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The role of glycosphingolipid fatty ~-~d a-hyd.,'oxylation as a moduli:*er of glycolipJd organization and dynamics was 
considered by 2H-NMR in bilayer tr, embranes. For these experiments, galactosylceramides were prepared in which 
the notural fatty, acid mixture was ~placed with perdeuterated 18-earhen hydroxylated or non-hydroxylated stzaric 
acid. The L-stereoisomer of N-(a-O.q-stearoyl-d~4)gnlactosylceramide and its naterally-accureing t~a-Otl analogue, 
were isolated for independent study. Bilayers were formed using 10 tool% gnlactosylceramide in n shorter chain 
phospholi#d, dim.vristoyiphosphatidylcholine, in an attempt to reproduce several features of glyculipid-phospho- 
lipid interactions typical of c¢il membranes. Spectra of deuterated gnlactosylceramide in gel pha~ phospholipid 
membranes indicated Chat a-hydr~xyla*..~. -. !ed to greater motional freedom a n d / o r  conformational di~rder, .~.lh 
no measurable difference hetwcen n- and L-a-OH fatty a:,M derivatives, in fluid phosphatidylcholine bilayer~ the 
effects were modest Glycolipid fatty acid hydroxylation led to broadening of the range of order pnramett.,s 
assueiated with ra~zhy|cne groups near the membrane surface (frequently referred to as the 'plateau re#n#) - this 
ergo: being .'ue~ mad,-ed for the naturally.occurring (n) slt,reoisomer. The dctWee of overall molectdar order sensed 
by the glycolipid fatty acid chain in a fluid host matrix was minil:.mlly affecled by ¢~bydroxylation; although the 
plateau region of the n isomer was slightly i~ore ordered than that ef the t. isomer and the non-bydroxylated species. 
These results suggest that a significant aspect of the a-hydrexy grou.9 effect on glycosphingolipid 6ehavlour in 
bilayer membranes with levy glyeolipid content was interference with glycolipid packing amongst host phospholipids 
in the upper portion of the acyl cimins. For the u ster,'elsomer, there was some evidence titat the hydroxy group led 
to strengthening of interlipid interr .'tion near the membrane surface. 

Introduction 

Glycosphingolipids (GSLs) are the carbohydrate- 
hearing lipids of animal ce)!¢. Generally they ~re minor 
membrane constituents, although restrict~'-m to the 
outer bilayer leaflet raises their effective concentra 
tions. In a few tissues they may comprise up to 30% of 
total membrane lipid. Hence. this f~mily of sphin- 

,Abbr~'viat.;~.~s: GSL, glvcosphingolipid; GalCcr. galactosyiceramide; 
DM?C, t.-a-dimyrist~jlphospb at idyl¢ built te. 
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gollpids is considered to have the potential to con- 
tribute to membrane physical properties, in addition to 
having an established role as recogt)~tion site~ that may 
mediate the interaction of the cell with its surround- 
ings [1,2]. Subtle 0et~ils of GSL physical behaviour and 
arrangement in membranes have been d~monstrated to 
h,~ involved with both their structural a,ld receptor 
ro.~es [ 1-4]. Moreover they have structural features that 
set them distinctly apart from phosohoHpids, and wi)ich 
influence GSL physical behaviour and arrangenient; 
these include donor H-bonding groups in the carbo- 
hydrate headgroup and sphingosinc I~ackbone, a dis- 
proportionately long (single~ fatty acid, and often a-hy- 
drox'yl~:iun of the fatty acid. Fatty acid hydroxylation, 
at C-2, is a very common feature of naturally occurring 
GSLs. There has bccn considerable speculation with 



regard to the possible influence of ~.hi~ phenomenon on 
the carbohydrate-bearing lipids of cell membranes. 
Thus Ki etal .  noted that net,/e conduction velocity in 
Caudata species having no t~-hydroxy fatty acids in 
their myelin cerebrosides was significantly reduced [5], 
while Gahmberg and Hakomori have suggested that 
a-hydroxylation of the fatty acid should be considered 
for its potential to affect phenotypic expression (i.e. 
receptor function) of a given GSL ,:ia control of 
'crypticity' [6,7]. There exists the concept that inter- 
molecular hydrogen bon~ing amongst glycolipids in 
membranes may be a very significant force controlling 
thcir fune'~.;cms [I,2]. 

