
Bioch#nica el Biophysica Acta. 1106 (1992) 85-93 85 
© 1992 Elsevier Science Publishers B.V. All rights reserved 0005-2736/92/$05.00 
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:H-NMR was employed to consider the art mgement of a glycosphingolipid, N-(lignoeeroyl-d4?)galactosylceramide, in bilayers of 
the mono-uusaturated phospholipid, bstearoyb2-oleoylphosphatidylcholine. The deuterated glycolipiO prepared by partial 
synthesis was incorporated at co,~centrations ranging from 5 mid% to 53 mol% into unsonlcate'l liposemcs, and its spectra were 
recorded from ~- 76°C to - i,~°C. First spectral moments were plotted as a function of temperature for each sample composition 
and, along with inspection of the spectra, were ~-mpioyed to infer a phase diagram describing glycolipid bchaviour in the 
unsaturated phospholipid host ma~'ix. It was possib!c to refine the result using 2H-lqMR difference sp,.'ctroscopy. Tile phase 
diagram obtained was indicative of perite:tic behaviour. At glycnlipid concentrations exceeding about 20 tool% tIler¢ was 
considerable tendency to glyco!ipid phase scpelration - as indicated by coexistence of fluid phospholipid-¢nric.hed and gel phase 
glycolipid-cnriched domains over a wide rang,: of temperatures, and by coexistence of distinct ordered phase domains at lower 
temperature, lu contrast, al lower g!yco!ipid c,'mceatrations reflective of many biological membranes, the lipid components were 
ntiscible in both the liquid crystal and gel pha: us, wi:h only a narrow temperature range of fluid and ordered phase coe~iqtence. 
For tile fluid phase at low glycolipid concen.'rattons, ~peetra of the 0euterated glycolipid 24-carbon fatty acid suggest that 
or!.'ntattonal order is low for a number of methyler~.e groups near the methyl end of the chain. 

Introduction 

Glycosphingolipids (GSLs) are the carbohydrate- 
bearing lipids of higher animal cells. They are known 
to be involved as recognition sites and structural ele- 
ments of  the plasma membrane. It has been obse~ed 
that physical arrangement and motional characteristics 
of GSL~ in mL~.mbranes modulate their phenotypic ex- 
pression as recognition sites, in addition to being deter- 
minants of their structural impact at the membra,~e 
surface [I-.4]. Of particular value in understanding the 
forces that might underlie such phenomena have beea 
experiments with pure GSI.s, which lend themselves to 
detailed interpretation [1,5]. However scientists work- 

Abbreviations: GSL, glycosphiagolipid; SOPC, I-st'.aroyl-2. 
oleoylphosphatidylchollne; GalCer, Gal~l .-* lceramide; DIPC, (!i- 
palmitoylphospha~'idylcholine. 

Corresp~mdcnce: M.R. Morrow, Department of Physics, Memoria! 
University of Newfi~undland, S~. John's, Newfoundland, C~nada AIB 
3X7 and C.W.M. Grant, Department of Biochemist~, University of 
Western Ontario, London, Ontario, Canada N6A 5CI. 

ing with these systems have indicated that it is crt~¢tal 
to also investigate mixtures of glycolipids with other 
membrane components, ,n spite of the resultant much 
greater difficulties of  interpretation. One instructive 
approach to dealing with this concern has been exami- 
nation of the phase behaviour [6] of glycolipids in 
phospholipid membranes, since such experiments can 
be correlated with molecular arrangement and dynam- 
ics [1,3,4]. 

Amongst the earliest work on GSL phase behaviour 
in phospholipid host matrices was a DSC study by 
Bunow and Bunow of GM t and total blain gangliosides 
in mixtures with l-stearoyi-2-oleoylphosphatidylcholine 
(SOPC) [7]. These complex, charged glycolipids having 
natural fatty acid composition appeared to be miscible 
with SOPC w l t ~  they comprised less than 30 mol% of 
the lipid. Bach et al. recorded a calorimetric study of 
aatlv¢ GMI ia egg phosphatidylcholine that demon- 
strated complete miscibility [8]. Maggie et al. syst~tn,~ti- 
cally examined a series of  neutral and charged GSLs, 
having natural fatty acid composition, in bilaycrs of 
dipalmitoylphosphatidylcholine (DPPC) [9]. They ob- 
se.rved considerable dependence of their phase dis- 



grams on GSL characteristics such as charge and 
carbohydrate composition; bat in general the regions 
of low glycolipid concentration showed horizontal 
solidu.-: curves suggesting solid phase immiscibility. GSL 
fatty acid structure has been mentioned as a factor to 
consider in such studies [1,2]. it differs from that of 
phospholipids in that the common GSL fatty acids 
found within a given membrane are from 18 to 24 
carbons, vs. 16 to 18 for phospholipids. Furthermore, 
the 'typical' cell membrane phospholipid has a cis 
mona-unsaturated fatty acid at the glycerol 2-position: 
with the result that the phase t¢ansition temperature of 
such a lipid is some 40°C lower than that of DPPC 
(41.5°C) (GSLs generally have very high phase transi- 
tion temperatures, in the range 50-85°C [10].). Hence, 
it has been pointed ou |  tha~ one important extension of 
glycolipid studies is to GSL/~-,hosphatidylcholine mix- 
tures in which the g!ycolipid fatty acid is longer than 
that of the host matrix, and in which the host matrix 
lipids are not folly saturated [1,11]. 

