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*H-NMR was cmploycd lu conmdrr Ih(. arr ofa hingolipid, N-(li 1-dy7)gal 1 ide, in bilayers of
the 1-stearoyl-2 idylcholine. The d d lipid prepared by partial
hesis was § dat ions ranging from 5 mol% to 53 mol% into unsonicated liposomes, and its spectra were

recorded irom +76°C to — 10°C. First spectral moments were plotted as a function of temperature for each sample composition
and, along with inspection of the spectra, were employed to infer a phase diagram describing glycolipid behaviour in the
unsaturated phosphohpxd host marvix. It was pumb'e to refine the resuh using zH -NMR difference spactroscopy. The phase

diagram obtained was indicative of peritestic bet At glycoli ding about 20 mol% there was
considcrable tendency to glycolipid phase ion - as indi d W it of fluid phospholipid-enriched and gel phase
glycolipid-cnriched domains over a wide rangv of and by it of dlslmcl ordered phase domains at lower

temperature. In contrast, at lower gly of many b the lipid were
miscible in both the liquid crystal and gcl pha:es, with only a narrow temperature range of fuid and ordercd phase voexistence.,
For tirc fluid phasc at low glycolipid concenirations, spectra of the deuterated glycolipid 24-carbon fatty acid suggest that
ori:ntational order is low for a number of methylere groups near the methyl end of the chain.

Introduction ing with these systems have indicated that it is cructal
to also g i of gl ipids with other
Glycosphingolipids (GSLs) are the carbohyd 1n spite of the resultant much
bearing lipids of higher animal cells. They are known greater difficulties of interp: One inst
to be involved as ition sites and s ! ele- pp h to dealing with this concern has been exami-
ments of the plasma membrane. lt has been obse’ved natlon ot‘ the pha‘e behaviour [6] of glycolipids in
that physical ar and istic: since such experiments can
of GSLs in memt dulate their ph pic ex- be correlated with molecular arrangement and dynam-
pression as recognition sites, in addition to being deter- ics [1,3,4
minants of their structural impact at the membrane Amongst the earliest work on GSL phase behaviour
surface [1--4], Of particular value in understanding the in phospholipid host ices was a DSC study by

forces that might underlic such phenomena have been Bunow and Bunow of GM, and total hlain ganghosndes
expenments with pure GSLs, which lend th lves to in mi. with 1

p! [1,5] F scientists work- (SOPC) [7]. These complex, charged giycolipids having

natural fatty acid composition appeared to be miscible

with SOPC whui they comprised less than 30 mol% of

Abbreviations: GSL, ipid; SOPC, 1-staroyl-2 the lipid. Bach et al. recorded a calorimetric study of
oleoylphosphatidylcholine; GalCer, GalBl — iceramide; DEPC, li- native GM, in cgg phosphatidyicholine that demon-
palmitoylphosphatidylcholire. strated complete miscibility [8). Maggio et al. systemzti-

§ - cally examined a serics of neutral and charged GSLs,
Correspandence: M.R. Morrow, Department of Physics, Memoria! having natural fatty acid composition, in bilaycrs of
University of .. John's, Canada AIB A Iy
3X7 and C.W.M. Grant, Department of Biochemistry, University of (DPPC) [9]. They ob-
Waestern Ontario, London, Ontario, Canada N6A 5C1. served considerable dependence of their phase dia-
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grams on GSL characteristics such as charge and
carbohydrate composition; but in general the regions
of low glycolipid concentration showed horizontal
solidus curves suggesting solid phase immiscibility. GSL
fatty acid structure has been mentioned as a factor to
consider in such studies {1,2}. 1t differs from that of
phospholipids in that the common GSL fatty acids
found within a given membranc are from 18 to 24
carbons, vs. 16 to 18 for phospholipids. Furthermore,
the ‘typical’ cell membrane phospholipid has a cis
niono-unsaturated fatty acid at the glycerol 2-position;