Tile b:~seb of etfe,.ts ~silaciated with fatty acid hy- 
droxylatlt,~! are unkgown. Bunow and Levin have 
pointed out that the hydroxytated fraction of pure 
galactosylceramide (GalCer) from beef brain forms a 
more disordered gel phase than does the non-hydroxy 
fraction, and suggest that this may be due to a spatially 
perturbing effeeg of the substituent group [8]. Reduc- 
tion of both the temperature and enthalpy of the 
gel-to-liquid crystalline phase transition in pure GaICer 
by the presence of an a-hydroxyl group [9,10] has been 
rela;ed to its caus.~ng disruption of the tight acyl chain 
packing characteristic of a gel phase [9]. Hydro~lation 
of the fatty a~id in GalCer was observed to raise the 
kinetic energy barrier to reaching a stable bilayer gel 
state [9]. !~ a study of pure sulfated GalCer (cerebro- 
side sulfate), it was noted that, in this system too, 
hydroxylation of the fatty acid inhibited certain organi- 
zational changes necessary to give rise to the most 
stable, ordered phase [11]. However, these authors 
recorded a higher phase transition temperature and 
enthalpy fo~' the gel-to-liquid crystalline transition of 
tile a-hydro~lated material than the non-hydroxyl- 
ated. In this case there was the added ~nfluence of 
repulsive effects from the charged ..;.llfate group; and 
the authors suggested that ,the a-hydroxyl function 
might contribute to a hydrogen-bonding network, over- 
coming t ~  r~wlsion. The possibii.t~ ui" int~ro..o~cular 
hydrogen bonding between beef brain GaiCer 
molecules with hydroxy fatty acids in fluid phospho- 
lipid bilayers has also been t'aised [12]. However, John- 
ston and Chapman found DSC evidence of greater 
miscibility of a-hydroxy cerebrosides with phospho- 
lipids, and considered this to be the result of reduced 
GSL-GSL attractive forces when dispersed in a phos- 
pholipid membrane [13], 

In the present article we have addressed by 21-i-NMR 
the effect of fatty acid hydroxylatio,,: on GSL molecular 
arrangement and dynamics when at log' concentration 
in a phospholipid bilayer membrane. Three probe- 
labelled galactosylcer,~mides were synthesized for this 
pu,"pos, ~, having perdeuterated 18-carbon fat~" acids 
that were i~ientical but for the presence in one ~.ase of 
a hydrox:/l group at the L-a-position and in apother a 
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hy~ oxyl group at the D-~-posit.lo~. These were assem- 
bled into lipid bilayers composed of the (shorter) 14- 
carbon fatty acid phosphatidylcboline, DMPC, since in 
general glycolipids have longer fatty acids than do their 
surrounding membrane phospholipids. The ofienta- 
tional ordering of the GSL stearic acid residue and its 
correspcndiog hydroxy analogue were compared in !iq- 
tdd crystalline and gel state bilaycrs. The presence of 
the spectroscopic probe on GalCer itself made it possi- 
ble to focus selectively on phenomena related to the 
glycolipid even at the low concentrations reflective of 
natural membranes. 

Materials nnd Methods 

1,2-Dimyri~toylphosphatidylchol;ne (DMPC) was 
obtained from Avanti Polar Lipids, Birraingham, ALl 
and ~va~ t ied ~;.h~,ut further purification. Gala~o~Tl- 
ceramide (GaiCer) was isolated from beef brai~ using 
the non-polar residue of a Folch extra~.tion [14], or 
purchased from Avan~i Polar Lipids, Birmingham, AL. 
The former material wa~ applied to a column of BIO- 
Rad silicic acid 200-400 mosUL and eluted with a 
gradient o r methanol i~,. chlorot~rm. Isolated GalCer 
co-chromatographed with known material on Merck 
silica gel 60 thin-layer chromatography plates eluted 
with 65:15 CHCI3/CH3OH and developed with sulfu- 
ric acid/ethanoL Lyso-GalCer (i.e. with fatty acid re- 
mined? was produced from the above material by hy- 
drolysis in stirred methanolic KC, H at 97°C in a ~ e d  
glass culture tube [15] or in refluxing butanolic KOH 
[16] and was ninbydrin positive. 