DSC is sensitive to phase changes, which in turn arc 
determined by the molecular properties of the sample 
as a whole. In the present study we have considered 
the utility of -'H-NMR for following GSL phase be- 
haviour in a host matrix by employing a spectroscopic 
probe which was part of the glycolipid structure. This 
approach offers certain potential advantages in that 
CoSLs are often very minor membrane components: we 
were abic to study in detail the biologically important 
low GSL concentration region of the phas~ diagram b;' 
mo,'Atoring spectral shape as a function of tempera- 
ture. A technique of ~peetral subtraction was use~ 
which permitted additional refinement of phase 
boundaries [12--14]. We have focused on the glycolipid, 
N-(lignoceroyl)galactosylceramide (N-(lignoceroyl) 
GalCer), having hol~.ogeneous (24:(I) fatty acid compo- 
sition. As host matrix we selected SOPC, which has 
18-carbon fatty acids. The main transition tot SOPC 
occurs at 6~C [15]: it was chosen in preference to 
I-palmitoyl-2-oleoylpbosphatidyleholine (POPC) which 
undcrgoe,.: a main t~ansition at - 3"C, since the latter is 
in the range over which water freezes in liposome 
suspensions -- an event that may inflvence detection of 
simultaneous processes in suspended lipid. 

(3a!Ccr !s an i"a~crtant GSL which has been the 
subject of earlier" investigations, in particular, p~oper- 
ties of pure N-(lignoceroyl)GalCer ia fully hydrated 
form are knowtt from DSC and X-ray ,~!f~'ra.,'*ion work 
[16]. It displays a fluid/gel main transition at 82°C, end 
exhibits metastable polymerphism at lower tempera- 
tures [16]. A phase diagram has been derived for 
N-(palmitovl)Ga!Cer/DPPC [17], which is eharae- 
terised by solid phase immiscibility and a considerable 
temperature range of fluid/gel phase coexistence at 
GSL fractions greater than 0.2. The corresponding 
DSC-derived phase diagram fol N-(lignoceroyl) 

GalCe r /DPPC displayed solid phase immiscibility o~er 
the e~aile composition range [IS]. Phase diagrams for 
GalCcr with natural beef brain fatty acid composition 
have also been derived in DPPC [9] and in POPC [11] 
host matrices. In the former, the solidus was horizontal 
to a GSL real fraction of 0.4 and the fluidus close to 
horizontal to 0.3. In the !~tter, the phase diagram 
showed solid phase ~mmiscibility, and sfriking phase 
separa6on of eoexistklg fluid (phospholi0id-enriched) 
and rigid (glycolipid-enriched) domains over a wide 
range of temperature and composition, exte.nding to 
membranes with very Io~/glycolipid content. 

Materials and Methods 

l-Stearoyl-2-o!eoylphosohatidylcho]ine (SO~aC) and 
galaetosyleeramide (GalCer, from beef brain) were ob- 
tained from Avanti Polar Lipids. Birmingham, AI_- and 
were used without further purification. LysoGalCer 
(i.e. GalCer from which tile fatty acid had been re- 
moved) was produced from the above material by hy- 
drolysis in refluxing butano!ie KOH as has oc',n de- 
scribed previously [19,20]; ar,~cl was purified before use 
on a column of silieic acid I'Bio-Rad 200-400 mesh), 
during with a gradient of methanol in chloroform. 
Reactior~s were followed on Merck silica gel 60 thin- 
layer chromatography plates cluted with 65 :15  
CHCI3/CH3OH and q:leveloped with sulfuric acid/  
ethanol spray. N-(Ligno:cr:~yl-d47)GalCer was made by 
converting 31.0 :'lg (74.5 izmol) of perdeuterated ligno- 
eerie acid (Aldrich) to the acid chloride, and subse- 
quently combining this with 32.0 mg (67.1 /Linol) of 
lysoGalCer [21]. Purification was by silicic acid column 
chromatography eluting with a chlorof~rm/methanol 
gradient, as for the lyso compound - yield 55% (31.8 
mg (37.1)/~mol)) of deuterated GSL. GalCer with 24- 
carbon fatty acid co-migrated w!th the taster-~unning 
spot of native beef brain G a l ~ , .  

