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N-(Olco.~d)galactosylceramide with perdcuterated acyl chain was prepared by partial synthesis, and studied by wide line ZH-NMR 
in phospholipid liposomcs. Spectra were obtained for low glycolipid concentrations in bilayers of dimyristoyk-, distearoyl-, and 
l-palmitoyl-2-olcoylphosphatidyleholincs. In an attempt to isolate the effects of glycosphingolipid laity acid cis unsaturation on 
glycolipid behaviour in membranes, spectral findings related to the above species were compared to literature NMR data for 
pure I-palmitoyl-2-oleoylphosphatidylcholine bilayers in which the olcoyl chain of the phospholipid had been deuteralcd, and to 
analogously deuteratcd glycerol based lipids in Acholeplasma laidhtwii membranes. The results for N-(olcoyl-d3.0galactosyl- 
ccramide proved to be qualitatively and quantitatively very similar to published data dealing with glycerol based lipids at 
comparable temperatures, in addition, the results were strikingly similar for glyeolipids dispersed in saturated and unsaturated 
phospholipid host matrices. It would appear that the primary effects of cis 9,10 fatty acid unsaturation in glycosphingolipids (at 
low concentration in fluid phospholipid membranes) are the same as those of tatty acid cis unsaturation in glycerolipids. It 
further appears that the overall dynamic bchaviour of N-(olcoyl)galactosyleeramide in fluid phospholipid membranes is very 
similar to that of glyccrolipids with comparable acyl chains. 

Introduction 

Glycosphingolipids (GSLs), the carbohydrate bear- 
ing lipids found at outer surfaces of mammalian cells, 
are thought to serve as structural elements of the 
plasma membrane and as specific recognition sites that 
may participate in a wide range of processes [1,2]. 
Available data suggest that both functions of this lipid 
family can be strongly influenced by their arrangement 
and behaviour in the membrane [I-4].  That this should 
be true in the case of GSL contribution to membrane 
structure seems straightforward. The relationship to 
their role as receptors may be less so: sensitivity to 
arrangement and behaviour in glycolipid function as 
recognition sites has been rationalized on the basis that 
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their carbohydrate headgroups are in close, spatially 
restrictive, proximity to the membrane surface. The 
term, 'crypt(city', was coined to describe one aspect of 
this phenomenon [5]. 

GSLs possess a single fatty acid as part of their 
ceramide backbone, and the nature of this fatty acid is 
widely considered to be a major potential modulator of 
their characteristics in membranes. In particular, length 
of the glycolipid fatty acid and its degree of hydroxyl- 
at(on have been considered for their ability to alter 
membrane structural features and specific binding 
events via their influence on GSL arrangement and 
behaviour (e.g. Refs. 6 - I  1). However, as was recently 
pointed out by Reed and Shipley [12], although a great 
amount of work has been done on phospholipids with 
unsaturated fatty acids, very little is known about the 
effect of chain unsaturation on carbohydrate-bearing 
lipids. These workers compared the physical behaviour 
of  the pure  naturally occurr ing species, N- 
(oleoyl)galactosylceramide (N-(oleoyl)GalCer), in hy- 
drated form, with that of its 18-carbon saturated fatty 
acid analogue, N-(stearoyl)GalCer, by differential 
scanning calorimetry and X-ray diffraction. Both 



formed lipid bilayer structures over the temperature 
range examined. The derivative with saturated fatty 
acid displayed a main transition at 85°C from gel to 
liquid crystalline phase (see also Ref. 13). N- 
(Oleoyl)GalCer on the other hand, upon warming to 
44.8°C, underwent a transition to a fluid metastable 
phase which converted over a period of some 24 h to a 
new gel phase with main transition of 55.5°C. The 
observation that cis unsaturation at the 9,10 position 
leads to a lowering of the main transition temperature 
is analogous to the situation that is well known for 
phospho l ip id s :  I -palm i t oy l -2 - s t ea roy lphospha -  
tidylcholine has a main transition of 49°C, while its 
2-oleoyl analogue exhibits melting at - 3 ° C  [13,14]. 
Quantitatively GSLs show much higher main transition 
temperatures than do their phospholipid counterparts 
of similar acyl chain composition, less effect of fatty 
acid nature on the main transition, and greater effect 
of headgroup nature on the main transition [1,15]. 