Preparation of a-aceto~ (verdeutegated) stea:ic 
acids was via the corresponding a-bromo intermedi- 
ates. The a-bromo intermediates were generated by 
reacting octadecanoic acid [d3s] (MSD Isotopes Ltd.) 
with liquid bromine iii -.'.tie presen~ ~f PC! 3, followed 
by hydrolysis of the acid chloride product [17]. These 
were in turn converted to the corresponding a-ncetoety 
c ~ : ~  by refluxing :vi:h anhydrous sodium acetate in 
glacial acetic acid [18]. The mixture of stearic acid 
a-acetoxy esters was purified on a si~icic aciO cohh-nn 
eluted with CHCI3, and converted to the acid ch lor 'k  
form by refluxing with excess SOL-'I 2 [19]. These t-eac- 
tions were followed by TI.C on siL;cic acid plates einted 
with hexane/dletbyl ether/formic acid (70:30:1, v/v). 
The e-acetoxy ester was identified by JH-NMR in 
C2HCI3. Probe-labelled D- and L-a-OH GalCer were 
synthesiz,~ ~: i~ coqpling the a ~ v c  a-acetoxy deriva- 
tives of t,te deuterated fatty acid chlorides with lyse- 
GaiCer, followed by hydro.h/sis of the acetate group 
[20]. w and L-a-OH stereoisomers el" :he GSL were 
separated using a silici¢ acid column elated with a 
CHCIs/CH3OH gradient, the L-isomer being signifi- 
cantly faster-ronning in the solvent system described 
[_20]. Semi-s:,'nt~etie non-hydroxy and t~-~-bydroay Gal- 
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Cer behaved similarly, but not identically, on TLC to 
natural beef brain GalCer non-hydrox3, and D-~-hy- 
droxy fi'actions, respectively: the semi-synthetic species 
running slightly slower than their corresponding natu- 
ral mixtures, which included longer fatty acids, as re- 
ported previously [21]. 

Lipid biia.ver membranes for these cxperimems were 
prepared by dissolving all components at the final 
desired ratio (10 mol% glycolipid) in 3:1 CHCI3/  
CH3OH , and removing the solvent under a N 2 atmo- 
sphere. Resultant films we:e further dried under vac- 
uum (rotary pump) for 3 h at 22°C. Liposomes were 
generated by hydration of such films wi/:~ ~euterium 
depleted water (MSD lsotope¢ Ltd.). Samples were 
iyophilized three times from a volume of 200 /.d of 
deuterium depleted water after which the hydrated 
samples were subjected to eight freezc-thav, ~c l e s  
following the final hydration step. Total lipid used per 
sample was typically 60-90 rag, and the total volume 
was 200-300 #1. All samples were incubated 10°C 
above the transition temperature of the host matrix for 
15 rain to assure diffus~onal equilibrium within the 
bilayer. 

2H-NMR spectra were acquired at 30.7 MHz on a 
'home-built '  spectrometer operated by a Nicolet 1280 
computer. The sample was enclosed in a glass dewar 
and the temperature was electronically regulated to 
within ±0.5 C ° . Spectra were recorded using the 
quadrup31ar echo pulse sequence [22] with full phage 
cycling [23] and quadrature detection. The m-/2 pulse 
length varied from 2.2 to 2.5 .t,~ ~vith the 5 mm solenoid 
coil, and 5 -6 / z s  with the 10 mm coi l  Pulse spacing was 
60 ~s, +nd recycle time was 800 ms. Spectra were not 
fo|dod aboot the Larmor frequency. 90 ~ oriented sam- 
ple ( 'depaked') s b c t , a  were calculated from the pow- 
der spectr~ as described previously r25]. 