Mixtures of N-(lignoceroyl-d47)GaICer in SOPC 
were prepared with glycolipid cancer, t rations of 53 
real%, 35 real%, 24 reel%, 10 mol% and 5 real% 
13ecause of the limited amount of deuterium-labelled 
GalCer ~.vailable, it was necessary to reclaim each 
sample and use it in preparation of the nex',. The dry 
components were co-dissolved in ethanol which was 
then removed quickly by rotary evaporation at about 
60°C to prevent preferential precipitation of the less 
soluble component. The sample was then scraped into 
an 8 mm NMR tube. The first sample (53 mol%) 
contained roughly 15 mg of labelled lipid and had a 
total lipid mass of 23 me. This sample was ~ydrated in 
about 300 /.el of 50 mM phosphate buffer ~t pH 7.0. 
Following the series of NMR naeasurements, the hy- 
drated sample was recombined with the re,,idue in the 
original flask and the water removed by rotary evapo- 
ration from ethanol several times. Using the known 



sample composition, the amount of each lipid in the 
flask was calculated. The amount of SOPC needed to 
obtain the next desired composition was determined 
and added to the flask. The components were then 
redissolvcd in ethanol and the process repeated. For 
all samples fvllowing the first, the NMR samples wcle 
hydrated in distilled water to avoid increasing the 
buffer concentrm:ions. The samples with the three 
highest covcentrations each contained about 15 mg of 
labelled lipid. Because of volume limitations the ][0 and 
5 mol% NMR samples contained only 5,4 mg and 3.2 
mg, respectively, of the labelled lipid. 

-~H-NMR spectra were collected starting front 76°C 
for the samples containing 53 so l%,  35 s o l %  and 24 
s o l %  glycolipid, and from 70°C for the remaining 
samples. The high scarring temperature was chosen in 
order to facilitate equilibrium distribution of compo- 
nents in the bilayer. The small amounts of labelled 
lipid present required relatively long zollection times 
for each spectrum. In order to reduce the exposure of 
each sample to high temperatures, spectra were gener- 
ally collected a~ 3°C intervals. For the lowest two 
concentrations, sl~eetra were collected at 9°C intervals 
in the highest temperature range (more than 20°C from 
the expected liquidus), i°C intervals in the region of 
two phase coexistence, and 3°C intervals otherwise. 
GaICer and mixtures containing GalCer are known to 
exhibit hysteresis in theil thermal behaviour [16-18,22]. 
Fast cooling of N-(lignoceroyl)GaICer and its mixtures 
with DPPC from the liquid crystalline phase has been 
found to result in metastable gel phases [16,18]. For 
mixtures with phosphatidylcholine, fast cooiing might 
also limit lateral redistribution of bilayer components 
and further preven! the attainment of equilibrium. In 
the present work, sa~nples were equilibrated above the 
main transition temperature of each sample for at least 
an hour. Because of the averaging time necessary to 
collect each spectrum, subscqacut cooling occun'ed at 
a rste between 0.5 and 1 °C per hour: this is relatively 
slow compared to cooling rates employed in the previ- 
ously mentioned published studies. While it does not 
totally preclude the possibility of mctastable gel phase 
formation, this cooling protocol is expected to con- 
tribute to the maintenance of sample equilibrium as 
the temperature is lowered. 

ZH-NMR spectra were collected at 23.215 MHz 
using the quadrupole echo sequence [23]. The ~/2 
pulse length was between 2.1 t.ts and 2.3 ~s. Pul:~e 
separation in the echo sequence was 35 ~s. The signal- 
to-noise ratio of the free indretion decay was improved 
by oversampling by a factor of ,two, applying syn~- 
metrization and smoothing to even and odd point~: 
,ie0or~te~.,', and recombining the echoes in the manner 
dcscrrbcu ny Prossel ~t as. i~.4i, i:.tfective dJl~itizer dwc!l 
time was thus 4 ~s in the liquid crystalline phase and 2 
t;s for temperatures below the liquidus. For each spee- 
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trum, 12000 to 48000 transients were collected with a 
repetition time of 0.6 s. 2H-NMR :tifference spec- 
troscopy [12-14] was used to determine tie line end- 
points in selecte~ two phase regions of the phase 
diagram for the C uICer(d47)/SOPC mixture. 

