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Structure and Lipid Interaction of N-Palmitoylsphingomyelin in Bilayer
Membranes as Revealed by ?H-NMR Spectroscopy
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ABSTRACT Selectively deuterated N-palmitoyl sphingomyelins were studied by deuterium nuclear magnetic resonance spec-
troscopy (*H-NMR) to elucidate the backbone conformation as well as the interaction of the sphingolipids with glycero-
phospholipids. Macroscopic alignment of the lipid bilayers provided good spectral resolution and permitted the convenient
control of bilayer hydration. Selective deuteration at the acyl chain carbons C, and C; revealed that the N-acyl chain performs
a bend, similar to the sn-2 chain of the phosphatidylcholines. Profiles of C-D bond order parameters were derived from the
segmental quadrupolar splittings for sphingomyelin alone and for sphingomyelin-phosphatidycholine mixtures. In the liquid-
crystalline state, the N-acyl chain of sphingomyelin alone revealed significantly more configurational order than the chains of
homologous disaturated or monounsaturated phosphatidylcholines. The average chain order parameters and the relative width
of the order parameter distribution were correlated over a range of bilayer compositions. The temperature dependence of the
2H-NMR spectra revealed phase separation in bilayers composed of sphingomyelin and monounsaturated phosphatidylcholine,

in broad agreement with existing phase diagrams.

INTRODUCTION

The sphingomyelins represent a minor but essential phos-
pholipid class of the eukaryotic cell membrane. Like phos-
phatidylcholine, sphingomyelin is mainly found in the outer
leaflet of the cell membrane (1). The choline phospholipids
together account for >50% of the phospholipid content in
most tissues, whereas sphingomyelin is rather tissue specific
(2,3). This sphingolipid is abundant in certain cell types, e.g.,
it constitutes >20% in erythrocytes and up to 18% in brain
tissue (2). An even higher proportion (~35%) was found in
the apical renal brushborder membrane (4,5). In human brain
tissue the sphingomyelin content increases with age, both in
the cerebral cortex and in white matter (6). It has been shown
that in a mammalian cell culture sphingomyelin, but not
glucosylceramide, is able to rescue the cells from a defective
sphingosine biosynthesis, which further underscores the fun-
damental role of this lipid class for cell proliferation and cell
survival (7). Sphingomyelin is also intimately involved in
cell signaling by means of its degradation products (3).
Sphingomyelin shares the same headgroup with phospha-
tidylcholine, which represents the major glycerophospholi-
pid class. The interfacial segments and the hydrocarbon chains
of the molecules are considerably different, however. The hy-
droxyl and amide residues of the sphingosine backbone ren-
der the sphingomyelin molecule capable of donating and
accepting hydrogen bonds, whereas the phosphatidylcholine
molecule is only a hydrogen bond acceptor by virtue of its car-
bonyl groups (8). An interfacial hydrogen bond network (9)
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may be the basis for the low permeability of SM vesicle
membranes (10), for the tight interfacial cohesion, and for
the favorable interaction with cholesterol (11). Moreover, the
trans double bond between C4 and Cs of the sphingosine
moiety may contribute to the tighter lipid packing in sphin-
gomyelin versus phosphatidylcholine bilayers (12).

Deuterium nuclear magnetic resonance (2H-NMR) spec-
troscopy provides a convenient and conclusive means for
an investigation of chain ordering (13), chain dynamics (14),
molecular conformation (15), and phase behavior (16) in
phospholipid membranes. Although the properties of glycero-
phospholipids have been studied extensively, there are only
a few reports on the properties of sphingolipids that make use
of this versatile technique. This prompted us to perform an
exploratory study using selectively deuterated N-palmitoyl
sphingomyelin, alone and in the presence of a partially
unsaturated phosphatidylcholine. “H-NMR spectra were
obtained from macroscopically aligned and hydrated multi-
bilayers over a range of temperatures including the main
phase transition (17). Our results reveal structural similarities
of sphingomyelin and phosphatidylcholine with regard to
the interfacial segments of the two phospholipid classes.
However, the acyl chain of N-palmitoyl-ds;-sphingomyelin
(PSM-d3,) has remarkably less configurational freedom than
the chains of 1,2-diperdeuteropalmitoyl-sn-glycero-3-phos-
phocholine (DPPC-d¢;) according to the C-D bond order
parameters derived from the 2H-NMR spectra.