~P-NMR spectra were aomircd at 121.5 MHz on a 
Bruker MSL-300 spectrom:ter. "l he spectra ",vere 
recorded using a Hahn echo pulse sequence [25] with 
Waliz decoupling (gated on during acquisition). The 
w / 2  pulse length was 4.0 ~zs (10 mm solenoid coil), the 
pulse spacing was ~ ps,  and the recycle time was 7.5 
ms. 

Results and Discussion 

Deuterium(ZH)-NMR is a powerful technique for 
probing the structure and dynamics of membrane sys- 
tems [26-301. Anisotropic molecular motion within the 
lipid bi!ayer rezults in incomplete averaging of the 
qu~drupolar interaction, giving rise to a residual 
quadrupolar splitting (At, o) in the spectrum. The 
quadrupo,"ar splitting for 90 ° orientation of the mo- 
t;anal director axis (the bilayer norton:) wi.:h respect to 
the magnetic field, is (;;.r.eetly related u) the carbon-de- 

He}CH CH+CH|CH=CH|CH2CH2eHICH2CH;~CH;tCH ICHICH=CHICH:I 
G a l  - ,  c.+-+~< 

HH'C-COICDaCDzCD:CDaCO:COaCO=CD=CDaCDICD=C|I.Cf).COeCO:CD+ a)  a 

HOe.I+ CHICHzCH=CH2P+HICHICNzCHICH2CHICH=CNaCHIeH=¢H 3 
G a l  -+ ca=- ,~H 

NH-C-CD CDzCDmCDmCDmCD=CD~CDaCDzCDaCD2CD2CD~COzCU=CDzCO = 
b) ~+. 

'~ , . . ~ + ~  . . . . .  

~a'~g ~ ......... 

Fig. I. Chemi¢~' structures of the deuterated glycolipids, Ndstea- 
royl-dssKiaICer ~.a), and N-(u-OH-slearoyl-d.+4)Ga!Cer (b). The 
~crzoscopie drawing (lower) illustrates 3-dimensional relationships 
in the region of hydroxyl substitution, and the natures of the D a.d L 
stereoimmlers that result: data taken from X-ray studies of related 
crystal struclares 131-3~]. Arrows indicate the location of C-2 of the 
single GSL fatty acid. In the stereoscopic drawing carbor:s 1-3 of the 

sphingosine backbone are numbered. 

uterium bond order parameter ScD by: 

Av o = (3 /4)(eZqCJ/h)Sco 

where (e2qQ/h) is the quadrupolar coupling constant 
(]70 kH:,, for ,'.he aliphatic C21.12 residue [29]). The 
..'.rd~ parameter SoD provide,, a measure of the time 
averaged angular fluctuations of the C-ZH bond with 
respect to the motional direo~or axis. In the present 
study the acyl chains were perdeuterated so that the 
ZH-NMR spectra are superpositions of spectra associ- 
ated with each of the GSL fatty acid methylene groups. 

Chemical structures t0r the deuterared forms of the 
glyct~phingolipid studied [n this work are indicated in 
Figs. l a  and b. In each case the single fatty acid was a 
s ' turated, 18-carbon chain: the basic structure being 
that of N-(stearoyl-d3s)GalCer (la).  Modification of 
th~s ~,ulecule by replacement of a deuterium with a 
hydroxyl group at the wcarbon (C-2) of the fatty acyi 
chain leads to the P~vo possible stereoisoniers, D- and 
L-a-OH N-(stearoyl-d,~)GalCer (lb). Suggested con- 
formational stereochemistry of these structures is illus- 
trated at the bottom of Fig. 1, based on X-ray crystallo- 
graphic evidence for rei~:ted compounds [31,32]). It 
should be emphasized though that the conformation 
displayed has not been proven to exist in biiayer mem- 
branes. 

