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Abstract

The dynamics and environment of sphingomyelin spin-labelled at different positions in the N-acyl chain have been studied
in dimyristoyl phosphatidylcholine bilayer membranes by using electron spin resonance spectroscopy. Comparison was made
with phosphatidylcholine spin-labelled on the sn-2 acyl chain in the same host membrane. Spin-labelled sphingomyelin was
found to mix well with the host phosphatidylcholine lipids in both gel and fluid phase membranes. At 1 mol%, mutual spin—
spin interactions are no greater than for spin-labelled phosphatidylcholine. In the fluid membrane phase, the effective chain
order parameters and polarity-sensitive isotropic hyperfine coupling constants of spin-labelled sphingomyelin display a
similar dependence on the position of labelling to those of spin-labelled phosphatidylcholine. The values of both parameters
are, however, generally larger for sphingomyelin than for phosphatidylcholine at equivalent positions of acyl chain labelling.
This difference is attributed to the different chain linkage of sphingo- and glycero-lipids, combined with an offset of
approximately one C-atom in transbilayer register between the respective N-acyl and O-acyl chains. In the gel phase,
differences in chain configuration between sphingomyelin and phosphatidylcholine are indicated by differences in spin label
spectral anisotropy between the two lipids, which appears to reverse towards the terminal methyl chain end. © 2000
Elsevier Science B.V. All rights reserved.

Keywords: Sphingolipid; Sphingomyelin; Lipid bilayer; Spin label; Electron paramagnetic resonance; Lipid dynamics; Polarity profile

1. Introduction haviour of sphingolipids. It has been proposed that
sphingolipids form rafts, or microdomains that con-
Interest has recently centred on the functional be- tain those proteins, specifically glycophosphatidyl-

inositol-linked proteins, that are destined for the ap-
ical surface of bipolar epithelial cells [1]. Sphingolipid
Abbreviations: EPR, electron paramagnetic resonance; n- raft formation was proposed to be the vehicle for
SMSL, ~ N-[n-(4,4-dimethyloxazolidine-N-oxyl)stearoyl}-sphingo- protein sorting in polarised cells, and possibly also
sme-l-phosphochohne; n-PCSL, 1-acyl-2-(n-(4,4.1-d1methyloxazoh- for plasma membrane sorting in other cell types [2].
dine-N-oxyl)stearoyl)-sn-glycero-3-phosphocholine; DMPC, 1,2- . .. .
dimyristoyl-sn-glycero-3-phosphocholine The sphingolipid rafts contain cholesterol, but are
* Corresponding author. Fax: +49-551-201-1501; deficient in glycerolipids which are sorted to the ba-
E-mail: dmarsh@gwdg.de solateral membrane in bipolar cells.
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As a first approach to defining the interactions
that may govern sorting of sphingolipids, it is of
interest to investigate the comparative properties of
a sphingolipid in a fully defined glycerolipid host
membrane. Electron paramagnetic resonance (EPR)
spectroscopy of different lipid species with specifi-
cally spin-labelled chains has proven to be a powerful
way of addressing this problem. The relative location
and mobility of the corresponding chain segments
have been determined for spin-labelled diacylglycer-
ols [3] and for spin-labelled fatty acids [4], each in a
phosphatidylcholine host lipid membrane. In these
cases, the comparison was calibrated relative to the
corresponding spin-labelled phosphatidylcholines.
Additionally, broadening of the EPR spectrum by
mutual interactions between spin labels can be used
to detect separation of the spin-labelled lipid from
the host lipids in the membrane, particularly in the
gel phase.