MATERIALS AND METHODS
Chemicals

Synthetic phospholipids (DPPC, POPC) and deuterated phospholipids
(DPPC-dg, and POPC-d3;) were purchased from Avanti Polar Lipids
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(Alabaster, AL). Perdeuterated palmitic acid (dz;-palmitic acid) and
deuterium oxide were from Cambridge Isotopes (Promochem GmbH,
Wesel, Germany). Palmitic acid-3,3-d, was obtained from C/D/N Isotopes
(Pointe-Claire, Quebec, Canada) and palmitic acid-2,2-d, from Cambridge
Isotopes.

N-palmitoyl-SM (PSM), as well as the labeled SMs (C,-d,-palmitoyl-,
C3-d,-palmitoyl, and d;;-palmitoyl-SM) were synthesized by N-acylation of
D-erythro-sphingosylphosphocholine as described previously (18). Briefly,
the p-nitrophenyl esters of palmitic acid and anhydrous potassium carbonate
were added to lyso-SM (prepared from egg SM as described by Bittman and
Verbicky (18)) in a mixture of anhydrous dimethylformamide and dichloro-
methane under nitrogen, and the mixture was stirred at room temperature for
1 day. The products were purified by silica gel column chromatography
(elution with chloroform-methanol-water 65:35:5), and the suspended silica
gel was removed by filtration through a Cameo filter.

Sample preparation

Lipid multibilayers were prepared and macroscopically aligned as described
previously (17,19). Briefly, 30 mg of the lipid or lipid mixture were dis-
solved in 5 ml of methanol. The solutions were spread onto 50 ultrathin glass
plates (8 X 18 X 0.08 mm; Marienfeld Lab. Glassware, Lauda-
Konigshofen, Germany) and dried for 20 min under a stream of warm air
and then at room temperature for at least 18 h in vacuo (20-30 Pa). The glass
plates 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 (inner
diameter 9.8 mm). Two small paper strips were soaked in D,0O and carefully
dried to exchange labile hydrogen for deuterium. The strips were attached at
the short sides of the glass stacks and a few microliters of D,O or of a D,O/
H,0 10/90 v/v mixture were applied onto the paper surface. The tube was
rapidly stoppered by two appropriately machined Teflon plugs with silicon
O-rings. The membranes were annealed for 8 h at 46°C. The annealing
process and the final hydration level were monitored by H-NMR spec-
troscopy (17).

NMR spectroscopy

A Varian VXR-400 spectrometer operating at 9.4 T (*H-frequency 61.4
MHz) was employed for the acquisition of ’H-NMR spectra. Spectra of
macroscopically aligned samples were obtained using a 10 mm flat wire
solenoid. A home built goniometer, driven by a stepper motor under soft-
ware control, was used for accurate orientation in the magnetic field at
6 = 0° where 60 denotes the angle between the normal to the bilayer stack
with respect to the field direction (17). Order parameters for individual
carbon positions in the N-palmitoyl chain of PSM-ds; or in the sn-1 chain of
POPC-d3; were obtained from the resolved quadrupolar splittings AVQ
according to

i 3 i
Avy = 5;(Pz(cos@)|sg)|, (1)

where y denotes the quadrupolar coupling constant (170 kHz for a C*H
bond), P>(cos ) the second Legendre polynomial, and SSI)D the order
parameter of the i-th carbon-deuterium bond in the hydrocarbon chain. The
mean square deviation from the mean of the distribution of order parameters
was calculated for the deuterated positions 3—15 in the palmitic acid chains

of the lipids :