2H-NMR spectra of the above th,'ee deutermed 
glycolipids at t0 mol% in bilay~:s of DMPC are shown 
in Fig. 2 for the temperatures, 30°C ant~ 5ff'C. DMPC 
in pure bilayer form has a main transi t io,  of 23°C [34]. 
To the right of each ~pectrum is displayed the corre- 
sponding calculated 90 ° oriented sample (depaked) 
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Fig. 2. 'H-NMR spectra of galactosylceramide at 30°C and 50°C in unsonicated bilayers of DMPC, Spectra ;~re slain from Ir~p to bottom for 
N-(stearoyl-d35)GalCer (the 'non-OH isorr~e~'~ ,:~d the t. and D i~mers of N-(a-OH-stearoy[-d.~)GalCer. res~eclively. Corr~spondif, g depaked 
spectra are displayed to ti=¢ right of each powder spectrum. For the 30°C non-OH spectra arrows indicate spectral feat,g,.s ~ t r d  with the 

plateau region referred to in the text. in each case the glycoli~id comprised It) tool% of total rnembran~ lipid. 

spectrum [30]. Al l  spectra in Fig. 2 have overall appear- 
ances characteristic of deuterated lipids in fluid bilay- 
ers, and show no evidence of gel phase material. The 
observation of spectra attributable t¢. dcutcrated lipid 
in a liquid crystaDiue phase, at temperattzres well be- 
low tire known phase tran,~'qon temperatures of the 
glycolipid (70~C and 83°C for ,~-h~,droxy and non-hy- 
droxy GalCer, respectively [9,13]), ar~;ucs that the Gal- 
Car molecules were uniformly dispersed throughout 
the host  matrix. In agreement  with this, ~=P-NMR 

:ipectra o f  such samples  at the sa,ne tempera ture  d:~- 

played the characteristic &'~ially symmetric liquid cry~ 
ta~ lineshat~e with a ,t~ wlue of approx. 40 ppm [35], 
and spin-|abel d~'rived melting curves [34] of the mix- 
tures showed fluidization to be complete at 30~  (data 
,=,~t shorn). 

The 2H spectt'al features for the GSL, ;:~m-hydroxy 
GalCer, in DMPC (Fig. 2, uppermost spectra) are yew 
similar to those well known for deuterated phospho- 
lipids in the liquid crystal phase [30]. This observation 
is in accord with tile 2H-NMR ob~:rvarions of  Ska='- 
june  and  Oldf ie ld  [36] who concluded that  hydrocarbon 

TABLE I 

'H.NMR sla~'.~,'~! data correspo~tdi~ to Fi~. 2 fur N.(ste~royl.d.t~l,~alactawfceramide, and D. amd L-a.hydroxy N-(stearoyl.d~)galactosylcera~nide 
isomers, re,¢ncctit'ely, b~ ~,~rid biluyers of  dimytistoylphosphatidyleho~i-qe 

Dat~ are listed for 30°C an:l .¢,t?=C Glycolipid comprised 10 nml% of mem~nane lint6. ,:ti, O refers to measure i spectrz! quadruplet .'4~i~6nt~: 
S, D is 1he calculated order parameter. 'Carbon number' refers to the location of the spectral probe, on the glycolipid fa'='y acid el:rain ~g:arbo~l 
carbon as C-I~ Peak assignments are based on peak intensities relal:ve to the integral.:d total, a~aming a gradient, of decreasing ~t ioaai  o;'der 
to C 18. "Plak '*o regiol ' refers to ~mresolved resonances giving rLse to the intense outermost spectral peaks. The pla'~eau reg~'o~n covgrs C-3-C-10 
at 30°C and C-3-C-9 c' 5rJ='C. The peak width at half-height of this spectral feature i ~ !isled as ~= mea¢:zyo o ¢ the spread in valuc, of zlu'~lr, Tf tar 
splitting for methylene groups in the plateau region. 

