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Orientation and Order of the Amide Group of Sphingomyelin in Bilayers
Determined by Solid-State NMR

Nobuaki Matsumori,"" Toshiyuki Yamaguchi,'** Yoshiko Maeta,' and Michio Murata'+

"Department of Chemistry and 2Japan Science and Technology Agency, ERATO, Lipid Active Structure Project, Graduate School of Science,
Osaka University, Osaka, Japan

ABSTRACT Sphingomyelin (SM) and cholesterol (Chol) are considered essential for the formation of lipid rafts; however, the
types of molecular interactions involved in this process, such as intermolecular hydrogen bonding, are not well understood.
Since, unlike other phospholipids, SM is characterized by the presence of an amide group, it is essential to determine the orien-
tation of the amide and its order in the lipid bilayers to understand the nature of the hydrogen bonds in lipid rafts. For this study,
1/-13C-2-"5N-labeled and 2'-'3C-2-"°N-labeled SMs were prepared, and the rotational-axis direction and order parameters of the
SM amide in bilayers were determined based on '3C and "N chemical-shift anisotropies and intramolecular '*C-'N dipole
coupling constants. Results revealed that the amide orientation was minimally affected by Chol, whereas the order was
enhanced significantly in its presence. Thus, Chol likely promotes the formation of an intermolecular hydrogen-bond network
involving the SM amide without significantly changing its orientation, providing a higher order to the SM amide. To our knowl-
edge, this study offers new insight into the significance of the SM amide orientation with regard to molecular recognition in lipid

rafts, and therefore provides a deeper understanding of the mechanism of their formation.

INTRODUCTION

Since the lipid rafts hypothesis was first proposed in the
late 1990s (1), the formation of microdomains in bio-
membranes has been investigated because of its implica-
tions for membrane processes such as signal transduction,
protein sorting, and microbial infection (2—-6). Lipid rafts
are thought to be associated with a liquid-ordered phase,
which is characterized by tight packing but relatively
high lateral lipid mobility. In contrast, unsaturated phos-
phatidylcholines (PCs) are loosely packed and develop a
liquid-disordered phase that coexists with the liquid-
ordered domain under certain conditions. In general,
cholesterol (Chol) and sphingolipids such as sphingomye-
lin (SM) are considered essential for the formation of lipid
rafts (7-9).

The structure of SM is characterized by the presence of
amide and hydroxy groups, which presumably are respon-
sible for the formation of collateral intra- and intermolecular
hydrogen bonds in membranes, making SM a preferable
raft constituent compared with PC. Numerous theoretical
and experimental studies have been conducted in an attempt
to reveal the nature of the interactions involving the amide
and hydroxy groups of SMs. For example, in lipid bilayers
the SM amide group has been reported to interact with wa-
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ter, the hydroxy and amide groups of other SM molecules,
and the hydroxy group of Chol, and possible hydrogen
bonding with Chol has drawn the most attention as a key
factor in raft formation (10-14). However, the detailed
nature of the molecular interaction, including hydrogen
bonds in the SM bilayers, has not been fully elucidated
due to limited experimental data on SM conformation and
dynamics.

Recently, Yamaguchi et al. (15) determined the partial
conformation of an SM molecule in a membrane envi-
ronment using bicelles as a raft model, revealing that its
conformation is relatively stable and capable of forming
intermolecular hydrogen bonds between amide groups. In
addition, the comprehensive and unambiguous order pro-
files of the SM alkyl chains were recently determined using
site-specifically deuterated SMs (16,17). The results demon-
strated a higher thermal stability of the upper portions of the
acyl chains, which further suggests intermolecular
hydrogen-bond formation between SM amides. To gain
further insights into the hydrogen bonding involving the
SM amides, detailed information about the dynamic and
spatial properties of the amide moiety in a bilayer mem-
brane is required.

In previous studies (18,19), we reported the rotation-axis
direction and order parameter of 6-F-Chol in PC and SM
bilayers by analyzing '°F chemical shift anisotropy (CSA)
and intramolecular '*C-'°F dipole coupling constants in
conjunction with ’H NMR data. This method can be applied
to analyze the orientation of the SM amide plane in lipid
bilayers. Hence, we prepared two types of '*C/'N doubly
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labeled SMs, 1-"C-2-'"N-SM and 2'-"C-2-'°N-SM
(Fig. 1), for this study and analyzed '*C and 'N CSAs,
as well as intramolecular '>C-">N dipole coupling constants,
to determine the rotational-axis direction and order
parameter of the SM amides in bilayer membranes with
and without Chol. In this study, we used 50 mol %
Chol to ensure the formation of the ordered phase as
well as to make the condition identical to that used in
our previous study on the order profile of SM alkyl
chains (16,17).