<SCD> - <|SCD‘>
(|Scol)’

The quadrupolar echo sequence (22) was applied for signal excitation
using composite pulses with a 90° pulse width of 7 us and a pulse spacing
of 20 ws. The number of water molecules per lipid headgroup (n,) was
obtained by calculating the integral ratio of the respective ’H signals from

A, = 2
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D,0 and from the labeled lipids. The hydration level was adjusted to obtain
full hydration of the respective bilayers (25 = n,, = 35). The recycle delays
were chosen so as to avoid saturation. The angle ® between the normal to the
glass plates and the magnetic field was varied until the quadrupolar splittings
AVQ) reached a maximum, indicating that ® = 0 (see Eq. 1). The alignment
procedure warrants good spectral resolution so that accurate quadrupolar
splittings can be extracted without resorting to deconvolution techniques
(23). Signal assignments for DPPC were obtained as described by Salmon
et al. (24), based on selectively deuterated DPPC (25).

RESULTS
Signal assignments and backbone conformation

Liquid crystalline bilayers of palmitoyl sphingomyelin (PSM)
and of the homologous glycerophospholipid dipalmitoyl
phosphatidylcholine (DPPC) are remarkably different re-
garding the equilibrium alkyl chain ordering. This is shown
in Fig. 1, which compares the H-NMR spectra of N-per-
deuteropalmitoyl sphingomyelin (PSM-d3,), of an equimolar
mixture of PSM-d3; with 1-pamitoyl-2-oleyl-sn-glycero-3-
phosphocholine (POPC), and of DPPC-dg,. The “H-NMR
spectrum of PSM-d3; in the liquid crystalline state (52°C)
displays unusually large quadrupolar splittings with ampli-
tude maxima at =32 kHz (Fig. 1 A). This may be contrasted
with the *H-NMR spectrum of DPPC-dg,, which shows
maxima at =27 kHz (Fig. 1 C). In an equimolar mixture of

40 20 (') 20 40

FIGURE 1 “H-NMR spectra of macroscopically aligned membranes. (A)
PSM-ds;. (B) PSM-d3,/POPC, 1:1 mol/mol. (C) DPPC-dg¢,. Orientation of
the bilayer normal, ® = 0 (Eq. 1). Temperature, 52°C. n,, =~ 32 mol/mol.
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PSM-d;; with POPC the splitting of the maxima is somewhat
reduced (29 kHz versus 32 kHz; Fig. 1 B) but still sig-
nificantly larger than in the DPPC-dg; bilayers (cf. Fig. 1 C),
whereas individual *H signals are narrower than those ob-
tained for the sphingolipid alone. There are additional small
signals at the outer edges in the spectrum of SM-ds3; with
splittings of ~ =33 kHz and %35 kHz, respectively, the
former appearing as unresolved shoulders. This feature is
particularly well resolved in the PSM-d3;/POPC mixture but
is not detectable in the spectrum of DPPC-dg; (see below).