Carb3n number Non-OH o-a-OH L-o-OH 
AvQ (kiIz)* S( o '~ '0 (kHz)* SCD av O (LHz. ~* Sct~ 

30oC C-18 2.9 0.022 2.4 0.019 2.f: 0.020 
C- I 7 12.5 ¢,.noq I 1 8 0.093 12.7 6.100 
C.16 17.0 0.133 15.8 0.124 .7.2 0.135 
C-15 2 '..6 0.|71 20.5 t.161 21.8 0.]71 

Plateau region centre 3:,.2 0.27o 35.6 0.279 34.2 0.26b 
Plateau region width 2.2 3.1 3.2 
50°C C. l ¢J 2 4 0.019 l.O 0.013 1.9 0.0~5 

C- 17 8.,i 0.0~6 8.4 n.f166 8. '7 0.068 
C-16 lO.h 0.085 10.2 1:.080 l 1.0 0.066 
C- 15 13,6 i).107 14.0 0. 110 [J.5 0.114 
C-14 15.8 0.124 15.3 0.120 '.',.i 0.126 
C-13 18.6 0.140 19.3 0.151 1%5 0.153 

Plateau region centre 28.2 0.221 29.7 0.233 2s.0 0.220 
Plateau region width 2.0 4.1 2.7 

* Values obtains,'. ~'rom depoke.~ spectra. Estimated error+0.5 kHz. 
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chain organizatior~ in pure N-palmitoylCialC.er at 90°C 
is similar to that in pure DMPC at the .same reduced 
temperature, in particular, the plateau in methylene 
group orientational order as a funcdon of acyl chain 
position, which is characteristic for phospholipids, is 
clearly obse~ed in the powder spectrum of N-(stea- 
royl-d.~s]Ga!Cer as a buildup of overlapping peak in- 
tensity at the outer edges. It is also apparent in the 
accompany;rig depaked spectra as intense outer peaks. 
Th[s feature indicates that positions C-3 to approx. 
C-10 of the GSL no~-bydroxy f~uy acid chains ~.'xhibit 
very similar orientational order, and hence correspond- 
ingly similar quadrupolar splittings. Measured spectral 
splittings taken from the depaked qpet-tra in Fig. 2 are 
|istcd in Table I along with the calculated order param- 
eters. Tentative spectral assignments of clearly re- 
solved spectral peaks were made based ~.:n literature 
information from pure phospholipids and GaICer 
deuterated in the fatty acid [27,29,30,36-38,h beginning 
with the sharp central doubler as C-18, and moving 
sequentially outward assuming a gradient of increasing 
order to C-17, C-16, C-15 and so on. More ex~.epsive 
assignments were possible at the higher temperature. 
lnt,.~grated intensities were ~onsistent wi*,h the assign- 
meats shown in Table I. the outermost intense reso- 
nances resulting from peak overlap ih the plateau 
region were ~ treated as single broad resor~ances for the 
purpose of resonance position and pealo, vidth calcula- 
tion. lntegratiou si~owcd the area invoh,~d to corre- 
spond to some 10 methylene groups at 30°C and 9 
methylene groups at 50°C. Based on the quadrupolar 
splittings observed for the C2H., units comprising the 
"plateau region' (3.~.2 kHz af 30°C for ;he non-hydroxy 
GalCer), a value for SaD of 0.28 is culculated, which is 

slightly higher than that obtained front DMPC [37} or 
DPPC [38] in the liquid crystalline phase (0.22-0.25). 
This finding is consistent with our previous observation 
that GSLs displayed higher order parameters than 
phospholipid fatty acids in a given phospholipid host 
matrix [4,~9]. 

A comparison o! the spectra in Fig. 2 revea's that 
the most striking d~fference associated with spectra of 
the a-OH derivatives is in the appearance ,~f the 
'plateau region'. Whereas the methylene groups that 
give rise to this spectral region in the case of non-hy- 
droxy GalCer have very similar ordering leading to 
sharp shoulders in the powder spectra, the correspond- 
ing powder spectia of the hydroxylated GalCer deriva- 
tives show varying degrees of rounding to their shoul- 
d~:rs at both 3ff'C and 50~C. This is , ,~ , :  evident in the 
de~aked spectra: inspection of the depakcd spectra in 
Fig. 2 and the derived parameters in Table I reveals, 
fc, v the hydroxy lipid~ a decrease in intensity in th~ 
'r, lateau region' p~a~; and increase in its width relative 
tc that obtained for the non-hydro~ analogue. There 
is little change in the resolved inner splittings. These 
results indicate that peak overlap for deuterons associ- 
ated g'ith C-3-C-I0 (3~C) and C-3-C-9 {50°C) is less 
complete -- i.e. that these methylene groups are no 
longer di.~piaying such uniform orientational order as 
was the ~:i;se for the non-hydroxy fatty acid. Tite obser- 
vation is ~onsistent with a local!'./disruptive influence 
of the hydroxyl group on acyl chain packing near the 
membrane surface. 