MATERIALS AND METHODS

Details regarding the synthetic procedures used for the '>C/'*N doubly
labeled SMs and calculations of CSA tensors are described in the Support-
ing Material.

Sample preparation and solid-state NMR
measurements

For static CSA measurements of SM amides, powdered 1’-'*C-SM or
2->N-SM (10.8 mg, 14.8 umol), prepared in the same manner as the
13C/™N doubly labeled SMs, was transferred into a 5-mm magic-angle
spinning (MAS) rotor. For preparation of membrane samples, labeled SM
(8.0 mg, 10.9 umol) with or without Chol (4.2 mg, 10.9 umol) was dis-
solved in MeOH-CHCl; and the solvent was removed under vacuum for
at least 12 h. The dried membrane film was hydrated with 1 mL of water.
After a few minutes of sonication (Branson 1510 ultrasonic cleaner
(Danbury, CT)) and vortexing (Voltex-2Genie (Scientific Industries,
Bohemia, NY)) at 55°C, the suspension was freeze-thawed three times to
make multilamellar vesicles. Then the vesicle solution was lyophilized
and rehydrated with 8 uL. (for SM membranes) or 12.2 uL (for SM-Chol
membranes) using deuterated water. The suspension was vortexed and
freeze-thawed several times, and transferred into a 3.2-mm glass tube (Wil-
mad, Vineland, NJ). The glass tube was sealed with epoxy glue and inserted
into a 5-mm MAS rotor.

All of the solid-state NMR spectra were recorded on a 300-MHz
CMX300 spectrometer (Chemagnetics; Varian, Palo Alto, CA). The Bc
and "N cross-polarization (CP)-MAS spectra were recorded with a CP
contact time of 3 ms and a recycle delay of 2.5 s at 45°C under
various MAS frequencies. Two-pulse phase modulation (TPPM) 'H decou-
pling (20) was applied during acquisition with a decoupling power of
65 kHz.

13C-15N rotational-echo double-resonance NMR (REDOR) spectra
were acquired with a 5-mm triple-resonance MAS probe for 'H, *C,
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FIGURE 1 Structure of *C/**N doubly labeled SMs. To see this figure in
color, go online.
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and "N (Varian) using xy-8 phase cycling for 'SN irradiations (21).
The MAS frequency was 5000 Hz and the rotor temperature was main-
tained at 45°C. The 'H 90° pulse width was 3.3 us and the 180° pulse
widths for '3C and >N were 8.5 and 8.3 us, respectively. The contact
time for CP was set to 3 ms. The recycle delay was 2.5 s, the sweep
width was 30 kHz, and the number of scans was ~16,000. TPPM 'H
decoupling (20) was applied during acquisition with a decoupling power
of 65 kHz.