In the present work, we have studied sphingomye-
lins spin-labelled at different positions in the N-acyl
chain, in bilayer membranes of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), in both the gel
and fluid phases. Sphingomyelin is the sphingolipid
with an identical phosphocholine polar headgroup
to that of the phosphatidylcholine glycerolipid. The
two lipids differ solely in their chain linkage and
chain composition. A comparison of the spin-la-
belled sphingomyelins was made with corresponding
phosphatidylcholines spin-labelled in the sn-2 acyl
chain. In addition to the spectral anisotropy, which
is determined by the mobility of the spin-labelled
chain segments, the polarity-sensitive isotropic hy-
perfine coupling constants were determined to locate
the vertical position of the spin-labelled chain, rela-
tive to the host lipids of the membrane (see e.g. [5]).
Spin-labelled sphingomyelin is found to mix well
with the DMPC host lipids at probe concentrations,
but the sphingolipid N-acyl chain is located some-
what differently from the sn-2 acyl chains of the
host glycerolipid. The segmental mobility of the
chain is also different, especially close to the region
of chain attachment. These differences may optimise
the interactions that can give rise to raft or micro-
domain formation by sphingolipids at bulk concen-
trations.

2. Materials and methods

DMPC was obtained from Fluka (Buchs, Switzer-
land). Stearic acids spin-labelled at C-atom position
n in the chain (n-(4,4-dimethyloxozolidine- N-oxyl), n-
SASL) were synthesised as described in [6], and the
corresponding phosphatidylcholines spin-labelled in
the sn-2 acyl chain (1-acyl-2-(n-(4,4-dimethyloxazoli-
dine-N-oxyl)stearoyl)-sn-glycero-3-phosphocholine
(n-PCSL)) were synthesised as described also in [6].
Sphingomyelins spin-labelled in the N-acyl chain (N-
[n-(4,4-dimethyloxazolidine- N-oxyl)stearoyl]-sphin-
gosine-1-phosphocholine (n-SMSL)) were synthesised
from the corresponding n-SASL spin labels as de-
scribed in [7]. DMPC and 1 mol% of spin-labelled
lipid were codissolved in chloroform:methanol (2:1
v/v); the organic solvent was evaporated in a nitro-
gen gas stream and the samples were then dried
under vacuum overnight. The dry spin-labelled lipid
was dispersed in excess buffer by vortex mixing at a
temperature above the gel-to-fluid transition of hy-
drated DMPC (23°C). The spin-labelled lipid disper-
sion was introduced into 1 mm i.d. glass capillaries
and concentrated by centrifugation in a bench cen-
trifuge. It should be emphasised that the multilamel-
lar liposomes prepared by this method are fully hy-
drated and all are sufficiently large that the lipid
packing is not strained by membrane curvature.

EPR spectra were recorded on a Varian Century
Line 9 GHz spectrometer equipped with nitrogen
gas-flow temperature regulation. Sample capillaries
were accommodated within standard 4 mm diameter
quartz EPR tubes, that contained light silicone oil
for thermal stability. The temperature was measured
with a fine-wire thermocouple located in the silicone
oil just above the top of the microwave cavity.

Apparent order parameters and isotropic '“N-hy-
perfine coupling constants were calculated, respec-
tively, according to:

S = (A4,= A1) /[A=z=1/2(Asx + Ayy)d o /ao (1)

ay’ = (1/3)(4, +24.) 2)

where A, is Amax, half of the outer hyperfine splitting,
and A4, is obtained from A,;,, which is half of the
inner hyperfine splitting according to [8,9]:

A1 (G) = Amin(G) 4 0.85 (5°7<0.45)
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A1 (G) = Apin(G) + 1.32 + 1.86log(1—5°T)

(§°1>0.45) (3)

Ay, Ay, and A.. are the principal values of the hy-
perfine tensor in the nitroxide frame of axes, ob-
tained from measurements in a single crystal environ-
ment [10], and:

ay’ = (1/3)(Axx + Ay + 422 (4)

is the isotropic hyperfine coupling constant in the
single crystal. To minimise slow-motional effects, val-
ues of agff (Eq. 2) were obtained from their constant,
plateau region at higher temperatures. For spin la-
bels exhibiting isotropic spectra (e.g. 16-PCSL), val-
ues of aT were obtained from the baseline crossing
points of the first-derivative spectra.