Results and Disc,Jasion 

Fig. 1 shows :FZ.-NMR spectra for five sample com- 
positions from ~-53 s o l %  GSL at I°C, 10°C, 16°C, 
25°C, 40°C, and 7C:C. Spectra of long chain pcrdeuter- 
ated fa:ty aci~,~ in common chain length (i.e. shorter) 
phospholipid n'~atlices have not been repo:ted previ- 
ously; however certain inferences may be drawn by 
inspection bas~d upon experience with phospholipids 
and sphingo[ipids having 14-18 carbon deuterated fatty 
acids, in apprcJaching the analysis of GaICer behaviour 
in SOPC, we first examined the spectra under several 
limiting sets o:! cor, ditions - where o)~c form or another 
of the GSL (i.e. one molect, lar arrangement or an- 
other) might b,." e~pected to predominate. Thus all of 
the glycolipic s)3eetra above the liquidus ([br example 
at 70°C) display clear evidence of axia!ly symmetric 
molecular me:lot, as expected for a perdeuterated 
chain in a iioui:, r~stalline phase. However, they differ 
from the usual (shorter) ehain-perdeuter~ted pure liq- 
uid crystal sp,:etmm (which might be seen with a 
phosphatidylcholine [25-27] or GSL [28] in a mem- 
brane of homogeneous chain length), in that there is 
grea~er eoacenh'alion of intensity toward the centre of 
the spectrum, and the splitting associated with the 
methyl group at the end of the chain is barely resolved. 
This type of specttum has been reported recently for 
small concentrations of DSPC with perdeuterated fatty 
acids in undeuterated DMFC [14] ~ which is also a 
case of a longer labelled chain incorporated into a 
bilayer whose thickness is determined primarily by a 
shorter chain lipid, in the absence of a complete analy- 
sis, it seems reasonable to assume that the buildup of 
intensity near the centre is ,'~ssociated with GSL fatty 
acid methylene groups toward the metl~yi terminus. 
Given this assumption, since spectral splittings de- 
crease with decreasing orientational order, the appear- 
ance of the liquid crystal ,~peetra would suggest that the 
extra length of the 24-carbon glyeolipid chain manifests 
relatively low orientational order toward the methyl 
te.rlni~lus. 

T[ere appear to be two types of ordered phase 
spectra. The first i.q associated with small coneentra- 
lions +f N-(!ignoceroyl)GalCer in SOPC: an SOPC-rich 
phase which we shall refer to +s O~. it is seen in Fig. 1 
t,-r mole fraction 0.O~ , t  Ioc. "/'he -~PI-NMR spectrum 
of the Gj phase "differs from the usual gel phase 
sFeetrum c b:'cr,'c,l for shorter chai'~ ph,~.~pholiplds 
[2.5-271, in that there is l~rcater buildup of intensity 
near the centre of the spectrum. This implies that in 
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Fig. 1. Concentration dependence of 2H-NMR spectra for N-(lignoceroyl-d4./)GalCer in SOPC at the terlperaturcs indicated from I°C to 70~C. 
Curved arrows in the I°C and 70°C spectral groupings indicate features associated with the 24-carbon fatty acid terminal methyl referred to in 
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region edges. 

G I, the longer chain again appears to be accommo- 
dated with some disordering near the methyl end. 

The other ordered phase, which we have designated 
G2, appears to be nearly pure N-(lignoceroyl)GaICer. 
In spectra obtained from glycolipid/SOPC mixtures, it 
was always superimposed with either the liquid crys- 
talline spectrum or the G t spectrum. However, the (32 
spectrum could be obtained in isolation by using spec- 
tral subtraction as desctil.,ed below. The glycolipid 
studied has one long alkyl chain (the 24-carbon fatty 
acid), and a shorter chain provided by the sphingosine 
backbone that extends some 14 or 15 carbons from the 
membrane surface. Heacc, if G 2 is nearly pure glyco- 
lipid, it seems reasonable to suggest that the long chain 
can be readily accommodated by 'partial interdigita- 
tion', as has been described for pure single component 
mixed chain phospholipids and sphingolipids [15,16, 
29-33]. It displays some features characteristic of the 
rigid lattice spectrum [26] below 40°C. In particular, 
the prominent (methyl) feature with a width of about 

34 kHz can be seen in lower temperature spectra. It is 
this feature which can be used to distinguish G 1 and 
G 2 components in spectral analysis. 

In order to test the above suggestion that the (32 
spectrum represents a phase highly enriched in Gal- 
Cer, in a separate experiment spectra were collected 
for a small sample of pure N-(lignoceroyl-d4?)GalCer 
at a series of temperatures (Fig. 2A). Since the transi- 
tion temperature of the pure species is at the upper 
limit of the temperature range supported by our con- 
troller, this sample was equilibrated at its initial high- 
est temperature somewhat differently than the mixed 
samples which form the major body of this work (out- 
side the probe, see figure caption). Despite slow cool- 
ing, the pure hydrated lipid showed some indication of 
non-equilibrium behaviour. Although (non-deuterated) 
N-(lignoceroyl GaICer has a main transition tempera- 
ture of 82-85°C, at 75°(:: the sample displayed a liquid 
crystalline spectrum with evidence of significant disor- 
dering near the methyl terminus (Fig. 2A). This is 
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Fig. 2. Temperaiure dcp,:udence of :H-NMR spectra for: (A) pure N-tlignoceroyl-d4v)(3alCer in hydrated bilayer form, and (B) N-(lignoceroyl- 
d47)GaICer il~ $OPC at Blycolipid tool fraction x = 0.53. The pure GSL sample comprised 7 mg Jf lipid dispersed in an excess of buffer, frozen 
and then warmed to 90°C twice before being incubated at 90°C for I h. The sample temperature was then lowe=ed to 75°C in several steps over a 
6 h interval, following which it was transferred to the NMR probe which had been preheated to 75°C. Each spectrum in A is an average of 
between 12000 and 36000 transients collected with a repetition time of 0,6 s. Cooling of this sample from 75°C to 50°C proceeded at an effective 
rate of about 0.6 C°/b. Other experimental conditions were as described in Materials and Methods. Vertical arrows indicate =i: 17 kHz on the 

frequency axis. The curved arrow in (A) indicates the methyl feature referred to in the text. 