RESULTS AND DISCUSSION
Preparation of '>C and '°N doubly labeled SMs

An N-stearoyl SM was selected for this study because it is
the most abundant SM constituent in bovine brain (22).
We prepared two types of '*C and "N doubly labeled
SMs (Fig. 1): 1-'3C-2-'N-SM for "*C and >N CSA and
intramolecular dipole coupling measurements, and 2'-'>C-
2-'>N-SM for intramolecular dipole coupling measure-
ments. These labeled SMs were synthesized by coupling
3C-labeled stearic acids with 2-'°N-lyso-SM prepared
using a modification of a previously reported procedure
(Fig. 2) (15,23). Briefly, starting from '’N-L-serine, the for-
mation of a Weireb amide followed by a substitution reac-
tion with a vinyl Grignard reagent provided a vinyl
ketone. The ketone was reduced to a secondary alcohol
with LiAIH(O#-Bu); and the resulting allyl alcohol was
subjected to olefin metathesis using a Grubbs catalyst.
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FIGURE 2 Synthesis of '>C/'°N doubly labeled SMs. (a—p) Reagents
and conditions: (a) (Boc),O, NaOH, H,O, dioxane, rt, 2 h; (b) NH(Me)
OMe-HCIl, NMM, EDC, CH,Cl,, —15°C, 4 h; (¢) TBSCI, imidazole,
DME, 1t, 1 h (86% for three steps); (d) vinyl MgBr, THF, 1t, 1.5 h (86%);
(e) LiAIH(O'Bu)s, EtOH, —78°C, 2 h (93%); (f) 1-pentadecene, Grubbs
II catalyst, p-quinone, CH,Cl,, 55°C, 2 h (64%); (g¢) TBAF, THF, rt,
35 min (93%); (h) PivCl, pyridine, —30°C, 2 h (89%); (i) TBSOTY, 2,6-
lutidine, CH,Cl,, 0°C, 30 min; () DBU, MeOH, rt, 16 h (40% for
two steps); (k) 2-chloro-1,3,2-dioxaphosphoran-2-oxide, Et;N, DMAP,
benzene, 0°C, 1.5 h; () Me;N, CH;CN, 85°C, 46 h (90% for two steps);
(m) TFA, CH,Cl,, 0°C, 1 h; (o) EtzN, DMAP, THF, rt, 21 h; and (p)
TBAF, THEF, rt, 28 h (53% for three steps).
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Introduction of a choline group and deprotection of a
Boc group gave TBS-protected 2-'°N-lyso-SM. Finally,
coupling with the p-nitrophenyl ester of 1’-'*C-stearic acid
or 2/-"3C-stearic acid (for details regarding the preparation
of these esters, see the Supporting Material) furnished the
appropriately labeled SMs (Fig. 2). For the static CSA
measurements of powdered samples, we also prepared
singly labeled SMs (1’-'>C-SM and 2-'°N-SM) in the
same manner.

3¢ and '®N CSA of SM amides

With the labeled SMs available, we obtained static solid-
state NMR spectra of powdered 1’-'*C-SM and 2-'’N-SM
to determine the original CSA tensor values for the amide
BC and PN of SM, which have not been documented
previously. Spectra were recorded with slow MAS under
"H decoupling, and spinning side band patterns were
simulated with SIMPSON 3.0 software (24) (Fig. 3). Table
1 lists the principal CSA values, which are typical of amide
bonds (25).

Next, to obtain the CSA principal-axis system with
respect to the amide frame, we calculated the CSA tensors
using the gauge including atomic orbital (GIAO) method
(26). The truncated structure shown in Fig. S1 was used to
input data for the calculations. Before performing the
CSA tensor calculations, we optimized the structure using
Becke’s three-parameter hybrid functional (27) and the
Lee, Yang, and Parr correlation functional (B3LYP) (28)
method using a 6-311G(d) basis set. For CSA tensor cal-
culations using the GIAO method, the density-functional
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FIGURE 3 (a and b) Amide regions of CP-MAS spectra (black lines) of
powdered 1-'3C-SM (a) and 2-'°N-SM (b) with spectral simulation using
SIMPSON (red lines). Spectra were recorded at 45°C under MAS of (a)
1.5 kHz or (b) 0.7 kHz. To see this Figure in color, go online.
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TABLE 1 Principal CSA values (ppm) for powdered SM
amides

011 022 033 Oiso
13C of SM amide 251 (6%) 185 (65) 93 (65;) 176
>N of SM amide 210 (6Y) 67 (65,) 54 (6%) 110

The possible errors were within +3 ppm.

theory (DFT) method was adopted with a 6-311G++(2d,2p)
basis. Fig. 4 shows the calculated CSA principal-axis sys-
tems (for more details, see Tables S1-S5), in which 653 of
3C and 6,, of '°N are perpendicular to the amide plane
and the remaining principal axes are on the plane. These
tensor directions are consistent with those typical of amide
bonds (25).

Similar measurements were performed in hydrated
membrane systems with and without equimolar Chol.
Since pure stearoyl SM membrane forms gel phase
below the phase transition temperature (44°C) (29), which
provides broadened solid-state  NMR spectra, it is
necessary to measure the spectra above 44°C. In addition,
in our previous report (17), we found that there is no
critical difference in the *H NMR spectra of deuterated
SM bilayers between 45°C and 50°C in either the pres-
ence or absence of Chol; thus, the NMR spectra were
recorded at 45°C for SM and SM-Chol membranes. In
membrane environments, lipid molecules undergo fast
axial rotation, giving rise to an axially symmetric signal
pattern that is defined by the two tensor values 6L and
6,. Fig. 5 shows the 'C CP-MAS spectra of 1’-'*C-
2-'>N-SM in hydrated bilayers with SIMPSON simulation
spectra, which resulted in estimates for the 6L and o,
values (Table 2), in conjunction with the anisotropic
parameter, A6 = d;, — oL. The 15N CSA values of the