in spite of the potential for impact on lipid dynam- 
ics that one might anticipate from introduction of a 
hydro~,t group in pl~cc of a hydrogen atom on the 
fatty ~:id chain, the data in Table i provide little 

'"'~ '! t A .... j \  . . . . . . . . . .  
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FiB. 3. Gel phase 'I[.HMR spectra of gaiactosyi ¢cramide at 9°C and 19°C in ut~nicated bilaya~ of DMPC. From left to right: 
N'(stearoyl-d~sKiaICcr. N4t-a-OH-stcar~ayl-d~4K3a|Cer. and N-(D-~-OH-slcaroyl-d;:K}alcer. In each ca~ th¢ Slycolipid comprised l0 tool% of 

Ih¢ membrane lipkl. 



quantitative evidence of major effects. To a first ap- 
proximation the tabulated values of Au o and Sen arc 
notably si'nilar for assignable spectral features cf ~x-OH 
and non-h~roxy Ga[Cer at a given temperature. There 
is some cviC~,~ec of d,-creased Av o (and thus SoD) 
values for metbylene gr,3ups toward the methyl termi- 
nus of the naturally oc~'urrifig D-~-OH isomer at ~he 
lower (more physiological) temperature, but the differ- 
ences found in the table a~e close to experimental 
error. For the L-~-OH de':~vativc average values of 
quadrupolar splittings attributable to the 'plate;~u re- 
gion' (i.e. the centre of the plateau region peak~ show 
no obvious systematic ,change relative to the non-by- 
droxy form. However, the naturally-occurring D-~-OH 
,.*.creoisomer of GalCer shows a slightly lar~er plateau 
region splitting than does the. non-hydroxy or L-a 
derivative at both 3WC and 5{FC (Table !), T'ais feature 
Js visually apparent in both the powder and depakcd 
spectra (Fig. 2). 

W¢ now turn our at~:.ntion to ~he gel phase spectra 
of GaICer in DMPC (Fig. 3). These spectra were 
acquired at 9°C (below the 15°C pr,:transitioa of pure 
DMPC) and 19°C (betwe¢~ the pretransition and the 
23°C gel-to-liquid crystalline transition of pure DMPC) 
The spcct'ra of non-hydroxy GaIC.cr at 9~C are broad, 
with considerable intensity in the region of +63 kHz. 
The latter results arc rcminisccni of the spectral fea- 
tures observed for dipalmitoy!phosphatidylcholin¢ with 
perdeuterated acyl chains in the gel phase [38]; and 
indicate, that ~he lipid molecules arc still rotating about 
their long ages, and that there is some chain disor.:l,.,r 
present. The gel phase spectra of L- and D~-hydroxy 
GalCcr arc identical ',o one another within experi~en- 
ta! error, but they differ from that of the non-hydroxy 
compound: the shoulders reach baseline at +60 k~Iz, 
sug.~esting that the g[ycolipid rotational rate is slower 
for the non-hydroxy analogue and/or that there [s a 
slight increase in gauche population for the ¢x-OH 
species. As well, there is a sizeable increase of spectral 
intensity in the center of the spectrum, which may 
indicate increased chain motion or disordering. Warm- 
ing the samples to 19°C led to narrowing of the spectra 
and to increase in the central intensity consistent with 
increased molecular freedom without transition to a 
fully fluid pi~ase. There remained no apparent differ- 
once between the a-OH stereoisomers fn this matrix 
since the spectra were indistinguishable t'rom one an- 
other; and once agaiu the linewidth was substantially 
narrower than that of N-(stcaroyl-d3s)GaICer. 