likely a result of the known slightly lower transition of 
perdeuterated lipids, and the supercooling phe- 
nomenon recorded by Reed and Shipley [16]. A very 
narrow (less than 5 kHz wide) central peak persisted 
along with the more ordered spectra at lower tempera- 
tures. The size of this feature was found to depend on 
the thermal history of the sample, suggesting that it 
reflects the presence of molecules in the sample which 
failed to attain their most ordered packing array as 
molecular motion was reduced through sample cooling. 
The spectra of the pure GSL in bilayer form are 
consistent with the description1 of the G 2 phase ~e- 
ferred to above. The shoulders at about +17 kHz in 
the lower temperature spectra are assigned to the fatty 
acid methyl group. Methyl deuterons constitute 6.5% 
of the label atoms in this glycolipid. Because of the 
longer Tz,: typical of methyl deuterons, they might bc 
expected to account for a somewhat higher proportion 
of the spectral intensity. In the 16°C spectrum the 
feature with shoulders at + 17 kHz accounts for about 
10% of the intensity. The much narrower feature on 
top of the methyl spectrum accounts for about 2% of 
the total intensity, which is too small to correspond to 
any of lhe expected resonances. This signal is thus 
likely to arise from a small fraction of the sample in a 
non-equilibrium state. 

All of the spectra observed can be identified as 
corresponding to oue of GI, (32, or fluid phase, or to a 

superposition of two of these. It should thus be possi- 
ble to construct a phase diagram, consistent with spec- 
tral data, involving these three phases. As will be 
discussed below, where two or more such spectra at a 
given temperature are superpesitions of the same spec- 
tral components, quantitative spectral differences can 
~e used to separate these components and to obtain 
the sample compositions corresponding to the bound- 
aries of the two phase coexistence region at that tem- 
perature. Preliminary estimations of the phase bound- 
ary locations can be obtained by inspection of the 
spectra and by examining the dependence of the first 
spectral moment on temperature and sample composi- 
tion. 

The first moment, MI, of a spectrum is obtained as 
a weighted average of the spliRings [26]. In the liquid 
crystalline phase, M t is directly proportional to the 
mean orientational order parameter for the chains, 

~cD = <(½)(3 cos~Oco- O> 

where OCD is the angle between the CD bond and the 
bilayer normal, and averages are taken over the mo- 
tions of each CD bond and over all of  the deuterons 
contributing to the spectrum [26]. Non-axially symmet- 
ric motion in the ordered phases complicates the inter- 
pretation of M t in these phases but it can still be 
assumed to increase with increasing orientational or- 
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der. Fig. 3 shows plots of Mj vs. temperature for the 
five samples studied. The liquidus temperature tor 
each sample can be men;.ified as the temperature at 
which M I departs from its i~early constant high tem- 
perature value. The approximate convergence of M i 
between 20°C and 30°C for the four samples with 
highest N-(lignoceroyl)GalCer concentrations, suggests 
the existence of a horizontal or nearly horizontal 
boundary in this temperature range. Low temperature 
values of M I for the four samples with the highest 
glyeolipid concentrations are very high and suggest 
nearly-rigid lattice spectral components. The fact that 
the lowest concentration sample displays a different 
behaviour suggests that it falls outside the temperature 
range in which one of the coexisting phases is very 
highly ordered with a nearly-rigid lattice spectrum. 

In order to proceed further in the analysis, it was 
necessary to identify individual spectral components in 
cases in which there were coexisting phases. Below the 
liquidus line this was complicated by the fact that the 
34 kHz width of the methyl feature in the G 2 spectrum 
is nearly the same as the separation of the liquid 
crystal 90 ° edges (prominent outer edges associated 
with plateau-region deuterons of alkyl chains in liquid 
crystal membranes oriented with their bilayer normals 
perpendicular to the magnetic field [25-27]). Some 
indication as to which feature is giving rise to intensity 
in this region of the spectrum can be obtained by 
observing its temperature and concentration depen- 
dence. The intensity of the liquid crystalline feature 
should decrease with decreasing temperature and with 
increasing glycolipid concentration. The behaviour of 
the ordered methyl feature should be just the opposite. 
This situation is illustrated in Fig. 2B which shows the 
temperature dependence of the spectra for x = 0.53 
between 55°C and 25°C. As will be demonstrated be- 