84N (200) Ry

85N (57)  333° (86)

83" (44)

8,,C (176)
8,,C (242) 2

FIGURE 4 Top view of the amide group of SM from calculated '*C and
SN CSA principal-axis systems. The axes of 6?2 and 5(3:3 are perpendicular
to the amide plane. Experimental principal values in ppm (Table 1) are
shown in parentheses. To see this figure in color, go online.
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a
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FIGURE 5 '3C CP-MAS spectra of hydrated 1’-'*C-2-">N-SM with
spectral simulations using SIMPSON (red lines). (a and b) I-3c-
2-1>N-SM (a) and 1’-'>C-2-'>N-SM/Chol (b) at a 1:1 molar ratio were
hydrated with 50 wt% D,0, and both spectra were recorded at 45°C under
MAS of 600 Hz. To see this figure in color, go online.

SM amide group in membranes were obtained in a similar
manner (Table 2; Fig. S2).

Magnitude of the C-N intramolecular dipole
coupling of SM amides

Next, to determine the rotational-axis direction and the
molecular order parameter of SM amide in bilayers, we
measured the intramolecular C-N dipole couplings of
1'-3C-2-">'N-SM and 2-"*C-2-'>N-SM using the C-N
REDOR method (30). Fig. 6 a shows the REDOR spectra
of the 1’-'3C-2-"’N-SM/Chol membrane with a dephasing
time of 4 ms at 45°C, which demonstrates a significant
reduction in the '>C signal due to the intramolecular
REDOR dephasing effect from '°N. Fig. 6 b plots the
experimental REDOR dephasing values (45/S,) for
1’-13C-2-'N-SM in bilayers. A comparison with theoretical
dephasing curves revealed that the intramolecular dipole

TABLE 2 '3C and '°N CSA principal values (ppm) of SM amide
in hydrated membranes at 45°C

3¢ 15N
Oy oL Adc" e Oy 0L AN diso
SM 151.0 1885 —-375 176 86 122 —-36 110

SM/Chol (1:1) 139.0 1945 555 176 82 124 —42 110

#Anisotropic parameter A6 = 0, — 6L. The possible errors were within
+3 ppm.
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FIGURE 6 Intramolecular REDOR experiments for 1’-'>C-2-'SN-SM.
(a) *C-">N REDOR spectra for the SM-Chol membrane (I’-'*C-2-"*N-
SM/Chol = 1:1 in 50 wt% D,0O) with a dephasing time of 4 ms at 45°C.
The Sy (black line) and S (red line) spectra were obtained with and without
I5N-irradiation, respectively. (b)) REDOR dephasing effects for (@) SM-
Chol membranes and () SM-only membranes at various dephasing times.
AS was (So — S). The best-fit theoretical curves were obtained with D =
265 Hz (red line) and 150 Hz (blue line) for SM-Chol and SM membranes,
respectively. The possible errors were within +20 Hz. To see this figure in
color, go online.

coupling values between C1’ and N were 265 and 150 Hz
for the SM-Chol and SM membranes, respectively. Note
that intermolecular C-N dipole coupling was negligible at
these dephasing times because intermolecular REDOR
between 1’-'>C-SM and 2’-'N-SM was marginal, at most
45/Sy = 2%, even at much longer dephasing times
(=40 ms; unpublished results).

Similarly, the intramolecular REDOR between C2' and
amide N was measured using 2’-'>C-2-'>N-SM bilayers.
As shown in Fig. 7, the intramolecular dipole coupling for
SM-Chol was 13 Hz as determined from theoretical curve
fitting, whereas the SM membrane did not produce any sig-
nificant REDOR dephasing effect even at a dephasing time
of 160 ms. This suggests that dipole coupling is almost
nonexistent, probably because the average angle between
the rotation axis and the C2'-N bond is close to the magic
angle.