Studies of pure lipid species are crucial to an under- 
standing of the behaviour of cell membranes. However, 
in most eases GSLs are minor membrane components, 
comprising as little as a few % of total plasma mem- 
brane lipid. Hence it has been pointed out that one 
must also consider systems of greater complexity, de- 
signed to mimic specific aspects of glycolipid-related 
phenomena relevant to cells [!,2]. In the present article 
we describe for the first time an examination by -'H- 
NMR of the behaviour of a GSL with an unsaturated 
fatty acid in phospholipid membranes. The sensitivity 
of deuterium wide line NMR to molecular dynamics 
and orientation in membranes, and the non-perturbing 
nature of the deuterium probe, make it a potentially 
very useful technique for addressing the question of 
lipid behaviour in membranes [ 16-18]. The major ques- 
tion addressed in this work was, how the presence of a 
cis double bond in a GSL fatty acid might be expected 
to influence the behaviour of this lipid family at low 
concentrations in phospholipid-rich membranes. The 
problem was approached by assembling N-(oleoyl-d3~)- 
GalCer into bilayers of several typical saturated and 
unsaturated phosphatidylcholines, and quantitatively 
comparing the resultant - 'H-NMR spectra to those of 
well characterised glycerolipid systems (particularly 
POPC) bearing deuterated oleic acid at the sn-2 posi- 
tion. 

Materials and Methods 

1,2-Dimyristoyl-, 1,2-distearoyl- and l-palmitoyl-2- 
oleoylphosphatidyleholines (DMPC, DSPC and POPC, 
respectively) were obtained from Avanti Polar Lipids, 
Birmingham, AL, and were used without further purifi- 
cation. Galaetosylceramide (GaICer) (Type I I from beef 
brain) was from the same commercial source. 
Perdeuterated oleic acid (Cambridge Isotope Labora- 

torics) was attached to GalCer in place of the natural 
fatty acid mixture to produce N-(oleoyl-d33)GalCer 
according to the partial synthetic route described ear- 
lier for the preparation and purification of probe la- 
belled simple glycosphingolipids [19]. Reactions and 
purification were followed b:. thin layer chromatog- 
raphy on Merck silica gel 60 plates, clutcd with 65 : 15 
(v/v) CHCI3/CH3OH, and developed with ninhydrin 
or sulphurie acid/ethanol spray. Organic solvents were 
reagent or spectral grade. 

Lipid samples were prepared for spectroscopy by 
dissoh,ing all components at the desired fln.'~l ratio in 
2:1 (by volume) CHCI3/CH ~OH and removing solvent 
by evaporation under a stream of nitrogen. They were 
then maintained under vacuum (rotary pump) for at 
least 3 h to remove traces of solvent. The resultant 
lipid films were successively hydrated with 150 ttl of 
deuterium depleted water (MSD Isotopes) and 
lyophilized three times, prior to final rehydration with 
deuterium depleted water (total volume 150-200 p.I). 
They were then subjected to eight freeze-thaw cycles 
during which the temperature was raised above the 
main transition of *.he lipid matrix involved, with vor- 
texing. 

2H-NMR spectra in Figs. 5 and 3A were acquired at 
30.7 MHz on a "home-built" spectrometer. Spectra were 
recorded using a quadrupolar pulse sequence [20] with 
full phase cycling and quadrature detection [21]. Mo- 
ment analysis was performed on an lntel Series I! 
microcomputer development system which was inter- 
faced to a slave microcomputer used for data acquisi- 
tion. All other 2 H-NMR spectra were acquired at 55.26 
MHz on a 'home-built '  spectrometer, and were 
recorded using the quadrupolar echo sequence [20] 
with full phase cycling and quadrature detection [18,22]. 
The 90 ° pulse lengths were !.9 p s  and the separation 
between the two pulses in the quadrupolar echo was 30 
p.s. The time domain quadrupolar echo signal was 
filtered and symmetrized about the top of the echo 
using a procedure described elsewhere [18,22a]. Spec- 
tral simulations and moment analyses were performed 
on a ttVAX !1 computer interfaced to a 'home-built" 
data acquisition computer. 