The large amplitude outer edge signals in Fig. 1, A-C, can
be assigned to the first 6—7 methylene segments, starting with
the carbonyl groups of the PSM-d3; or DPPC-dg; acyl chains.
Quadrupolar splittings are not resolved here or, equivalenty,
there are nearly identical C-D bond order parameters (Eq. 1)
for the corresponding chain segments (the order parameter
“‘plateau’’). The plateau order parameters |Spcll";t | are 0.26 and
0.21 for PSM-d3, and DPPC-dg;, respectively, which suggests
tighter interfacial chain packing in the sphingolipid versus
the glycerophospholipid. Tighter chain packing may also
contribute to the significant broadening of individual signals
in the PSM-d3; spectrum (Fig. 1 A). Other possibilities, e.g.,
inhomogeneous line broadening as a result of larger mosaic
spread cannot be excluded, however. The chain melting tem-
peratures T,, of both (nondeuterated) lipids are almost the
same (T, ~ 41.5°C; (26)) indicating that the notion that the
different widths of the >H-NMR spectra are due to the unique
packing properties of SM-ds; rather than to the different re-
lative distances of the lipids from their respective phase tran-
sition temperatures.
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The temperature dependence of the “H-NMR spectra of
PSM-d;; and DPPC-dg; is shown in Fig. 2. The broadening
of the spectra observed at ~38°C is due to the main phase
transition of the lipids. It may be noted that chain perdeu-
teration lowers the chain melting temperature of phospho-
lipids by a few degrees, which causes the deviation from the
transition temperature of the nondeuterated lipids (T, =~
41.5°C). The splitting of the outer edges in the PSM-ds;
spectrum reaches >120 kHz around 30°C. This is close to
the quadrupolar splitting of 127.5 kHz that one expects for
bilayers aligned at ® = 0 (see Eq. 1) when the alkyl chains
assume an all-frans configuration with the molecular axes
being parallel to the bilayer normal. In contrast, the “H
spectra of DPPC-dg, show a wide distribution of resonance
frequencies below 30°C with broad maxima, equivalent to
quadrupolar splittings of <100 kHz (see Discussion).

The assignment of individual *H signals in a well-resolved
spectrum is usually based on the assumption that the quadru-
polar splittings decrease monotonically on going from the
lipid-water interface toward the terminal methyl group. An
obvious exception from this rule is the sn-2 chain of the
glycerophospholipids that makes a bend as a result of the av-
erage orientation of the glycerol backbone (13). Thus, the
deuterons on C, of the sn-2 chain are magnetically non-
equivalent as a result of the backbone conformation of the
glycerophospholipids (27). This nonequivalence has been
also shown by “H-NMR spectroscopy for the C,-position of
the acyl chain in N-galactosyl ceramide (28). Using '*C-NMR
techniques, the plane of the amide linkage of this lipid was
later found to be almost parallel to the membrane surface

FIGURE 2 Liquid crystalline-gel state
transition in aligned multibilayers of (A)
PSM-d;; and (B) DPPC-dg,. The tran-
sition for PSM-d3; will be complete at
42°C (spectrum not shown).
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(29), which again suggests that the attached fatty acid
performs a bend, similar to the glycerophospholipid sn-2
chain. To ascertain whether a similar backbone conformation
applies to the sphingomyelins, PSM was selectively labeled
at C, and Cj of the palmitic acid chain (C,->’H-PSM and
C5-’H-PSM). The pro-R and pro-S deuterons at C, are
indeed nonequivalent as shown by the two “H doublets
obtained from C,-*H-PSM (quadrupolar splittings 38.8 kHz
and 57.8 kHz, respectively), suggesting that the C-D bonds
of the respective alkyl chain segment assume different
orientations with respect to the axis of motional averaging
of the liquid crystalline lipid bilayer (the director axis), in
agreement with the assumption of a bent N-acyl chain (Fig. 3
A). The nonequivalence of the C, deuterons persisted in a 1:2
mol/mol mixture of C2-2H-PSM and POPC, whereas the
splittings were reduced in the mixture, e.g., at 56°C from
57.8/38.8 kHz to 50.1/37.0 kHz, respectively. It may be
further noted that the quadrupolar splittings in the mixed sys-
tem at 26°C were almost identical with those of PSM-ds; alone
at 56°C (spectra not shown).

Selective *H labeling of the C5 methylene group yielded a
large quadrupolar splitting (74 kHz; Fig. 3 B). This seems to
confirm the assignment in Fig. 1 B, although an additional
splitting as in Fig. 1, A and B, was not observed for which no
satisfactory explanation is available at present. The differ-
ence may be due to a slightly different average tilt of the
C?H, plane with respect to the director axis in the selectively
versus the fully deuterated palmitic acid chain.