low, the spectra in this region should be superpositions 
of liquid crystal and G 2 spectra. At 55°C, the dominant 
feature between + 17 kHz is clearly liquid crystalline. 
As the temperature is lowered, the liquid crystal con- 
tribution to the spectrum decreases and the intensity of 
the ordered methyl feature, presumably, increases. At 
40°C, the prominent liquid crystal edges at + 17 kFlz 
have nearly been replaced by the triangular feature, of 
nearly the same width, associated with the ordered 
methyl group in the G 2 phase. The very narrow central 
peak seen in the liquid crystal spectrum remains visi- 
t)le. As the temperature is lowered further, the ordered 
methyl feature becomes increasingly prominent as it 
approaches its rigid lattice shape. This interpretation is 
consistent with the results of spectral subtraction pre- 
sented below. 

Having tentatively identified spectral components 
that characterise each of the three phases in coexisting 
mixtures, it is possible to address in more detail the 
features of the phase diagram. Based both on inspec- 
tion of the spectra and on the temperature dependence 
of M,, the liquidus curve can be taken to run from 
about 20°C at x = 0.05 to 65°C at x = 0.53. It can be 
presumed to meet the SOPC axis at the SOPC main 
transition temperature of 6-7°C and the GaICer axis at 
about 80°C. Below 4°C, the x = 0.05 spectrum appears 
to be Gj only, whereas the spectra for x = 11.24, x = 0.35 
and x = 0.53 appear to be superpositions of G I and 
G z. Between 4°C and 20°C, the interpretation is some- 
what more difficult. While the spectra for the three 
highest concentrations at 10°C and 16°C (Fig. 11, do 
show a narrow central component, the earlier discus- 
sion of Fig. 2B suggests that the feature with edges 
near + 17 kHz is due to methyl deuteron:; rather than 
to chains in the liquid crystalline phase. Presumably 
these spectra are superpositions of G I and G z spectra. 
The lower two concentratic,s at these temperatures 
(Fig. I) display a superposition of liquid crystal fea- 
tures with an ordered phase, which must be G I based 
on the above logic. These interpretations are consistent 
with a peritcctic phase diagram having a three phase 
line near 20°C and a peritectic point between x = 0.10 
and x = 0.24. 

Spectral subtraction can be used to test and refine 
the phase diagram. This approach has been used to 
provide very detailed determinations of phase bound- 
aries in some cases [12-14]. Within a region of two 
phase coexistence, on a phase diagram, spectra ob- 
tained at a given temperature for different sample 
compositions must be superpositions of a common pair 
of endpoint spectra corresponding to the intersection 
of the isothermal tie line with the boundary of the two 
phase region. The relative contributions of the two 
endpoint spectra are controlled by the lever rule. If the 
spectra are normalized and the endpoint spectra are 
identifiable, then, for a given temperature, it is possible 



to determine what fraction of a spectrum at one com- 
position must be subtracted from a second spectrum at 
a different composition in order to obtain one of the 
endpoint spectra. From the fraction which was used in 
the :pectral subtraction it is possiblc to determine the 
composition corresponding to the endpoint spectrum, 
and thus one point on the boundary of the coexistence 
region in the phase diagram. We will take the mole 
fractions of labelled lipid in the two measured (and 
normalized) spectra, S A and S a to be x A and x u, 
where X A  > X  u.  If S I = S A - K S  a is identified as onc 
end~oint spectrum, then the corresponding endpoint 
composition is given by 

X l =(I- K ) x A x e J ( x  u - Kt A) (I) 

If S 2 = St~ - K'S A is identified as the other endpoint 
spectrum, then that endpoint composition is given by 

X 2 =~ (i -- K ' ) X B X A / ( X  A -- K ' x  u) (2) 

These expressions ignore differences in transverse 
relaxation rates between the two phases and assume 
that the coexisting domains are sufficiently large that 
exchange of lipids between domains of differing phase 
can be ignored on the timescale of the quadrupole 
echo measurement. 

In the present experiments, the amount of labelled 
material available limited the number of concentra- 
lions which could be used and the signal which could 
be obtained with a given sample. A given endpoint can 
be determined most accurately if the two spectra used 
in the subtraction are both near that endpoint on the 
tie line and if both have sufficiently high signal to noise 
ratio to allow distinguishing features of the component 
spectra to be identified in the difference spectra. How- 
ever, the spectra available were sufficient to allow the 
coexisting endpoint spectra to be identified in different 
regions of the phase diagram and to confirm the pro- 
posed perttectic nature of the phase diagram. 