Results and Discussion 

2H-NMR spectra of pure N-(oleoyl-d.~3)GalCer in 
hydrated form at 15°C and 52°C are shown in Fig. I. 
2H-NMR spectra are strongly influenced by factors 
that include orientation of the labelled molecules and 
the nature of their reorientation with time [16-18]. 
Anisotropic molecular motion typical of lipids within a 
fluid membrane leads to incomplete averaging of 
quadrupolar interactions, resulting in spectra charac- 
terised by residual splittings (quadrupolc couplings), 
Au o,  of spectral lines. The quadrupole coupling for the 



90 ° orientation of the molecular axis of rotation with 
respect to the magnetic field is directly related to the 
C-+-H bond order parameter, Sop, by: 

~z, o = (3/4)(e2qQ / h ).~i(.i) 

where ( e ' - q Q / h )  is the quadrupolar cou:~ling constant 
(170 kHz for the aliphatic C-'H2 residue [16]). Thus 
S e t  ~ provides a measure of time averaged angular 
fluctuations of the C-2H bond with respect to the 
director axis of motion (generally perpendicular to the 
plane of the bilayer for membrane lipids). Since the 
fatty acyl chain of N-(oleoyl)GalCer was perdeuterated 
in the experiments described here (inset to Fig. 1 ), the 
spectra derived are superpositions of spectra from 
deuterons attached to each of the fatty acid chain 
carbons. 

The spectra in Fig. 1 are consistent with a recent 
report on the phase behaviour of pure hydrated N- 
(oleoyl)GalCer as examined by DSC and X-ray diffrac- 
tion [!]]. A transition was recorded from gel to 
metastable liquid crystal phase at 44.8°C: cycling the 
sample temperature between 49°C and 0°C over a 
period of 24 h led to the appearance of a new gel 
phase with a main transition temperature of 55.5°C. 
Throughout the temperature range studied, the struc- 
tures formed were reported to be lamellar. The ap- 
pearance of the 15°C spectrum is typical of deuterated 
lipids in the gel phase. A first moment, Ml, of 125.10 "a 
s - t  was calculateo, which is indicative of very slow 
molecular reorientation on the NMR timescale (M~ is 
obtained as a weighted average of spectral splittings, 
and, as such, is directly related to the degree of probe 
motional order [20-22]). The 52°C spectrum was subse- 

quently obtained within 5 h of raising the sample 
temperature .  It displays a number  of  sharp 
quadrupole-split peaks characteristic of deuterated 
lipids undergoing rapid axially symmetric motion in 
fluid bilayers. The fir~.t moment at this higher tempera- 
turc was 34.5.10 ~ s - i ,  consistent with much greater 
motional freedom oi the GSL acyl chain. The unsplit 
central peak is prominent, and wou!d be adequately 
accounted for by the presence of a population of highly 
curved liposomes (diameter some I(H] nm) that permit 
rapid rcorientation of glycolipid molecules relative to 
the spectrometer magnetic field, via lateral diffusion 
within the membrane and via tumbling of the entire 
liposome (with resultant collapse of quadrupole split- 
tings) [9]. Indeed it is known that pure GalCer forms 
structures in the size range 100-500 nm, which would 
be consistent with such an observation [9,23]. The 
spectrum of the same sample raised to 65°C shows 
collapse of essentially all resolved quadrupolar cou- 
plings to result in a single intense peak with a first 
moment of 20.6.103 s -I. Neither this latter phe- 
nomenon, nor the relatively intense unsplit central 
resonance referred to above in the 52°C spectrum, 
were noted previously in studies of deut~rated oleic 
acid attached to the glycerolipid, !-palmitoyl-2- 
oleoylphosphatidylcholine (POPC) [24]. However, 
POPC forms liposomes much larger than 100 nm in 
diameter (Ref. 9 and our unpublished observation by 
freeze-fracture electron microscopy), and collapse of 
quadrupolar splittings for large liposomes is not ex- 
pected due to their greater radius of curvature and 
slow tumbling. 