Motions of spin-labelled lipid chains in bilayer
membranes are known to contain components in
the slow regime of conventional nitroxide EPR spec-
troscopy [11]. Order parameters defined by the mo-
tional narrowing formulation given above are there-
fore effective values that depend on motional rates as
well as amplitudes, at lower temperatures in the fluid
phase. Nevertheless, they may be used empirically to
compare different spin labels in the same host mem-
brane (see e.g. [3.,4]).

3. Results

The EPR spectra of sphingomyelins spin-labelled
at different positions in the N-acyl chain have been
compared with those of corresponding phosphatidyl-
cholines spin-labelled in the sn-2 acyl chain. Bilayers
of DMPC were used as the host membrane, in the
fluid liquid-crystalline phase and also in the ordered
gel phase. Both the lipid chain rotational dynamics
and the membrane environment of the spin label
were probed. This was done by comparing the '*N-
hyperfine anisotropy and spectral line splittings of
the spin labels that are determined by the segmental
chain mobility, and also by comparing the isotropic
4N-hyperfine coupling constants that are sensitive to
the environmental polarity in the immediate vicinity
of the spin label group (see e.g. [9]).

3.1. EPR spectra of spin-labelled chains

Different positional isomers, n, of sphingomyelin
spin-labelled in the N-acyl chain (i.e. n-SMSL) were
investigated in bilayer membranes of DMPC. The
EPR spectra of the different n-SMSL spin labels
are compared in Fig. 1 with those of the correspond-
ing positional isomers of phosphatidylcholine, n-
PCSL, spin-labelled in the sn-2 chain. These spectra
were recorded at a sample temperature of 32°C, for
which hydrated DMPC bilayers are in the fluid
phase. The spectra of the sphingomyelin spin labels
are qualitatively similar to those of the correspond-
ing phosphatidylcholine spin labels. Both n-SMSL

a) 5-SMSL
b) 5-PCSL
c) 9-SMSL
d) 9-PCSL
e) / 13-SMSL
f) 13-PCSL
gl

h)

16-SMSL
/ \ 16-PCSL

Fig. 1. EPR spectra of n-SMSL sphingomyelin spin labels
(upper of each pair) and n-PCSL phosphatidylcholine spin la-
bels (lower of each pair) in DMPC bilayers at 32°C. The spin
label position, n, is indicated on the figure. Total scan
width =100 G.
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Fig. 2. Temperature dependence of the EPR spectra of the
5-SMSL sphingomyelin spin label in DMPC bilayers. Total
scan width =100 G.

and n-PCSL spin labels display axially anisotropic
spectra, for which the '“N-hyperfine anisotropy and
linewidths decrease with increasing labelling position,
n, down the lipid chain. This progression corre-
sponds to the chain flexibility profile that is a char-
acteristic feature of fluid, liquid-crystalline lipid
membranes. The spectra for a given position of label-
ling do differ quantitatively, however, between the
sphingolipid and glycerolipid chains. This may be
attributed to the different backbone linkage of the
two types of acyl chains, and possibly also to a re-
sultant offset in vertical register of the sphingomyelin
and phosphatidylcholine chains.

3.2. Thermotropic behaviour
The temperature dependence of the EPR spectra

of the 5-SMSL sphingomyelin spin label positional
isomer in DMPC membranes is given in Fig. 2. The

EPR spectrum at low temperature, 4°C in the gel
phase, approaches that of a rigidly immobilised pow-
der pattern, on the conventional nitroxide spin-label
time scale. Any residual rotational motion of the
chain at this position occurs well into the slow-mo-
tional regime (rotational correlation times, 7 =~ 1073
s). The lack of any appreciable broadening of the
spectrum from mutual spin-spin interactions be-
tween spin labels indicates, however, that in the gel
phase the sphingomyelin component is well mixed
with the host phosphatidylcholine membrane lipids,
at the spin-label probe concentrations used. With
increasing temperature, the spectral lineshapes
change slowly in the direction of increasing mobility,
in the slow motion regime that applies in the gel
phase. At the gel-to-fluid phase transition of the
DMPC membranes (ca. 22°C), the spectra change
abruptly to those characteristic of a fluid, axially
anisotropic, liquid-crystalline phase (cf. Fig. 1).
Above this point, the spectral anisotropy decreases
gradually with an increase in temperature, corre-
sponding to the gradually increasing chain rotational
flexibility.