Chain order parameter profiles in the liquid
crystalline state

An assignment of the *H spectra of PSM-d3; can now be
made, assuming that the quadrupolar splittings decrease
from C; toward the chain end. Order parameter profiles as
calculated from the respective quadrupolar splittings (Eq. 1)
are summarized in Fig. 4 A; comparison of the profiles for
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FIGURE 3 2H-NMR spectra of aligned multibilayers of (A4) C,->’H-PSM
and (B) C3-*H-PSM. Temperature, 56°C.
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PSM-d3,; alone and for PSM-d;;-POPC mixtures is shown in
Fig. 4 A, whereas Fig. 4 B presents the complementary in-
formation for PSM/POPC-d;; mixtures. The figure includes
the order parameter profiles for DPPC-dg, and for a DPPC/
POPC-d;; mixture at 1:2 molar ratio. All profiles shown
were obtained at 48°C where the components are likely to be
completely miscible and where the PSM-POPC system is in
the liquid crystalline state (30,31).

PSM-d;; alone exhibits unusually large C-D bond order
parameter values for the entire alkyl chain as compared to the
deuterated glycero-phospholipids, DPPC-dg, and POPC-d3;.
The order parameter ‘‘plateau’’, |Sgl]"’3l |, has been obtained
here from Eq. 1 by taking the average of the quadrupolar
splittings attributable to the chain segments from C4 to Cg
(Avg ) to Avg )). The plateau values are larger for PSM-d3,;
than for DPPC-dg,, even in the mixtures with POPC (Table 1
and Fig. 4 A). Likewise, the presence of PSM results in a
significant increase of the profiles in PSM/POPC-d3; mix-
tures as compared to POPC-d;3; alone (Fig. 4 B). It is also
worth noting that the effect of DPPC is almost negligible in
a mixture of DPPC with POPC at a 1:2 molar ratio, whereas
the presence of PSM at the same molar ratio increases the
order parameters of the interfacial chain segments by >5%
(Table 1).

These data were further evaluated in terms of the mean
square deviation A, (Eq. 2, see Methods), which represents
the width of the order parameter distribution (Table 1). The
values of A, decrease with increasing average chain order
(Scpy. Notably, these parameters seem to be almost linearly
related for mixtures composed of POPC and PSM, including
bilayers containing these lipids alone. DPPC follows the
same trend although it is characterized by lower A, values
(Fig. 5). An analogous observation has been made for POPC-
d3;, POPE-d3;, and for POPC-ds3;/cholesterol mixtures when
the chain order parameters were studied as a function of tem-
perature, indicating that this behavior is a general feature of
bilayer membranes (32).

The above analysis provides some qualitative insight into
the packing properties of sphingomyelin mixed bilayers,
e.g., the Ay-parameter indicates that the chain order falls off
more rapidly for POPC because it is more disordered on
average. A more elaborate statistical mechanical approach
(24,33), based on a broader set of experimental data, includ-
ing variations of composition and chain lengths will enable
us to obtain reliable data on the bilayer thickness, on the area
per lipid as a function of sphingomyelin concentration, and on
thermal expansion coefficients of sphingomyelins alone and
in mixed bilayers.

Domain formation in the presence of POPC

Resolved “H-NMR subspectra from liquid crystalline and
ordered bilayer domains may be observed when a multicom-
ponent lipid mixture crosses a thermotropic phase boundary.
As an example, Fig. 6 A reveals the phase separation in the
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FIGURE 4 Order parameter profiles of pure lipids and of binary lipid mixtures. (A) PSM or DPPC with perdeuterated acyl chains. (B) POPC, perdeuterated

in the SN1-acyl chain. Temperature, 48°C.