Calculations of the rotation-axis angles and order
parameter for SM amides

The rotation axis is defined by the polar coordinates
« (azimuthal angle) and # (polar angle) connecting the
rotation axis with the '*C CSA tensor axes (Fig. 8). To
account for the wobbling of the rotation axis, the order
parameter (S), which varies from 1 to 0, was introduced.
When S = 1, no molecular wobbling with respect to
the rotation axis is present, and when S = 0, every
orientation is allowed (such as in solution) (31). Although
Saupe order tensor analysis is more exact when the
wobbling motion of the rotation axis is anisotropic (32),

Biophysical Journal 108(12) 2816-2824
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FIGURE 7 Intramolecular REDOR plots for 2’-'3C-2-'N-SM in mem-
branes in the (@) presence and () absence of Chol. AS was (Sy — S). In-
tramolecular REDOR dephasing was not observed for the SM membrane.
The best-fit theoretical curve for SM-Chol with D = 13 Hz is shown.
The possible errors were within +2 Hz. To see this figure in color, go on-
line.

approximating the motion using the single order param-
eter S, which assumes a fast isotropic wobbling, also is
acceptable (31).

Using «, 8, and S values, the anisotropic parameter of the
amide °C (Aég"k) can be calculated as (18,33)

AS" =8 x [85,(3 cos’B — 1) + 67, (3 sin* asin” B — 1)
+ 652(3 sin® B cos” a — 1)] /2.

Similarly, as a function of «, (8, and S, A(Sgalc is given by

MG = 8§ x [63,(3cos” B—1)
+ 67, {3 sin*(«—129.4°)sin® B — 1}
+ 6213{3 sin® B cos?(a — 129.4°) — 1}}/2,

where terms containing (a« — 129.4°) appear because the
oY, direction overlaps 4§, due to a —129.4° rotation around
the normal of the amide plane (Fig. 4).

The magnitude of dipolar coupling is known to depend
on molecular motion as well as internuclear distance. There-
fore, for a fixed internuclear distance such as C1’-N and
C2'-N in the doubly labeled SMs, attenuation of the magni-

Matsumori et al.

Rotation

FIGURE 8 The rotation-axis direction is defined by the polar coordinates
« (azimuthal angle) and 8 (polar angle) with respect to the 13C CSA tensor
axes. Angle 6 is the angle between the rotation axis and the C1’-N bond.
The oxygen atom on C1’ was omitted for clarity. To see this figure in color,
go online.

tude of coupling should be due only to motional averaging.
When the C1’-N bond vector is rotating around the axis, the
CIl'-N dipolar coupling constant can be provided by the
following equation (31):

_ Static
=D cl'-N

Calc
DCILN

x S x (3cos®-1)/2,
where 6 is the angle between the C1’-N vector and the
rotation axis (Fig. 8) and Dg‘i‘th denotes the dipolar

coupling constant for the static C1’-N interaction, which
was calculated to be 1303 Hz based on the C1’-N internu-
clear distance of 1.33 A. Angle 0 is related to « and 8 by
cosfl = sin cos(138.4° — «) because the angle between
the C1'-N vector and 45, is 138.4° (Fig. 4).

Similarly, the C2'-N dipolar coupling constant is provided
by

D&Y = Dy x 8 x (3cos’p — 1) /2,

where ¢ is the angle between the C2'-N vector and the
rotation axis, which has the relation cos¢p = sinf
cos(103.8° — a), because the angle between the C2'-N vec-
tor and 6C 22 is 103.8° (Fig. 4). The value for D%l was
calculated to be 219 Hz based on the C2'-N internuclear
distance of 2.41 A.

The best-fit combinations of «, 8, and S were obtained
by minimizing the root mean-square deviation (RMSD)
between the experimental and calculated dipolar coupling
constants D (D¢ and Do) and anisotropic parameters
A6 (Adc and Ady):

E .
Di P D;:'alL

RMSD (a,8,5) = Z(

i

Dmax
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Each value in this equation was normalized by its rigid-limit
value (Dpax OF Admax) to equalize the contributions from
dipolar couplings and chemical shifts (34).