Fig. 4 illustrates subtractions in the liquid crystal-G, 
region of the phase diagram. The spectra, at 40°C, for 
x = 0.53 and x = 0.35 yield endpoint spectra corre- 
sponding to the G2 phase at x = 0.94 and to the liquid 
crystalline phase at x = 0.24. Using the same two com- 
positions, similar endpoint spectra are obtained at 34°C, 
37°C, 43°C and 46°C. The liquid crystal endpoint com- 
positions are consistent with those inferred from the 
inspection of plots of M t versus T. The G 2 endpoint 
compositions all fall betwecn x = 0.9 and x = 1.0. 

Fig. 5 illustrates subtractions at 13°C for spectra 
from the same two samples. The G 2 endpoint spectrum 
is not very different from the spectrum at x = 0.53. 
The other endpoint spectrum, corresponding to x = 
0.23, is, however, very similar to the G I spectrum 
identified tor x =0.05 at I°C. It is clear that there 

40°C 

B ~ ~,.,~..~. X-0, 35 

2 5 0  kHz 

Fig. 4. (A) Spectrum of N-(liguoeeroyl-d47)GalCer in SOPC for 
x = 0.53 at 40°C. (B) Spectrum of N-tlignoecroyl-d47)GalCer in SOPC 
for x = 0.35 lit 40°C. (C) Spectrum obtained by suhtracting 0 4(~ times 
spectrum B from spectplm A to yield a G~ phase spectrum corre- 
sponding to x = 0.94. (D) Spcc~,'um obtained by subtracting 0.59 
times spectrum A from spectrum d to yield a fluid phase spectrum 

corresponding to x = 0.24. 

exists a region of the phase diagram bounded by G I 
and G 2 and that the x = 0.53 and x = 0.35 spectra at 
13°C contain no liquid crystalline component. By per- 
forming subtractions using spectra for the same two 
compositions, similar endpoint spectra are obtained at 

13*C  

250 kHz 

Fig. 5. (A) Spectrum of N-lignoeeroyl-d47 GalCer in SOPC for 
x = (}.53 at 13°C. (B) Spectrum of N-lignoeeroyl-d47 GalCer in SOPC 
for x = 0,35 at 13°C. (C) Spectrum obtained by subtracting 0,45 times 
spectrum B from spectrum A to yield an ordered phase spectrum 
corresponding to x = 0.92. (D) Spectrum obtained by subtracting 06 
times spectrum A from spectrum B to yield a spectrum correspond- 
ing to x = 0.23. Spectrum D suggests less orientutiunal order near 
the methyl end of the chain than does spectrum C. Spectra C and D 
are assumed to bc characteristic of th~ proposed G~ and G I phases, 

respectively. 



!O°C, 7°C, 4°C and I°C. These suggest that the bound- 
ary between the G t and GI-G 2 regions of the phase 
diagram is nearl ' j  vertical and located near  x = 0.22. 
The G 2 boundary appears  to remain between x = 0.9 
and x = 1.0. 

Fig. 6 illustra*o,, subtractions outside of thc GI-G 2 
coexistence region at 13°C. The spectra are very noisy 
due to the very small amounts  of labelled lipid in the 
x = 0.10 and x = 0.05 samples, i t  is clear  however, that  
one component  is liquid crystalline and the other  or- 
dered.  While the poor  quality of the ordered cndpoint  
spectrum makes it impossible to distinguish between 
G t and G 2, the fact that  it corresponds to a mole 
fraction less than the lower endpoint  of the GI-G 2 
region at that  t empera ture  indicates that  the coexisting 
ordered phase must be G~. A subtraction at 16°C using 
the x = 0.05 and x = 0.1 spectra yield.~ ~!milar end- 
point spectra and compositions. 

The subtrac~.ions i l lustrated in Fi~;s. 5 and 6 indicate 
that  there must be regions of liquid crystal-G I and 
Gt-G 2 coexistence separated by a region of G~ alone. 
This information, combined with the type of subtrac- 
t ion i l lustrated in Fig. 5, implies a peritt:ctic phase 
beha,.'iour with a three phase coexistence line between 
about  15°C and 30°C. The phase di~.~gram consistent 
with all the data  presented above is shown in Fig. 7. 
The points shown as vertical error  bars represent  the 
onset  of two phase coexistence upon cooling each 

13°C 

2 5 0  kHz 

Fig, 6. (A) Spectrum of N-tlignoccroyl-d.~-/)GalCer in SOPC for 
x = 0.10 at 13°C. tB) Spectrum of N.(lignoccroyl.d47)GaICer in SOPC 
for x = 0.05 at 13°C (C) Spectrum obtained by subtracting 0.18 times 
spectrum B from spectrum A to yield an ordered phase spectrum 
corresponding to x = 0.13. The quality of this subtraction is not 
sufficient to distinguish between G I and G 2 but the calculated 
endpoint ,:omposition falls in the G I range determined by the 
subtraction shown in Fig. 5. (D) Spectrum obtained by subtracting 
0.45 times spectrum A from spectrum B to yield the fluid spectral 

component correslxmding to r = 0.04. 
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Fig. 7. Proposed phase diagram for N-(llgnoceroyl-d47)Ga[Cer in 
SOPC. Vertical error bars represent Imundary crossings determined 
by inspection of spectra and consideration of M I. Horizontal error 
ban are refinements obtained by selected spectral subtractions, 
Inspection of spectra below 16°C for x = 0.10 suggests that the 
vertical boundary between Gj and GI-G 2, obtained by s.r,eclral 
subtraction, should be displaced toward lower glycolipid concentra- 

tions than is shown here. 