2:1 mol/mol PSM-d3;/POPC system below 30°C. The onset
of the transition can be easily recognized, considering the
broad outer wings that appear at 26°C in the spectrum and
the partially resolved splitting of the components of the
methyl doublet signal (inset in Fig. 6 A). The drastic line
broadening indicates that the sphingomyelin component of
the binary mixture undergoes a liquid crystalline-gel state
transition. The entire transition seems to occur over an ap-
proximate temperature range of 10°. The onset of the phase
transition was observed analogously in 1:1 and in 1:2 mol/
mol mixtures of these lipids between 26°C and 20°C and
between 20°C and 16°C, respectively (not shown). It may be
noted that a second methyl signal component was also found
for the equimolar mixture, whereas line broadening rather
than splitting was observed between 20°C and 16°C at 1:2
molar ratio. These observations are in good agreement with
a published phase diagram for the binary system bovine

TABLE 1 Evaluation of average bilayer properties at 48°C
from chain order parameters

Sample composition (\Sglf;\)* (|Scpl) (S2p) x10% A,
PSM-d;; 0.258 0.221 5.111 0.047
DPPC-dg; 0.214 0.183 3.507 0.045%
POPC-d3, 0.185 0.146 2.305 0.081
PSM-d;,/POPC, 2:1 0.238 0.200 4.216 0.054
PSM-d;, - POPC, 1:1 0.235 0.196 4.089 0.064
PSM-d;,/POPC, 1:2 0.229 0.188 3.765 0.065
DPPC-de,/POPC, 1:2 0.198 0.164 2.837 0.055%
PSM/POPC-d5,, 2:1 0.206 0.166 2.972 0.079
PSM/POPC-d3,, 1:2 0.195 0.154 2.575 0.086
DPPC/POPC-d;, 1:2 0.185 0.147 2.346 0.086

The average plateau and average chain order parameters were determined
for carbon positions 4-6 and 3-15, respectively. See text for details.

*Order parameters were obtained from spectra recorded at 48°C where the
lipid components are completely miscible.

TOnly the order parameters for the sn-2 chain enter the calculation.
Estimated errors of order parameter determination, *+2%.

brain sphingomyelin/egg lecithin obtained previously by
calorimetry and small angle x-ray scattering (30).

A different result was obtained when POPC-d5; was the
labeled component in the above PSM/POPC system (Fig. 6
B). The *H spectrum indicates that POPC-d5; remains largely
in the fluid state over the temperature range where PSM-d3,
undergoes a phase transition. Likewise, there is no splitting
of the methyl doublet signal. However, scaling the vertical
amplitude of the spectra by a factor of 5.5 (Fig. 6 B) reveals
small amplitude shoulders at =50 kHz, which clearly shows
that there is a minor fraction of POPC in the gel state do-
mains where PSM forms the major lipid component. Ac-
cording to a phase diagram (30) a pure sphingomyelin gel
phase rather than a solid mixture would coexist with a liquid
crystalline mixed phase under the conditions shown in Fig. 6
(PSM/POPC molar ratio 2:1, temperature range 16°C-30°C).
The observation of solid POPC in the H-NMR spectra
therefore suggests that a small fraction of this lipid enters an
ordered state when PSM undergoes the disorder-order phase
transition.

DISCUSSION
PSM conformation and phase transition

This study investigates the backbone conformation and acyl
chain order in macroscopically aligned multibilayers of
N-perdeuteropalmitoyl sphingomyelin (PSM) by *H-NMR
spectroscopy. Sphingolipids have only rarely been analyzed
using this technique although the properties of the phospho-
lipid bilayer were successfully explored by *H-NMR spec-
troscopy (15,34,35). PSM has nearly the same phase transition
temperature as its natural homologs (12,36), suggesting that
chain deuterated PSM reliably reproduces conformational
and motional properties of the sphingomyelins encountered
in biological membranes (31,36-38).

Biophysical Journal 90(3) 939-946
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FIGURE 5 Correlation between average chain order parameters (Scp)
(chain positions 3—15) and relative width of the order parameter distribution
A,. Data from Table 1.