Fig. 2 shows aH-NMR spectra of N-(olcoyl- 
d33)GalCer at 10 mol% in gel and liquid crystal host 
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Fig. I. 2H-NMR spectra of pure. hydrated N-(oleoyl-d33)galactosylceramide (GalCer) at 15°C, 52°C, and 65~C. The chemical structure or the 
probe-labelled glycolipid is shown as an inset. The sample comprised 5 ms (5,8 p.mol) of deuterated GSL and was run at 15°C, prior to warming 

to the higher temperatures with an equilibration time of 30 min. Note: ~,, = 55,26 MHz. 
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Fig. 2. 'H-NMR spectra of N-(oleoyl-d.~3)GaICer incorporated at I() 
molq. ~- into fully hydrated bilayers of the phospholipid, dimyristoyl- 
phosphalidylcholine (DMPC) at selected temperatures. Depakcd 
spectra are shown to the right for samples run at 3(}°C. 45°C, and 

65°C. Each sample contained 5 mg (5.8 p.mol) of deulerated GSL. 

bilayer matrices of DMPC (the main transition temper- 
ature of pure DMPC is 23°C, with a pretransition at 
10-14°C [25,26]). At 9°C the spectrum is typical of 
deuteratcd lipids in gel phase bilayers [18]. Upon 
warming the sample to 19°C the spectrum shows some 
evidence of glycolipid axial motion, but retains features 
of gel phase spectra. The measured first moments were 
84.4- 103 s - I  and 60.0.103 s - I ,  respectively. Spectra 
run at 30°C (Fig. 2) show no features suggestive of the 
presence of significant gel phase, in spite of the fact 
that the temperature involved is well below the pure 
glycolipid main transition. This indicates that under 
such conditions N-(oleoyl)GalCer is dispersed into the 
fluid host matrix. A phase diagram has not been pub- 
lished for DMPC/GaICer;  however, in our previous 
experiments involving low concentrations of deu- 
terium-labelled and spin-labelled GaICer with satu- 
rated fatty acids in DMPC, apparent dispersion oi the 
glycolipid into a fluid host matrix was also found at 

30°C [11,27]. Skarjune and OIdfield first remarked on 
this resuI: Jr 17% glucosylceramide in DMPC [28]. 
ZH-NMR spectra of 10 mol% N-(oleoyl-d33)GalCer in 
DMPC at 45°C and 65°C are included in Fig. 2, with 
their depaked counterparts. 

The 30°C, 45°C, and 65°C spectra in Fig. 2 are 
superpositions of powder spectra having lineshapes 
characteristic of rapid axially symmetric motion in fluid 
bilayers. First moments at these temperatures above 
the host matrix main transition were reduced to 40.3. 
l03, 35.2- l03 and 32.1 • 103 s -I ,  respectively. The exis- 
tence of features that are potentially assignable to 
specific fatty acid methylene groups is most obvious in 
the depaked spectra, as individually resolved pairs (and 
overlapping pairs) of  peaks related to specific deuter- 
ated carbon atoms (and groups of carbon atoms). GSLs 
with unsaturated deuterated fatty acid chains have not 
been previously reported, hence prior assignments of 
their spectra do not exist. However, extensive wide line 
2H-NMR investigations have been made of bilayer 
membranes containing glycerol based lipids with selec- 
tively deuterated oleic acid chains. This previous work 
comes from studies of three systems: unsonicated bilay- 
ers of pure POPC bearing deuterated oleic acid at the 
sn-2 position [24,29]; Escherichia colt membranes with 
biosynthetically incorporated deuterated oleic acid [301; 
and Acholeplasma laidlawii membranes with biosyn- 
thetically incorporated deuterated oleic acid [31]. The 
striking observation was made by these workers that 
the 2H quadrupolar splittings for deuterated oleic acid 
which had been incorporated into Acholeplasma laid- 
lawii (predominantly as simple neutral glycosyl diacyl- 
glycerols with some phosphoglycerides) and into Es- 
cherichia colt (predominantly as phosphatidylglycerol 
and phosphatidylethanolamine), corresponded very 
closely to those seen by Seelig's group [24,29] for 
deuterated oleic acid attached to the glycerol backbone 
of POPC in single-component (fluid) liposomes. The 
only exception was in the C 2 methylene group (i.e. at 
the membrane surface). 