The temperature dependence of the outer, maxi-

34 1 " 1 1 1 n 1 " 1 " 1 n 1 " 1
2] —=—58MSL |
—o—5-PCSL
—e—9-SMSL
30 —o0—9-PCSL
1 —a—13-SMSL
28 1 —~—13-PCSL [
26 -
24 - -

22

A« (gauss)

20
184

16

“wte -

T (°C)
Fig. 3. Temperature dependence of the maximum outer hyper-
fine splitting, Amax, of the n-SMSL sphingomyelin spin labels
and the n-PCSL phosphatidylcholine spin labels in DMPC bi-
layers.
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mum “N-hyperfine splitting, 24, is given in Fig. 3
for three different positional isomers of both the
sphingomyelin spin label, n-SMSL, and the phospha-
tidylcholine spin label, n-PCSL. For spin labels at the
5-position, the outer hyperfine splitting constant is
close to its maximum, rigid-limit value: A =32.5
G at 0°C. The outer hyperfine splittings of 5-SMSL
and 5-PCSL decrease by a limited amount over the
range 10-15°C, corresponding to the pretransition of
DMPC bilayers. Then they decrease abruptly, to a
much larger extent, at 22°C, corresponding to the
chain-melting transition of DMPC bilayers. All three
positional isomers display a large decrease in Ay at
the chain-melting transition, but the spin labels at the
9- and 13-positions display a steeper temperature de-
pendence in the gel phase than do the 5-position spin
labels. The spin-labelled sphingomyelin, 5-SMSL,
has a somewhat greater value of Ay, than that of
the corresponding 5-PCSL phosphatidylcholine spin
label, in the gel phase. For spin labels further down
the chain, at the 9- or 13-positions, the difference in
splitting between the sphingomyelin and phosphati-
dylcholine spin labels in gel phase DMPC is much
smaller than for those at the 5-position. In fact, the
splitting for 13-SMSL is even slightly less than that
for 13-PCSL, at low temperature in the gel phase. In
fluid DMPC bilayers, however, the values of A, for
the sphingomyelin spin labels, n-SMSL, are consis-
tently higher than those for the n-PCSL phosphati-
dylcholine spin labels, at all temperatures studied
throughout the fluid phase (cf. Fig. 1).

3.3. Chain flexibility gradient

To compare the behaviour of the sphingomyelin
spin labels and phosphatidylcholine spin labels
more quantitatively in the fluid phase, the effective
chain order parameters, ST, and effective isotropic
14N-hyperfine coupling constants, ¢S, have been de-
termined as described in Section 2. The positional
dependence of the effective order parameters of the
n-PCSL spin labels in DMPC bilayers at 30°C is
given in Fig. 4. Corresponding values from the n-
SMSL sphingomyelin spin labels are indicated by
the horizontal bars on the same figure. These effec-
tive values were calculated according to Eqgs. 1-4.
The effective order parameters of the n-PCSL spin
labels decrease monotonically with the position, n,

08 | | 1 | 1 1 1 1
5 074 L
- — 5-SMSL
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spin label position,n
Fig. 4. Profile with chain position, n, of the effective order pa-
rameter of the n-PCSL phosphatidylcholine spin labels in
DMPC bilayers at 30°C (O). The effective order parameters,
Setr, of the n-SMSL sphingomyelin spin labels in DMPC at
30°C are indicated by the horizontal bars.

down the sn-2 chain, towards the terminal methyl
group. This profile of chain flexibility is a general
characteristic of such spin labels in a fluid lamellar
phase [12], [13]. The value of S°f for 5-SMSL is
greater than that for any of the n-PCSL positional
isomers studied, at the same temperature. For 9-
SMSL, the value of S is close to, but somewhat
smaller than, that of 8-PCSL. The value of S for
13-SMSL is greater than that for 13-PCSL, but sub-
stantially smaller than that for 12-PCSL. That for
16-SMSL lies between the values for 14-PCSL and
16-PCSL, but the values for the n-PCSL labels are
relatively insensitive to #, in this region.