sample as determined by inspection of the spectra and 
the behavio~lr of M, versus T. The horizontal error  
bars represent  the results of the subtractions described 
above. The error  in the endpoint  composit ion is subject 
to and based only on the range of K and K '  over 
which the resulting endpoint  spectrum is judged to be 
acceptable.  As no account is taken of the effect of 
uncertainty in sample compositions, the error  bars 
shown are an underest imate  of the true uncertainty. In 
general,  the sensitivity of the endpoiot  determinat ion 
to sample composition uncertainty increases rapidly as 
the separat ion between the sample and the endpoint  
compositions increases. The five samples  give liquidus 
temperatures  falling along a reasonably smooth curve, 
which would seem to confirm the quoted sample com- 
position,.  The location of the horizontal three phase 
line shown in Fig. 7 is an est imate based on the 
behaviour of the boundaries  of the G t region, and the 
approximate location of the peritectic point which must 
exist at  the convergence of those boundaries.  The data  
obtained are consistent with the presence of a three 
phase line anywhere between 20°C and 30°C, but  can- 
not Io,:alize it more precisely. 

The SOPC host matrix used in the present  work was 
selected to mimic fatty acid features of commonly-oc- 
curring phosphatidylcholines in cell membranes.  Previ- 
ously published phase diagrams (der |vea by DSC) for 
glycolipids in this phospholipid involved gangliosides 
from beef  brain, with natural  fatty acid mixture which 
is almost totally 18:0 [7]. The phase diagrams derived 



for beef brain gangliosides in SOPC are significantly 
similar to that determined here for the neutral GSL, 
GaICer, with 24:0 fatty acid: solid phase miscibility 
was observed below a ganglioside mole: fraction of 0.3, 
with a horizontal solidus at higher GSL concentrations 
and a wide range of fluid/gel phase coexistence. The 
DSC study by Curatolo of native beef brain GaICer 
(which is rich in fatty acid chain lengths from 18 to 24 
carbon atoms), in the similar phospholipid, POPC, 
described the appearance of solid phase immiscibility 
to even very low GSL concentrations, and a corre- 
spondingly wide range of fluid/gel phase coexistence 
[11]. Once again, peritectie behaviour was not de- 
scribed. Interestingly, the phase diagram determined in 
the present study of GalCer with 24:0 fatty acid in 
SOPC is reminiscent of that found by Shipley and 
co-workers for GaICer with 16:0 fatty acid in DPPC: 
the latter showed a horizontal solidus above GSL mole 
fraction 0.2, solid phase miscibility below this GSL 
concentration, and peritectic behaviom at GSL mole 
fractions in the range 0.2-0.3 [17]. A reported phase 
diagram for GalCer with 24:0 fatty acid in DPPC did 
not find evidence of peritectic behaviour, or solid phase 
miscibility at low GSL concentration [18]. 

Conclusions 

In spite of shortcomings associated with the pres- 
ence of limited quantities of deuterated glycolipid in 
our  samples, it was possible to identify the types of 
phases formed in mixtures of a common naturally-oc- 
curring glycosphingolipid and phospholipid in a ntem- 
brane, and to determine reasonably accurately loca- 
tions for the phase boundaries. The study was signifi- 
cantly aided by having a spectral probe covalently 
attached to the glycolipid, and by avoidance of interfer- 
ence from the ice /water  phase transition. The same 
2H-NMR approach promises to be useful for future 
work with glycolipids where sample quantity is limited 
and concentratiens in the bilayer are low. An interest- 
ing result of being able to examine in detail systems in 
which GalCer was at low concentration relative to 
other  membrane components,  was the observation that 
the phase behaviour of this glycolipid was importantly 
different at low vs high concentrations. Above 20 tool% 
GSL there was solid phase immiscibility of N-(ligno- 
eeroyi)GalCer, and a strikingly wide range of fluid-rigid 
phase separation. In contrast, for low GSL concentra- 
tions the glycolipid dispersed readily into both solid 
and fluid phases. Presumably this is a reflection of the 
fact that, at low GSL concentrations, entropie forces 
compete effectively with favourable enthalpie interac- 
tions amongst like lipids. A similar phenomenon may 
be seen in the phase diagram for brain gangliosides in 
SOPC [7]. Relative miscibility of glyeolipids at low 
concentrations in phospholipid based membranes may 
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well be a general expectation, with significance to cell 
tnembranes. 
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