Given the uniformity of published data for selec- 
tively deuterated oleic acid attached in sn-2 linkage to 
glycerolipids, it is possible to use the spectral Av o 
values from published experiments with POPC [24,29], 
supplemented with data for Acholeplasma laidlawii, 
which is more encyclopedic, (Table !) to generate a 
computer simulated spectrum for perdeuterated oleic 
acid attached in sn-2 linkage to a glycerol backbone in 
the above membranes at 25-27°C. The result is pre- 
sented in Fig. 3A, with the experimental 30°C spectrum 
for 10 mol% N-(oleoyl-d33)GalCer in DMPC for com- 
parison (3B). Figs. 3A and 3B are virtually identical. 
This observation is instructive since 2H-NMR spectra 
are very sensitive to subtleties of orientation and dy- 
namics of the molecules to which they are attached. 
Also shown is the spectrum of the saturated fatty acid 



TABLE I 

Literature 2H-NMR spectral data for deutt, rated oleie acid attached at 
the sn-2 position of glycerol based lipids in fluid membranes, tabulated 
for comparison with exoerimenml dam from samples of N-(oleoyl- 
d.L~)GalCer in carioos j.aid pbosphatidylcholine bilayers 

Quadrupole splittings for pure POPC, and for Acholeplasma laid- 
lawii were taken from Refs. 24, 29 and 31, respectively. Literature 
data are presented as a function of 2H location along the fatty acid 
chain ('Carbon No.') with the corresponding value of Av o (values for 
carbons No. 13 and No. 15 were interpolated by drawing a smooth 
curve through Acbolep;asma data points [31]). Experimental data are 
presented as a function of resolvable quadrupolar splitting, AVQ 
from high to low. with the corresponding suggested 2H location(s) 
assigned by comparison with the simulated spectrum, Fig. 3A, 

Literature Av o values (kHz) for 2H in the oleate chain 

Carbon No. A. laidlawii (25°0 POPC (27°(:) 

2 20.0 10.8 
25.5 16.4 

3 23.8 
,1 24.0 
5 25.8 
6 22.0 
7 22.0 
8 15.6 15.6 
9 14.8 13.4 

l0 4.3 2.5 
I 1 7.8 6.2 
12 13.5 13.0 
13 13.3 
14 13.0 
15 12.0 
16 I 1.0 
17 8.0 
18 3.0 

Experimental A~Q values (kHz) for 2H in the oleate chain 
on GalCer 

Carbon DMPC POPC DMPC DSPC 
No. (30°(:) (27°C) (65°0 (65°(2) 

5 31.6 28.8 27.0 (?) 27.3 
3 &4 27,2 26.4 22.6 23.4 
6&7 23.2 22.6 18.8 19.9 
8&2 (?) 15.8 15.0 12.7 
2 (?), 9,12, 12.9 
12,13,14 14.0 13.2 8.7 
15,16 
17 9.6 9.4 9.3 
11 7.2 7.4 7.0 
18&10 3.2 3.0 1.8 3.1 

GSL,  N-(s tuaroyl-d3s)GalCer  a t  30°C in the  same  host 
matr ix (Fig. 3C). 

Peak  ass ignments  a re  i l lustrated in the  s imulated 
spec t rum 3 A  based  on  the  publ ished da ta  (for  deu te r -  
a ted  oleic acyl cha ins  a t t ached  in sn-2  l inkage to a 
glycerol backbone )  which  were  used  in gene ra t ing  it 
(Table I). Its close resemblance  to  3B permi t ted  likely 
ass ignment  o f  the  G a l C e r  spec t rum with little difficulty 

(Table l). At  45°C and  65°C (Fig. 2) N-(oleoyl- 
d x 0 G a l C e r  spect ra  display some quali tat ive a n d  quan-  
titative dif ferences  f rom the spec t rum at  30°C a n d  f rom 
the s imulated spec t rum in Fig. 3A - consis tent  with 
the  expecta t ion tha t  Z H - N M R  spec t ra  a re  sensitive to  
lipid dynamics:  tcmpcrature- i~tduced d isorder ing  o f  the 
fatty acyl cha in  has  occur red  accompanied  by changes  
in the relative peak  positions.  
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Fig. 3. Comparison of ZH-NMR spectra for deuterated oleic acid 
attached to a substituted glycerol vs. a glyeosyl sphingosine back- 
bone, in fl.;,l bilayer membranes. (A) Computer simulated spectrum 
for olek, acid-d~ attached in sn-2 linkage to glycerolipids (from 
literature data fur l-palmitoyl-2-oleoylpbosphatidylcholine at 27°C 
[24,29], and Acl~oleplasma laidlawii membrm:es at 25°C [31] - see 
caption to Table I and Fig. 4). (B) Experimentally derived spectra for 
N-(oleoyl-d33)GalCcr at I0 tool% in fluid DMPC at 30°(:. (C) Exper- 
imentally derived spectra for N-(stearoyl-d35)GalCer at 10 tool% in 
fluid DMPC at 300C. (D) Experimentally derived spectra for N- 
(oleoyl-d~3)GalCer at 5 tool% in fluid POPC at 300C. In each case 
the powder spectrum is shown on the left, and the dcpaked spectrum 
on the right. Arrows in (A) indicate accepted spectral assignments 
from the literature quoted, as listed in Table i. The single arrow in 
(B) and (D) indicates the position of  the sharp, unsplit central peak 