GalCer/DPPC displayed solid phase i ibility over
ilie ernive composition range (18], Phase diagrams for
GalCer 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 mol fraction of 0.4 and the fluidus close to
horizontal to 0.3. In the latter, the phase diagram
showed solid phase immiscibility, and striking phasc
separaiion of ing fluid (phospholiid-enriched)
and rigid (glycolipid-enriched) domains over a wide
range of temperature and composition, extending to

with the result that the phase teansition of

b with very lov/ glycolipid content.

such a lipid is some 40°C lower than that of DPFC
(41.5°C) (GSLs generally have very high phase transi-
tion temperatures, in the range 50-85°C {10].). Hence,
it has been pointed oui iliai onc important extension of
glycolipid studies is to GSL/phosphatidylcholine mix-
tures in which the glycolipid fatty acid is longer than
that of the host matrix, and in which the host matrix
lipids arc not fully saturated [1,i1].

DSC is sensitive to phase changes, which in turn are
determined by the molecular properties of the sample
as a wholc. In thc picsent 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 structurc. This
approach offers certain potential advantages in that
GSLs are often very minor membrane components: we
were abic to study in detail the biologically important
low GSL concentration region of the phase diagram by
mositoring spectral shape as a function of tempera-
ture. A technique of spectral subtraction was used
which permitted additional refinement of phase
boundaries [12-14]. We have focused on the glycolipid,
N-(lignoceroyl)galactosyiceramide  ( N-(lignoceroyl)
GaiCer), having hoincgeneous (24:0) fatty ucid compo-
sition. As host matrix we selected SOPC, which has
18-carbon fatty acids. The main transition for SCPC
occurs at 6°C {15]: it was chosen in preference to
1-palmi leoyl hatidylcholine (POPC) which
undergoes a miain tiansition at —3°C, since the 1atter is
in the range over which water freezes in liposome
suspensions -- an event that may influence detection of
simuitaneous processes in suspended lipid.

Geo!Cer is an impertant GSL which has been the
subject of earlier investigations. In particular, proper-

ties of pure N-(lignoceroyGalCer in fully hydrated .

form are known from DSC and X-ray +iffraction work
[16]. % dispiays a fiuid/gel main transition at 82°C, and
exhibits metastable polymorphism at lower tempera-
tures [16). A phasc diagram has been derived for
N- (palmltovl)Ga‘Cer/DPP(‘ [17] which is chanc-
terised by solid phase ibility and a

temperature range of fluid/gel phase coexistence at
GSL fractions greater than 0.2, The corresponding
DSC-derived phase diagram fo1  N-(lignoceroyl)

Materials and Methods

1-Stearoyl-Z-otcoylphosphatidylchoiine (SOPC) and
galactosylceramide (GalCer, from beef brair) were ob-
tained from Avanti Polar Lipids. Birminghan:, Al; and
were used withoue further purification. LysoGalCer
(i.e. GalCer from which the fatty acid had been re-
moved) was produced from the above material by hy-
drolysis in refluxing butanolic KOH as has bczn de-
scribed previously [19,20); and was purified before use
on a column of silicic acid (Bio-Rad 200-4U0 mesh),
eluting with a gradient of methanol in vhloroform.
Reactions were followed on Merck silica gel 60 thin-
fayer chromatography plates ciuted with 65:15
CHCl;/CH,;0H and developed with sulfuric acid/
ethanol spray. N-(Lignocerayl-d;iGalCer was made by
converting 31.0 mg (74.5 umol) of perdeuterated ligno-
ceric acid (Aldrich) to the acid chloride, and subse-
quently combining this with 32.0 mg (67.1 pinol) of
lysoGalCer [21]. Purification was by silicic acid column
chromatography eluting with a chloroform/ methanol
gradient, as for the lyso compound - yicid 55% (31.8
mg (37.0 wmol)) of deuterated GSL. GalCer with 24-
carbon fatty acid co-migrated with the faster-running
spet of native beef brain Galcu..