Fig. 9 shows the 2D RMSD plots for SM and SM-Chol
membranes at § values of 0.67 and 0.84, respectively, which
provide the minimum RMSD values. From the figure, the
combinations of «, 3, and S were elucidated as listed in
Table 3, although @ has two possible values for each mem-
brane. Although Fig. 9 seems to indicate another minimum
points at « = ~140° and § = ~45° and 135°, we can rule out
these combinations because those RMSD values are 0.10 for
SM and 0.16 for SM-Chol membranes, and thus are much

a2 SM membrane S =0.67

180.0
1.200

1.140
1.080
1.020
0.960
0.900
0.840
0780
0720
0.660
0.600

1500

9000 —

B (degree)

60.00

3000

0.000
0.000 30.00 60.00 90.00 1200 1600 1800

a (degree)
b SM-Chol membrane S = 0.84

1800

1500

90.00 —

B (degree)

60.00

3000

0.000 =
0.000 3000 60.00 90,00 1200 1500 1800

a (degree)
FIGURE 9 (a and b) 2D RMSD contour plots for (@) SM at § = 0.67 and

(b) SM-Chol at S = 0.84; 8 has two possible values. To see this figure in
color, go online.
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TABLE 3 Order parameter S and («, 8) values that provide a
minimum RMSD

RMSD N a B!

SM 0.03 103° = 10° 34° * 3° (146 = 3°)
SM-Chol  0.045 99° £ 10°  31° & 3° (149 £ 3°)

0.67 = 0.05
0.84 £ 0.05

The uncertainties take into account the propagation of experimental errors.
#Although the two possible § values give two potential rotational-axis
directions, the values in the parentheses are less probable when the confor-
mation of SM is considered (see text).

higher than those listed in Table 3. It is also clear from
the contour gradient in Fig. 9 that « angles in Table 3
have larger uncertainty than 3 angles. These results indicate
that the rotational-axis directions are very similar regardless
of the presence or absence of Chol, whereas the order
parameter S is enhanced significantly by Chol. The value
of S is related to wobbling in the rotation axis, and a
value of 0.84 leads to a cone semi-angle of 14° for oscilla-
tions of the rotation axis when a Gaussian distribution of the
wobbling angle is assumed (35,36). In contrast, an S value of
0.67 indicates an angle of 21°.

Of note are the small RMSD values in both membranes
(Table 3), which validate the current assumption that the
wobbling motion of the amide rotation axis is fast and
isotropic. As described above, if the wobbling motion of
the rotation axis is anisotropic, Saupe order tensor analysis
using S,, and Syx—Syy values should be adopted (32), and
therefore the approximation using a single order parameter
S (i.e., the Sy,—Syy value is ignored) would provide much
larger RMSD values.

Because of the two possible 8 values (Fig. 9; Table 3),
each membrane has two possible rotational-axis directions.
Fig. 10 a shows the two possible orientations of the amide
plane of the SM-Chol membrane according to the values
listed in Table 3. A recent report revealed that SM forms bi-
celles with dihexanoylphosphocholine (15), and its partial
conformation in bicelles was determined, indicating that
the conformation around the amide is relatively stable based
on coupling constants typical of anti-rotamers. Based on the
conformation of SM, the orientation corresponding to a 8 of
31° (Fig. 10 b) is more reasonable because the long axis of
an SM molecule appears parallel to the rotation axis,
whereas the rotation axis is not directed along the SM
long axis when @ is 149° (Fig. 10 ¢). Therefore, the rota-
tional axes of SM amide are « = 103°, 8 = 34°, and S =
0.67 for SM bilayers, and a = 99°, 8 = 31°, and S = 0.84
for SM-Chol bilayers.

Implications for amide orientation analysis

Here, we first discuss the validity of the above analysis, in
which structural heterogeneity of the amide orientation is
assigned entirely to wobble. Judging from the typical static
CSA values of SM in the powder state (Table 1), it is reason-
able to consider that the amide plane is rigid. On that basis,

Biophysical Journal 108(12) 2816-2824
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FIGURE 10 (a—c) Two rotation-axis directions for an SM-Chol mem-
brane (a) with respect to the amide plane and partial orientations of an
SM molecule for (b) 8 = 31° or (¢) 149°, based on the conformation of
SM deduced from bicelle experiments (15). The orange axes indicate the
rotation axes. Considering the direction of an acyl chain, orientation b is
more likely than c. Structure b also shows one possible intermolecular
hydrogen bond involving the SM amide group. To see this figure in color,
go online.

we assumed that the amide plane takes a single major orien-
tation with wobbling. Of course, there are two other possi-
bilities: 1) stable plural orientations of the amide plane
exist with respect to the rotation axis and 2) the plural orien-
tations exchange rapidly. The latter case can be regarded as
wobbling of the amide plane, and therefore our assumption
holds true. The former case would provide larger RMSD
values because the calculation of dipolar and anisotropy
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values in the RMSD equation is based on the assumption
that the SM amide takes a single orientation. The small
RMSD values (Table 3) suggest that the dynamics of the
amide plane can be approximated as a single major orienta-
tion with wobbling, although the residual RMSDs might
indicate the presence of minor orientations.