Some scattered information is available on the sphingo-
lipid backbone in bilayer membranes, which consistently
suggests that the amide linkage of the fatty acyl chain as-
sumes a nearly parallel conformation with respect to the
bilayer-water interface (8,19,29). A closely related structural
detail, i.e., a bent conformation of the sn-2 acyl chain has
been discovered for the phosphatidylcholines by *H-NMR
(25), in agreement with earlier x-ray data (39). The different
quadrupolar splittings suggest that the diastereotopic C,
deuterons of the PSM N-acyl chain are motionally nonequiv-
alent, in analogy to the corresponding deuterons of the phos-
phatidylcholine sn-2 chain (Fig. 3). The alternative assumption

Bixal
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of two long-lived lipid conformations in the liquid crystalline
bilayer (40) seems less likely, but a decision may be only
possible after stereospecific replacement of just one of the
C-2 protons by deuterium (27). In any case, it seems justified
to assume that the average orientation of the normal to the
plane spanned by the C, methylene segment (*H-C,-*H) is
not parallel to membrane normal.

The C; segment, in contrast to C,, assumes an orientation
with both C*H bonds nearly perpendicular to the bilayer
normal as shown by the large H quadrupolar splittings ob-
tained after selective deuteration of this chain position (Fig.
3). These deuterons seem to be slightly nonequivalent when
the chain is fully deuterated (cf. Fig. 1), which is not evident
in Fig. 3 where only a single quadrupolar splitting is re-
solved. Even a very small change in the average orientation
of the *H-C5-H-plane may result in the coalescence of the
doublets that appear at the outer edges of the spectra in Fig.
1, A and B, given the tentative assignment of the corre-
sponding resonances in Fig. 1.

The drastic broadening of the *H spectra of PSM-ds; and
DPPC-dg, below 40°C clearly reflects the main phase
transition (Fig. 2). The outer edges of the PSM-d3; spectra
appear at ~ =60 kHz, which is close to the limiting value for
rigid orientation of the carbon-deuteron bonds perpendicular
with respect to the bilayer normal (127.5 kHz). The transition
occurs around 38°C for both lipids, which is somewhat lower
than the transition temperature determined calorimetrically
(41.5°C; (26)). This temperature shift can be attributed to the
deuteration of the acyl chains (41). In agreement with earlier
reports on the phase transition of DPPC (42), the spectra also
reveal narrow two phase regions for both lipids. The gel state
2H-NMR spectra of PSM-ds; and DPPC-dg, show notably
different line shapes, regardless of the virtually identical tran-
sition temperatures of the nonlabeled lipids. PSM-d3; dis-
plays rather uniform maxima centered at £55 kHz at 36°C
and =58 kHz at 16°C. In agreement with recent x-ray

FIGURE 6 Domain separation in aligned
PSM/POPC mixtures. (A) PSM-ds,/POPC,
2:1 mol/mol. (B) PSM/POPC-ds,, 2:1 mol/
mol. (Insets) Expanded versions showing
the *H-methyl resonances.
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diffraction data of hydrated PSM obtained at 29°C (43), this
line shape provides evidence for the presence of an Lg (with
perpendicular chains) rather than an Lg (characterized by
tilted hydrocarbon chains). In contrast, the inhomogeneous
lines obtained from the aligned DPPC bilayers below T,
indicate that there is a broad distribution of orientational
angles between the relevant methylene C*H bonds and the
bilayer normal. This observation can be attributed qualita-
tively to the tilted hydrocarbon chains in the Pg' and in the
Lg phase structures of DPPC as revealed earlier by x-ray
diffraction (44,45). For PSM there seems to be no such tilted
chain packing, i.e., the sphingolipid structure below 30°C
can be characterized as Lg—rather than as Lg or Pg.
Whether there is a ripple or Pg' phase below T, cannot be
decided on the basis of the current NMR data alone. It may
be further noted that no subtransition was detected in PSM
(38), which underscores the difference between the sphingo-
and glycerophospholipids.