Mixtures of N- (llgnoceroyl dy;)GalCer in SOPY
were prepared with gl tions of 53
mol%, 35 mol%, 24 mot %, 10 mol% w«ud 5 moi%
Because of the limited amount of deuterium-labelled
GalCer wvailable, it was necessary to reclaim cach
sample and use it in preparation of the nex:. The dry

s were co-dissolved in ethanol which was
lhcn 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 mg. This sample was hvdrated in
about 300 u! of 50 mM phosphate buffer ot pH 7.0.
Following the series of NMR measurements, the hy-
drated sample was recombined with the residue in the
original flask and the water removed by rotary evapo-
ration from cthanol 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
redissolved in ethanol and the process repeated. For
all samiples fcltowing the first, the NMR sampies were
hydrated in distilled water to avoid increasing the

buffer ravions. The les with the three
highest cor.centrations each ined about 15 mg of
labelled lipid. B of volume limitations the 16 and

5 mol% NMR samples contained only 5.4 mg and 3.2
mg, respectively, of the labelled lipid.

2H-NMR spectra were collected starting from 76°C
for the samples containing 53 mol%, 35 mol% and 24
moi% glycolipid, and from 70°C for the remaining
samples. The high starting temnperature was chosen in
order to facilitate equilibrium distribution of compo-
nents in the bilayer. The small amounts of Inbelled
lipid present required relatively long collection times
for cach specirum. In order to reduce the exposure of
each sample to high temperatures, spectra wcre gener-
ally collected ai 3°C intervals, For the lowest two
concentrations, spectra were collected at 9°C intervals
in the highest (cmperature range (more than 20°C from
the expected liquidus), 1°C intervals in the region of
two phase coexistence, and 3°C intervals otherwise.
GalCer and mixturcs containing GalCer arc known to
exhibit hysteresis in their thermal behaviour [16-18,22),
Fast cooling of N-(lignoceroyl)GalCer and its mixtures
with DPPC from the liquid crystalline phase has been
found to result in metastable gel phases [16,18]. For
mixturcs with phosphatidylcholine, fast cooiing mighi
also limit lateral redistribution of bilayer components
and further prevent the attainment of equilibrium. In
the present work, samples were equilibrated above the
main transition temperature of each sample for at least
an hour. B of the averaging time y to
colicet cach spectrum, subscquent couling occurred ai
a rate between 0.5 and 1 °C per hour: this is relatively
slow compared to cooling rates employed in the previ-
ously mentioned published studics. While it does not
totally preclude the possibility of metastable gel phase
formation. this cooling protocul is expected to con-
tribute to the maintenance of sample equilibrinm as
the temperature is lowered.

2H-NMR spectra were collected at 23.215 MHz
using the quadrupole echo sequence [23]. The =/2
pulse length was between 2.1 us and 2.3 us. Fulie
separation in the ccho sequence was 35 ps. The signal-
to-noise ratio of the free indvction decay was improve
by oversampling by a factor of two, applying sym-
metrization and smoothing to even and odd points
aepetati.y, and recombining the echoes in the manner
descrrbed by Prosser et ai. {«3). Stfective digivizer dwe'l
time was thus 4 us in the liquid crystalline phase and 2
s for peratuares below the liquidus, For each spec-
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trum, 12000 to 48000 transients were collected with a
repetition time of 0.6 s. *H-NMR difference spec-
troscopy [12-14] was used to determiuc tie line end-
points in selectec: two phase regions of the phase
diagram for the CalCer(d,;)/SOPC mixture.

Resulis and Discussion

Fig. 1 shows ‘F-NMR spectra for five sample com-
positions from 3-53 mol% GSL at 1°C, 10°C, 16°C,
25°C, 40°C, and 7¢°C. Spectra of long chain perdeuter-
ated fatty acids in common chain length (i.e. shorter)
phospholipid matiices have not been reported previ-
ously; however. coertain inferences may be drawn by
inspection base¢ upon experience with phospholipids
and sphingolipids having 14-18 carbon deuterated fatty
acids. In approaching the aralysis of GalCer behaviour
in SOPC, we {irst examined the spectra under several
limiting scts o cor.ditions — where onc form or another
of the GSL (i.e. one molecvlar arrangement or an-
other) might bz expected to predominate. Thus all of
the glyeolipic spestra above the liquidus (for example
at 70°C) displuy clear cvidence of axia'ly symmetric
molecular modior, as cxpected for a perdeutcrated
chain in a liquid ccystalline phase. However, they differ
from the usual (shorter) chain-perdeuterated pure fig-
uid crystal spoctzum (which might be seen with a
phosphatidylcholine [25-27] or GSL [2%] in a mem-
brane of homogeseous chain length), in that there is
greaier coiiceniiation of intensity toward the centre of
the spectrum, and the splitting associated with the
mcthyl group at the end of the chain is barcly resolved.
This type of spectrum 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 coiplete analy-
sis, it seems reasonable to assume that the buildup of
intensity near the centre is associated with GSL fatty
acid methylene groups toward the methyl terminus.
Given this assumption, since spectral splittings de-
crease with decreasing orientational order, the appear-
ance of the liquid crystal spectra would suggest that the
extra length of the 24-carbon glycolipid chain if
relatively low orientational order toward the methyl
termius,