Conclusions 

One might anticipate that in phospholipid mem- 
branes the presence of a fatty acid OH group could 
lead to interlipid attraction and hen¢g to increased 
order within the bilayer. Indeed the hydroxyl f,;nction 

Z;'3 

at C-2 has been considered a contributor to increased 
order seen for membranes containing GSLs (reviewed 
in Refs. I and 2), and as a possiole s,~urce of GSL-GSL 
attraction for GalCer in fluid DMPC [12]. Indeed a 
network of ,nter- and int:amolecular H-bonds involvi~g 
the carbohydrate portion, ceramide functional groups, 
and bound water, has bec:l demonstrated to play an 
important role in determininl, the physical properties 
of pure glycolipid biiaycrs [1.2]. X-ray studies of D-a- 
OH ,.,phingolipid crystals noted intramoiecular H-bond- 
ing iL, the fatty acid hy Jroxyi function, which has been 
suggested to have the potemiai fo0 controlling GSL 
conformation [31-33,44]. Another consideration is the 
lX~ssible steric effect of lhe hydroxyl group. 

At the If) tool% GSL concentrations utilized in our 
experiments, it was expected that GalCer would be 
dispersed in a liquid crystalline (DMPC) matrix at 3ff'C 
and above, although [~'~rhaps somewhat phase sepa- 
rated in the gel phase [40-42]. Our observation of only 
liquid crystal spectra for the deuterated forms of Gdl- 
Cer at 30°C and 50°C is consistent with such an expec 
tation, and echoes the earlier si~nilar findin~ of Skar- 
june and O!dfield f,.~r deutcrated gl~cosylccramide at 
17% in DMFC [40]. Thus our spec'ral findings at 
and above Jelatc to ~be behaviour of GSLs at Ic~ 
co~,c~ntration in fluid ph,J-pholipid host n~atrices. The 
situation with regard to lipid lateral arrangement be- 
low 23°C is less cleat, although t,hcse tcmperat.~res 
provided systems with =-.et phase .character. In the P, uid 
membranes it would appear that insertion of a hydroxyl 
group at the a-position of tbc gly.,'c, lipid fz.tty acid led 
to some dispersion of the x~orma!ly highly ~nitbrm 
melhylene group ord¢r near tile GSL headgroup (i.e. 
breakdown of the 'plateau' of uniform order). The 
plateau region of the natural (D) isomer displayed a 
generally slightly higher degree of,,c~er than did either 
the L isame~ or the non-bydroxy ¢'~:~ Apart from this, 
the dynamic and oricntational b~:haviour of the by- 
droxy and non-hydroxy GaICer s[~ecies, examined i~; a 
fluid phase phospholipid host matrix, were very. similar. 
In the gel phase the rc;ult of hyd~oxylation was an 
increase in motion and/or decrease in order. 

A reachable partial ex~lanati.nn of the above obser- 
vatiov.s would seem to ~ that GSL ~atty acyl chains in 
which a h)drogen has been replaced by the bulkier and 
more l~olar OH group have greater local area re.quire- 
ments in the membrane. The acyl group plateau region 
of the a-bydroxy GalCer appears not to pack a~ uni- 
formly into the lipid matrix as does its non-hydroxy 
analogue. This is consistent with previous studies of 
pure GaICer which found that the presence of an 
-,-OH group in the fatty acid lowered the temperature 
and enthalpy of the phase transition, and reduced the 
order in the gel ,,,.ase [8-!P, 43]. We cannot exclude 
tile possibility that the narrower gel phase s~ctra, and 
the wider plateau regions in the liquid cry,,tal spectra, 
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seen  for  the  i t - O H  der iva t ives  in this  work,  were  medi -  
a t ed  by conformat iona l  d i f fe rences  a m o n g s t  the  th ree  
G a l C e r  species,  a r i s ing  f rom in t ramolecu la r  H-bond ing  
sugges ted  in x-ray s tudies  [31-33,44] r a the r  than  f rom a 
direct  s ter ie  ef fec t  o f  the  O H  group,  ht ter l ipid  a t t rac-  
t ive forces  involving the  a - O H  g roup  a p p e a r e d  not  to 
play a very large  role in the  sys tems s tudied.  
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