Guo and
Hamilton, 1995). The later hypothesis was based on the
marked broadening of the broadline spectrum of 3*P-DPPC
bilayers after Chol monohydrate crystals formed (Guo and
Hamilton, 1995). Such a perturbation of the 3'P-NMR res-
onance of SM was not observed.

CONCLUSIONS

Phosphatidylcholine, sphingomyelin, and cholesterol are the
major constituents of the plasma membrane in mammalian
cells, serving as both structural matrix and signaling mole-
cules. Recently, a number of laboratories have isolated
membrane “rafts’ as detergent-insoluble domains contain-
ing amost exclusively cholesterol-saturated sphingomyelin
together with transmembrane or lipid-anchored proteins
(Dobrowsky, 2000; Roper et a., 2000; Simons and |konen,
2000). While strongly implying a close interaction between
Chol and SM (as opposed to other phospholipids), it is not
clear to what extent the proteins mediate such interactions.
In this study we compared the lipid-lipid interactions in the
two model membranes of brain SM-Chol and DPPC-Chol.
Most of our results highlight similarities rather than differ-
ences between these two systems. This does not rule out
potential differencesin other time frames or other chemical
environments. |n addition, our study compared a natural SM
with synthetic DPPC to match the T,, values in the two
systems. PC molecules in biological membranes are rich in
kinked unsaturated acyl chain whereas sphingomyelin con-
tains mainly saturated acyl chains, a significant fraction of
which are longer than 16 carbons. In such an environment,
Chol will preferentialy interact with sphingomyelin mole-
cules to maximize the hydrophobic interactions.
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