There appear to be two types of cidered phase
spectra. The first is associated with smull concentra-
tions of N-(lignocaroyl)GalCer in SOPC: an SOPC-rich
phase which we shall refer to s G,. It is seen in Fig. |
for mele fraction 0.05 at 1°C. The *H-NMR spectrum
of the G, phase differs from the usual gol phase
spectrum cbeeresd for shorter chain phaspholipids
[23-27}, in that there is rreater buildup of intensity
near the centre of the spectrum, This implics that in
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Fig. 1. Concentration dependence of 2H-NMR spectra for N-(lignoceroyl-d 47)GalCer in SOPC at the terperatures indicated from 1°C to 70°C.

Curved arrows in the 1°C and 70°C spectral groupings indicate features associated with the 24-carbon fatty acid terminal methyl referred 10 in

the text with regard to G, and liquid crystal phases, respectively. Vertical arrows in the 70°C spectral group indicate the liquid crystal plateau
region cdges.

G,, the longer chain again appears to be accommo-
dated with some disordering near the methyl end.
The other ordered phase, which we have desi d

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

G,, appears to be nearly pure N-(lignoceroyl)GalCer.
In spectra obtained from glycolipid /SOPC mixtures, it
was always superimposed with either the liquid crys-
talline spectrum or the G, spectrum. However, the G,
spectrum could be obtained in isolation by using spec-
tral subtraction as described 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 suiface. Hence, if G, is nearly pure glyco-
lipid, it seems reasonable to suggesi 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 f t istic of the
rigid lattice spectrum [26] below 40°C. In particular,
the prominent (methyl) feature with a width of about

2

In order to test the above suggestion that the G,
spectrum represents a phase highly enriched in Gal-
Cer, in a separate experiment spectra were collected
for a small sample of pure N-(lignoceroyl-d,;)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 GalCer has a main transition tempera-
ture of 82-85°C, at 75°C 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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T}

250 kMz
Fig. 2. Temperaiurs depeudence of “H-NMR spectra for: (A) pure N-(lignoceroyl-d,y)GalCer in hydrated bilayer form, and (B) N-(lignaceroyl-
d47)GalCer ir SOPC at glycolipid mol fraction x = 0.53. The pure GSL sample comprised 7 mg f lipid dispersed in an excess of buffer, frozen
and then warmed to 90°C twice before being incubated at 90°C for 1 h. The sample temperature was then lowered to 75°C in several steps over a
6 h interval, following which it was transferred to the NMR probe which had been prehcated to 75°C. Each spectrum in A is an average of
between 12000 and 36000 transients mllcmed 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°/h. Other

were as

21
250 kHz

ibed in Materials and Methods. Vertical arrows indicate +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 GSI. in bilayer form are
consistent with the description of the G, phase ie-
ferred to above. The shoulders at about +17 kHz in
the lower p spectra are d to the fatty
acid methyl group. Methyl deuterons constitute 6.5%
of the label atoms in this glycolipid. Because of the
longer T,L typical of methyi deuterons, they might bc
for a fiat higher proportion
of the spectml intensity. In the 16°C spectrum the
feature with shoulders at 417 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 the 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 G,, G, 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 superpositions of the same spec-
tral components, quantitative spectral differences can
ke 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, M,, of a spectrum is obtained as
a weighted average of the splittings {26}, In the liquid
crystalline phase, M, is directly proportional to the
mean orientational order parameter for the chains,

co = (DB o585~ 1))

where @y, 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 sp {26). N ially

ric motion in the ordered phases complicates the inter-

pretauon of M, in these phases but it can still be
d to i with i g orientational or-
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Fig. 3. Temperature dependence of the first spectral moment, My,
for N-(lignoceroyl-d;)GalCer in SOPC at mole fractions x = 0.53
(0), x =0.35(0) x =0.24 (). x = 0.10(¢), und ¢ =0.05(9).