3.4. Environmental polarity

The positional dependence of the effective '*N-hy-
perfine coupling constants of the n-PCSL spin labels
in DMPC bilayer membranes is given in Fig. 5. Cor-
responding values for the n-SMSL spin labels are
given by the horizontal bars, in the same figure.
For the lower ranges of n, these values were obtained
from Eq. 2, in a temperature region for which & is
constant and hence slow-motional contributions to
the hyperfine splittings are negligible. For higher val-
ues of n (n=13-16), the values of agff were measured
from the baseline crossing points of isotropic spectra
at higher temperatures, again in a region where these
values are constant. The dependence of a on n dis-
plays the characteristic profile of decreasing polarity
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towards the centre of fluid lipid bilayer membranes
(see e.g. [5]). The values of aff, and hence of the
effective environmental polarity, remain approxi-
mately constant for n=4 to 6, at the polar head-
group end of the lipid chains. They then decrease
abruptly from n=7 to 10, to a constant low value
that is representative of the apolar middle region of
the bilayer membrane. The value of ¢ for 5-SMSL
is somewhat greater than that for any of the n-PCSL
labels in the region of intermediate polarity, close to
the polar—apolar interface. For 9-SMSL, the value of
agff is comparable to, but even somewhat larger than,
that for the 8-PCSL phosphatidylcholine spin label.
The value of agff for 13-SMSL is much lower, and is
characteristic of the low polarity region in the middle
of the bilayer membrane. That of 16-SMSL is only
slightly higher than for 13-SMSL, and is equal to a"
for the corresponding 16-PCSL phosphatidylcholine
spin label in the same host membrane.

4. Discussion

The characteristic EPR spectra of the n-SMSL
spin labels indicate that the spin-labelled sphingo-
myelin mixes well with the host phosphatidylcholine
lipids in both gel and fluid phases, at probe concen-
trations. This allows a direct comparison with the

15.2 1 1 1 | | | | 1 | 1 i Y] B
— 5-SMsL
15.0- _§_§‘§\§ L
— — 9-SMsL
g 1484 L
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16-SMSL — \ §
_ ~—~———— L
144 13-SMSL — { § 2 {
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IA 6 8 10 12 1% 16

spin label position ,n

Fig. 5. Profile with chain position, n, of the effective isotropic
hyperfine splitting constant, a", of the n-PCSL phosphatidyl-
choline spin labels in DMPC bilayers (O). The effective iso-
tropic splitting constants of the n-SMSL sphingomyelin spin la-
bels in DMPC are indicated by the horizontal bars.

corresponding n-PCSL phosphatidylcholines spin-la-
belled systematically in the sn-2 chain. The isotropic
hyperfine coupling constants, agff, depend only on
the polarity of the environment in which the spin
label group is situated. Measurements of aS' were
made at temperatures sufficiently high to ensure no
complications from slow-motional effects. From the
most sensitive region of the polarity profile (n=7,
10; see Fig. 5), it is found that the N-acyl chain of
spin-labelled sphingomyelin is approximately one
CH; segment out of register with the corresponding
sn-2 chain of spin-labelled phosphatidylcholine. The
direction of this displacement is such as to bring a
given segment of the sphingolipid N-acyl chain closer
to the membrane surface than the corresponding seg-
ment of the glycerolipid sn-2 acyl chain. Other posi-
tions of chain labelling, with the exception of a
slightly higher effective polarity for 5-SMSL, are con-
sistent with this interpretation (see Fig. 5).