which is not expected to be present in the simulated spectrum, 
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Fig. 4. Plot of the order parameters, SCD, for dcuterated oleic acid 
attached in sn-2 linkage to glycerolipids, taken from the literature 
[24.29.31] used to produce Fig. 3A above ill). superimposed upon 
tenl;,:ive assignments based on correspondence for N4oleoyl- 
d.~0GalCer at 10 mole/. ~ in fluid DMPC at 30°C (+). Values for 
carbons No. 13 and No. 15 in the glyo'rolipid ph)l were interpolated 

by drawing a smt~)th curve through points on either side. 

Order parameters, SCD, corresponding to the unsat- 
urated glycerolipid spectral splittings used to generate 
Fig. 3A are shown plotted in Fig. 4. It is well known 
that for deuterated oleic acid attached to the sn-2 
position of a glycerol backbone, the shape of the SOD 
profile as a function of position in the fatty acid chain 
is very different from the classic pattern set;n ;or its 
saturated fatty acid analogue [16-18]. The major dis- 
tinction is that peaks associated with deuterons at C-9 
and C-10 (the double bond location) manifest much 
smaller quadrupolar splittings. This has been demon- 
strated to arise primarily from the fact that the double 
bond (with attached deuterons) makes an angle of 7-8 
degrees to the motional director (the bilayer normal) 
[29J. The double bond also exerts a measurable effect 
on methylene carbons immediately above and below it 
in the chain (i.e. C-8 and C-II, respectively), as evi- 
denced by their lower ScD values than those seen for 
saturated analogues. When the tentative peak assign- 
tner, ls for the 30°C spectrum obtained for 
N-(oleoyl-d33)-GalCer in DMPC are used to generate 
an analogous plot (Fig. 4), they suggest that very much 

the same phenomena operate in the case of this unsat- 
urated fatty acid GSL dispersed in a fluid phospha- 
tidylcholine matrix. 

The literature concerning NMR of lipids having 
deuterated unsaturated fatty acids deals with mem- 
branes composed almost entirely of glycerol based 
species, and in which all, or a very large fraction, of the 
membrane lipids possessed unsaturated fatty acids - 
the simplest system reported being pure (deuterated) 
POPC [24,29-31]. A corresponding spectrum of N- 
(oleoyl-d33)GalCer in fluid POPC bilayers is presented 
in Fig. 3D. POPC mixtures with GaICer from beef 
brain have been reported to exhibit phase separation 
over a wide range of temperature and composition [13], 
presumably because of the great difference in their 
phase transition temperatures. Within this range there 
is a tendency for the glycosphingolipid to exist in rigid 
domains, in equilibrium with fluid regions enriched in 
POPC. For the spectrum in Fig. 3D, 5 mot% GalCer in 
POPC at 27°C was selected, since this corresponds to a 
point that lies substantially above the fluidus of thc 
published t~OPC/glycolipid phase diagram [13]. 
Freeze-etch electron microscopy of this sample at 27°C 
showed the liposomes to be multilamellar structures 
ranging about 1000 nm in diameter, and to possess 
membrane features known to be associated [32,33] with 
liquid crystal phase only. The spectral appearance is 
the same as that seen for N-(oleoyl-d33)GaICer in fluid 
bilayers of DMPC at a comparable temperature (3B). 