der. Fig. 3 shows plots of M, vs. temperature for the
five samples studied. The liquidus temperature for
each sample can be 1weniified as the temperature at
which M, departs from its nearly constant high tem-
perature value. The approximate convergence of M,
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, for the four samples with the highest
glycolipid concentrations are very high and suggest
rearly-rigid lattice spectral components. The fact that
the lowest cc ion sample displ a diffcrent
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, 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 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, spectra. At 55°C, thc 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 featurc, presumably, increases. At
40°C, the prominent liquid crystal edges at +17 kHz
have nearly been replaced by the triangular feature, of
ncarly the same width, associated with the ordered
methyl group in the G, phase. The very narrow central
peak seen in the liquid crystal spectrum remains visi-
ble. As the lempcl‘dlurt is lowu ed furthcr, thc ordered
methyl feature t as it
approaches its rigid latticc shape. Thi mterprctauon is
consistent with the results of spectral subtraction pre-
sented below.

Having tentatively identified spectral components
that characterise cach 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 GalCer acis at
about 80°C. Below 4°C, the x = 0.05 spectrum appears
to be G, only, whereas the spectra for x = 0.24, x = 0.35
and x = (0.53 appear to be supespositions of G, and
G,. Between 4°C and 20°C, the interpretation is some-
what more difficult. While the spectra for the three
highest concentraiions at 10°C and 16°C (Fig. 1), 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 methvl deuterons rather than
to chains in the liquid crystalline phase. Presumably
these spectra are superpositions of G, and G, spectra.
The lower two concentraticus at these temperatures
(Fig. 1) display a superposition of liquid crystal fca-
tures with an ordered phase, which must be G, based
on the above logic. These interpretations are consistent
with a peritectic 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 nor ized and the 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 s pectral subtraction it is possible 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, and Sy to be x, and xy,
where xp >xp. If §) =5, — KSy is identified as onc
endpoint spectrum, then the corresponding endpoint
compuosition is given by

xy=(1= K)xpxy /(= Kvp) m

If S, =S, — K'S, is identified as the other endpoint
spectrum, then that endpoint composition is given by

xy= (b= K" )xpap /(xq— K'ay) @

These expressions ignore differences in transverse
relaxation rates between the two phases and assume
that the coexisting d ins arc sufficiently large that
exchange of lipids between domains of differing phase
can be ignered on the timescale of the quadrupole
cecho measurement.

In the present experiments, the amount of labelled
material available limited the number of concentra-
tions 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 peritectic 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=053 and x=0.35 yield endpoint spectra corre-
sponding to the G, 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, versus 7. The G, endpoint
compositions all fall between x =09 and x = 1.0.

Fig. 5 illustrates subtractions at 13°C for spectra
from the same two samples. The G, endpoint spectrum
is not very different from the spectrum at x =053,
The other end| spectrum, cor ding to x =
0.23, is, however, very similar to the G, spectrum
identificd for x =0.05 at i°C. It is clear that therc
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250 kHz
ig. 4. (A) Spectrum of N-(lignoceroyldy,)GalCer in SOPC for
at 40°C. (B) Spectrum of N-(lignoceroyl-d 7)GalCer in SOPC
for x = 0,35 at 40°C. (C) Speetrum obtained by subtracting 0 46 times
spectrum B from spzetiim A to yield a G, phase spectrum corre-
sponding to x = 0.94. (D) Specirum obtained by subtracting 0.59
times spectrum A from spectrum 3 to yield a fluid phase spectrum
corresponding to x = 0.24.