The relative displacement of the sphingolipid N-
acyl chain and glycerolipid sn-2 chain is expected
to be reflected in the relative segmental flexibility
profiles of the two chains in the fluid phase (cf.
[3,4]). Examination of Fig. 4 shows this to be qual-
itatively the case. Quantitatively, however, the effec-
tive order parameter for 5-SMSL is considerably
greater than even that of 4-PCSL, which suggests
that the segmental mobility at this position of label-
ling is perturbed locally by the specific linkage of the
acyl chains in sphingolipids, viz. an amide bond,
rather than the ester bond of the sn-2 chains in glyc-
erolipids. Coupled with this, as already noted, the
environmental polarity of 5-SMSL is somewhat high-
er than found in the n-PCSL glycerolipid series.

In contrast, the segmental mobility near the termi-
nal methyl group of the n-SMSL N-acyl chain is
somewhat higher than might be expected for an up-
ward displacement of one methylene group, relative
to the n-PCSL phosphatidylcholines. This feature,
which is even more pronounced in the gel phase
than in the fluid phase, may be attributed to differ-
ences in intermolecular packing with the sphingosine
chain or sn-1 acyl chain, respectively, at the chain
ends. In the gel phase, the spectral anisotropy of
13-SMSL (i.e. the value of Ap.y) is actually some-
what smaller than that for 13-PCSL (Fig. 3), which is
opposite to the situation for 5-SMSL relative to 5-
PCSL.
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Fig. 6. Backbone conformation (sc/y/sc) in the crystal structures of glycerolipids and sphingolipids. Left: dilauroyl phosphatidyletha-
nolamine (DLPE); right: galactosyl N-hydroxystearoyl cerebroside (CER A, CER B). Adapted from [16] with permission.

This different behaviour of the sphingolipids and
glycerolipids with respect to their spin-labelled N-
acyl and sn-2 chains can be explained in terms of
the different conformational effects of the chain link-
ages that are revealed in the crystal structures of the
these two classes of lipids (see Fig. 6). Glycerolipids
are characterised by a sharp bend in the sn-2 chain at
the C-2 position that is preserved in the fluid lipid
bilayers, as is demonstrated by 2ZH-NMR studies [14].
Crystal structures are not available for sphingomye-
lin, but those of cerebrosides may be taken as repre-
sentative of the sphingolipid class (see Fig. 6). Ini-
tially, the sphingosine chain is oriented perpendicular
to the bilayer surface. The N-acyl chain is attached
by an amide link to this section of the sphingosine
such that equivalent sections are situated closer to
the membrane surface. It is this conformational fea-
ture, in addition to the inherent rigidity of the amide
unit, that determines much of the difference in dy-
namic behaviour registered by the n-SMSL and n-
PCSL spin labels. Furthermore, it is seen from Fig.
6 that the N-acyl chain of cerebroside extends be-
yond the end of the sphingosine chain, which is the
reverse of the situation for the sn-2 chain relative to
the sn-1 chain in the glycerolipids. This is reflected in
the EPR spectra of 13-SMSL, relative to 5-SMSL
and 5-PCSL, in the gel phase, as already discussed.
Higher segmental mobility is registered by 13-SMSL
relative to 13-PCSL because of the lack of intramo-
lecular chain overlap for the former.

In spite of the miscibility of the sphingomyelin
spin labels in a phosphatidylcholine host, at probe

concentrations, the above differences in chain confor-
mation, mobility and vertical location may contrib-
ute to self-association of sphingomyelin at bulk con-
centrations. Phase separation between different lipids
is driven by differences in their intermolecular inter-
actions [15]. The present studies on sphingolipids at
probe concentrations indicate a range of configura-
tional differences from the corresponding glycerolip-
ids. It is quite plausible that these rather pronounced
differences may contribute directly to the formation
of sphingolipid ‘rafts’ that have been proposed re-
cently as a vehicle for intracellular membrane sorting
and a variety of signalling processes [2]. A functional
corollary is that bulk membrane domains that are
highly enriched in sphingolipids will possess proper-
ties that are markedly different from those preferen-
tially enriched in glycerolipids.
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