Fig. 5 illustrates wide line 2H-NMR spectra of N- 
(oleoyl-d3.0GalCer dispersed in hydrated bilayers of a 
longer chain saturated fatty acid phospholipid: the 
18-carbon species, distearoylphosphatidylcholine 
{DSPC). DSPC in bilayer form is known to exhibit a 
pretransition at 46-49°C and a main transition to the 
fluid phase at 54-55°C [25,26]. Spectra arc shown for 
10 mol% N-(o!coyl-d.~3)GalCer in DSPC bilayers at 
45°C, 52°C, and 65°C. The Imv-temperaturc spectra are 
similar to those already seen for this deuterated glycol- 
ipid in DMPC below the host matrix phase transition 

~1 -'~o -6o ao o -no so 3o k z kHz 
Fig. 5. 2H-NMR spectra for N-(oleoyl-d33)GalCer at 10 mnl~ in distearoylphnsphatidylcholine bilayers abnve and belnw the 540C phase 
trausition of the pure host matrix. The depaked spectrum is shown to the right fiw the liquid crystal phase sample. Each sample contained 5 mg 

(5.8 # tool) of dcuteratcd GSL. 



temperature (Fig. 2, 9°C and 19°C), exhibiting M I 
values of  61.8" 10 ~ and 46.9" 103 s - t  for 45°C and 
52°C, respectively. At 65°C in DSPC the spectral pat- 
tern seen is similar to that found in the DMPC matrix 
at 45°C and 65°C. The spectral first moment was calcu- 
lated to be 36,2- I0 "~ s - i .  

Given the sensitivity of 2H-NMR to probe orienta- 
tion and dynam!cs, it is interesting that the spectral 
appearance of the glycosphingolipid studied was the 
same in both saturated and unsaturated host matrices 
at comparable temperatures. 

Conclusions 

While it is accepted that the cell membrane is based 
on the lipid bilayer, detailed knowledge of the relative 
arrangement of constituent molecules does not exist 
for any fluid membrane of mixed lipids with major 
structural differences; and the area remains one of 
intensive research [34]. Even simple mixtures of lipids 
in bilayer form pose challenging probtems of analysis, 
and extrapolation fror~ single-component lipid bildyers 
forms a major basis of existing theories. Hence, in our  
present study the most telling answer to the question 
of, how exchanging a GSL saturated fatty acid for its 
cis unsaturated analogue affects glycolipid behaviour in 
a fluid phosphatidylcholin¢ bilayer matrix, is that, 
within the limitations of the probe, the result is nearly 
indistinguishable from the effect of the same change in 
a pure single component phosphatidylcholine and re- 
lated glycerolipids. Insertion of a cis double bond at 
the 9,10 position has been shown to strikingly alter the 
properties and 2H-NMR spectra of deuterated fatty 
acids attached at the sn-2 position of pure phospho- 
lipids in membranes. The alterations seen have been 
analyzed in detail [24,30,31] and are known to arise 
from the double bond making an angle of 7 -8  degrees 
to the bilayer normal, as well as from local disordering 
effects. The experiments described here, in which deu- 
terium probes were located within the fluid membrane, 
clearly demonstrate that the same mechanisms operate 
in the case of the (unsaturated) GSL. 

Earlier workers found that 2H-NMR spectra of oieic 
acid at the sn-2 position of glycerolipids in Escherichia 
coli and Acholeplasma laidlawii demonstrate striking 
similarities to those of  comparably deuterated lipid 
model membranes [30,31]. Such similarities between 
model and cell membranes might not occur for GSLs 
since potential for behavioural differences between 
GSLs and phospholipids has been suggested, based on 
the carbohydrate headgroup vs, zwitterionic phospho- 
lipid headgroup, and on the existence of GSL donor 
H-bonding groups, [1,2]. However, X-ray crystallo- 
graphic structures of phosphatidyleholine [35] and Gal- 
Cer [36] have shown the sn-2 fatty acid to be in the 
same conformation as the single fatty acid of the GSL. 

Also, as was the case in the present study, basic simi- 
larities have been noted previously in spectroscopic 
characteristics of phospholipids and GSLs in fluid 
membranes [!,27,28,37], Hence there is a basis for 
tentatively extrapolating our results with N-(olgoyl- 
d~)GalCer  to glycosphingolipids in more complex sys- 
tems. 
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