SM molecules feature two potential hydrogen-bond do-
nors in the bilayer interfacial region, i.e., amide and hydroxy
groups, whereas PCs contain none of these. Consequently,
the formation of interlipid hydrogen bonds is often proposed
as a mechanism of raft formation (10-14,37-39). Interest-
ingly, this study demonstrates that the SM amide orientation
is not affected significantly by the presence or absence of
Chol. There are two possible explanations for this: first,
the direct hydrogen bonding between the SM amide and
Chol may not be as strong as previously proposed. This
seems in line with our previous observations (16,17) that
Chol is situated more deeply in SM membranes than in satu-
rated PC membranes; more specifically, the rigid alicyclic
parts of Chol are located in the middle region of alkyl chains
of SM. The resultant depth difference between the SM
amide and the Chol OH group would induce an orientational
change of the SM amide plane upon formation of the
hydrogen bond. A recent simulation study also suggested
minimal formation of hydrogen bonds between the SM
amide and Chol (40). Second, it is also possible to form a
water-bridged hydrogen bond between the SM amide and
Chol without significantly altering the amide orientation.
On the basis of our data, we are unable to distinguish be-
tween these two possibilities; however, detailed simulation
studies based on our data may help to resolve this issue.

In contrast, Chol significantly enhanced the order param-
eter S of SM amide from 0.67 to 0.84, indicating that Chol
restricts the rotation axis wobbling of the SM amide. A
possible explanation for this result is that the interlipid dis-
tances were shortened due to the ordering effect of Chol on
the SM alkyl chains, consequently promoting the intermo-
lecular hydrogen-bond networks involving the SM amide.
In fact, the orientation and conformation around the SM
amide, as shown in Fig. 10 b, seems suitable for forming
intermolecular hydrogen bonds with neighboring SM
amides. In other words, Chol is likely to shift the equilib-
rium toward formation of the amide-associated hydrogen
bonds through its ordering effect on the SM alkyl chains.
Collectively, the upper regions of SM-Chol membranes
appear to be stabilized by the hydrogen bonds involving
the SM amide, and the middle regions are ordered by the
rigid alicyclic skeleton of Chol, both of which synergisti-
cally contribute to form the ordered phase of SM-Chol
membranes.

CONCLUSIONS

In this study we revealed the orientation and order
parameter of the amide moiety of SM in the presence and
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absence of Chol by using C-N dipole couplings and chem-
ical-shift anisotropies, and successfully preparing '*C and
>N doubly labeled SMs. We demonstrated that the amide
orientation was minimally affected by Chol, whereas the
order was enhanced significantly in the presence of Chol.
These findings can be explained by the notion that the
ordering effect of Chol on the SM alkyl chains tightens
membrane packing, shortens the interlipid distances, and
promotes the intermolecular hydrogen bonds involving
the SM amide. In fact, the orientation of the SM amide
(Fig. 10 b), as deduced from the results presented here as
well as a previously determined conformation of SM
(15), seems suitable for forming the intermolecular
hydrogen bonds between SM amides, although it is also
possible to form intermolecular hydrogen bonds with the
OH group of Chol. The hydrogen bonds thus formed restrict
the wobbling of the SM amide and enhance its order.
Considering the dynamic nature of bilayer membranes,
the SM amide is more likely to rapidly undergo
hydrogen-bond formation and dissociation than to form sta-
ble intermolecular hydrogen bonds. Therefore, it is more
reasonable to assume that the stabilization effect of Chol
on the hydrophobic regions of SM shifts the dynamic equi-
librium toward intermolecular hydrogen-bond formation
involving the SM amide. In this context, this study provides
new (to our knowledge) insights into the significance of the
SM amide orientation with regard to molecular recognition
in lipid rafts, and therefore enhances our understanding of
lipid rafts and the mechanism of their formation. Finally,
it is expected that the results of this study, in conjunction
with previously reported comprehensive deuterium order
profiles of SM alkyl chains (16,17,41-43), will provide
basic information for molecular-dynamics studies of SM
membranes.
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