The binary system PSM/POPC

Phospholipid mixtures containing sphingomyelin, phospha-
tidylcholine, and cholesterol are suitable model systems for
the investigation of phase separation and domain formation
in biological membranes (46). Here the focus was on the
binary system PSM/POPC rather than on a comprehensive
determination of phase boundaries in the more complicated
ternary model systems. A number of partial phase diagrams
have been published for sphingomyelin/phosphatidylcholine
mixtures (30,36,38,47). A common denominator of these
reports was the sensitivity of the mixing behavior of PSM on
the chain length of the glycerophospholipid component, e.g.,
mixing of PSM with DMPC is nearly ideal (47), whereas a
highly nonideal behavior was found for the mixture of PSM
with DPPC (38).

A phase diagram for the binary mixture PSM/POPC has
been recently determined using the anisotropy of 1,6-
diphenyl-1,3,5-hexatriene fluorescence (31), which in addi-
tion to a liquid crystalline mixture identifies two different
solids with different PSM/POPC ratios. The sensitivity of
“H-NMR for the motional anisotropy of the lipid alkyl chains
allows for an assessment of the chain ordering of both
components of the PSM/POPC system within the tempera-
ture range where the mixture undergoes phase separation.
Our data (Fig. 6) are in broad agreement with the phase
diagram by de Almeida et al. (31), although the transition
into the two phase region as detected by “H-NMR occurs at
a somewhat lower temperature (~6°C). One reason for this
discrepancy may be the very different probe techniques used
for the determination of phase boundaries. A somewhat
lower transition temperature may also be due to the
deuteration of the lipid acyl chains (16).

The data collected in Table 1 reflect the unique interfacial
properties of the sphingomyelins. Comparing the plateau
order parameter values of PSM-d;;, DPPC-dg,, and POPC-
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ds; at 48°C (i.e., above the main phase transition temperature
of the lipids), one may conclude that sphingomyelin is char-
acterized by a more rigid lipid-water interface as compared
to the glycerophospholipids, presumably as a consequence of
tight intermolecular H-bonding. The average order param-
eter as defined in Table 1 is also significantly higher for PSM
versus DPPC, whereas the width of the order parameter dis-
tribution (A,) is similar for these lipids (Fig. 5). In contrast,
the low average order parameters for the plateau region and
for the carbon segments 3—15 indicate that the entire POPC
molecule is more disordered and flexible than PSM or DPPC.

Considering the order parameter values obtained for the
PSM-d5;/POPC mixtures, one arrives at somewhat different
conclusions. The width of the order parameter distribution,
A,, is larger for PSM-d3; in the mixtures than either for
PSM-d;; or for DPPC-dg, alone, although the average order
and the plateau order parameters for deuterated sphingo-
myelin in the presence of POPC are still higher than those for
DPPC-dg;. The broader distribution of order parameters is a
consequence of the abridged plateau in the order parameter
gradient of the PSM-d3,/POPC mixtures (Table 1 and Fig.
4). The correlation shown in Fig. 5 suggests that A, reflects
the flexibility of the deuterated chains, even in complex
phospholipid mixtures. It may be noted that the parameter
can be also derived from the first and second moments of the
H-NMR spectra (20), i.e., it can be easily obtained without
macroscopic bilayer orientation when the full assignment of
the quadrupolar splittings may be difficult, providing an un-
distorted line shape and a high signal/noise can be achieved.

Intermolecular hydrogen bonding which leads to the high
average chain order in bilayers of sphingomyelin alone may
be partially disrupted by increasing the POPC concentration
in the membrane (cf. Fig. 1). Conversely, the capability of
establishing two intermolecular hydrogen bonds (12) may
account for the fact that the order parameter plateau is higher
in the binary mixtures of nondeuterated sphingomyelin and
POPC-d;3; than in POPC-d;; alone (Table 1). It may be
concluded that in homogeneous lipid mixtures the sphingo-
myelins have a similar effect as cholesterol on the isomer-
ization of the surrounding glycerophospholipid chains, most
probably due to the formation of transient intermolecular
hydrogen bonds.
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