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

13°C

[} X2+0.23

250 kHz

Fig. 5. (A) Spectrum of N-lignoceroyl-d;; GalCer in SOPC for
x =053 at 13°C. (B) Spectrum of N-lignoceroyl-dy; 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 0.6
times spectrum A from spectrum B to yicld a spectrum corresponds
ing to x =0.23. Spectrum D suggests less orientational order near
the methyl end of the chain than does spectrum C. Spectra C and D
are assumed to bc characteristic of the proposed G, and G, phases,
respectively.
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10°C, 7°C, 4°C and 1°C. These suggest that the bound-
ary between the G, and G,-G, regions of the phase
diagram is nearly vertical and located near x =0.22,
The G, boundary appears to remain between x = 0.9
and x= L0,

Fig. 6 illustrate, subtractions outside of the G,-G,
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. It is clear however, that
one component is liquid crystalline and the other or-
dered. While the poor quahty of the ordered cndpomt
spectrum makes it imp to d
G, and G,, the fact that it corresponds to a mole
fraction less than the lower endpoint of the G,-G,
region at that temperature indicates that the coexisting
ordered phase must be G,. A subtraction at 16°C using
the x=0.05 and x=0.1 spectra yields similar end-
point spectra and compositions.

R —
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60 q
e, + B
. sof j lerez 7
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O wf £ —
- 3} " =

XGalCer
Fig. 7. Proposed phase diagram for N- (Ilgm)ct,myl d,,-,)GnlCcr in
SOPC. Vertical errar bars St
by i ion of spectra and i ion of M error

"~

The subtractiions illustrated in Figs. 5 and 6 i
that there must be regions of liquid crystal-G, and
G |-G, coexistence separated by a region of G, alone.
This information, combined with the type of subtrac-
tion illustrated in Fig. 5, implies a peritectic phase
behaviour with a three phase coexistence line between
about 15°C and 30°C. The phase diagram 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

250 kHz

Fig. 6. (A) Spectrum of N-(lignoceroyl-dy;)GalCer in SOPC for
x=0.10 a1 13°C. (B) Spectrum of N-(lignoceroyl-d 7)GalCer 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; and G, but the calculated
endpoint composition falls in the G, 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 corresponding to ¥ = 0.04.

bars are refinements obtained by selected ipcclml subtractions,

Inspection of spectra below 16°C for x =0.10 suggests that the

vertical boundary between G, and G,-G,, obtained by srectral

subtraction, should be displaced toward lower glycolipid concentra-
tions than is shown here.

sample as determined by inspection of the spectra and
the behaviour of M, versus T. The horizontal error
bars represent the results of tiie subtractions described
above. The error in the endpoint composition is subject
to and based only on the range of K and K’ over
which the resulting endpuint 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 underestimate of the true uncertainty. In
general, the sensitivity of the endpoint determination
to sample composition uncertainty increases rapidly as
the separdtlon between the sample and the endpoint
The five les give liquid
temperatures falling along a reasonably smooth curve,
whirch wouid seem to confirm the quoted sample com-
positions. The location of the horizontal three phase
line shown in Fig. 7 is an estimate based on the
behaviour of the boundaries of the G, 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 localize it more precisely.

The SOPC host matrix used in the present work was
selected to mimic fatty acid features of commonly-oc-
curring hatid, lines in cell Previ-
ously published phase dnagrams (derwed by DSC) for
glycolipids in this phosph
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,
GalCer, 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 coenistence. The
DSC study by Curatolo of native beef brain GalCer
(which is rich in fatty acid chain lengths from 18 to 24
carvon atoms), in the similar phospholipid, POPC,
describerd 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, peritectic 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 GalCer 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 behaviow 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 gly hingolipid and phospholipid in a mem-
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 concentraticns in the bilayer are low. An interest-
ing result of being able 1o 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 mol%
GSL there was solid phase immiscibility of N-(ligno-
ceroyl)GalCer, and a strikingly wide range of fluid-rigid
phasc 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, entropic forces
compete effectively with favourable enthalpic interac-
tions amongst like lipids. A similar phenomenon may
be seen in the phase di for brain ides in
SOPC [7]. Relative miscibility of glycolipids at low
concentrations in phospholipid based t may
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well be a general expectation, with significance to cell
membranes.
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