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Galactosylceramide (GalCer) and the ganllioside, GM ,, were zll-lahelled at C-6 (the hydroxymcthyl meiety) of 
sin#e terminal galactosyl residues. Each deuterated glycesphingelipid was incorporated at n biologically relevant 
low concentration into multibilayers of l-palmiteyl-2-oleoylphesplmtidykhoUue (IN)PC). ZH-NMR spectra of 
aqueous dispersions of GaICer-POPC in the liquid crystal phase were cbaracqeristic of restricted headgrNp motion 
(ordering) with effective axial symmetry. The ~ of headllroup ordering was analogous to that of GalCer in ImZe 
aqueous multibilayers (Skarjnue, IL and Oldfleld, E. (1979) Biochim. Biophys. Acts $56, 208-218). in the ¢me of 
GMt, 2H-lahelled in the terminal galactose residue of the pentasueclmride headgeoup, the ZH-NMR spectra were 
remarkably like these of the simple gb'colipid, GnlEer. This suggests substantial i~.~trk.thm of motion ~ 
81ycesidie and sugar.reramide bonds of the complex GM I keadgroup, and that beth liplds have comparable 
of erientational averaging (fluctuation) aleut the bilayor normal. The ~ u l t  is the first direct demenstratiem that 
headgroup orientational order can exist for g :~mplex gl~tmlipid incorporated into 'fluid' bilayee membranes. 
behnviour argues for the possibility of modulation of  memb~-~ae t~-ccpt6;" properties through surface ¢'*~e¢~ m 
average headgroup orientation and conformatkm. 

As a result of their role a:; specific recognition sites, 
considerable attention has been focused on glyco- 
sphii=golipid oligosaccharide headgroup conformation 
(and internal motion). Recent studies employing two- 
dimensional high resolution nuclear magnetic resc- 
nance (NMR) in combination with conformational en- 
ergy calculations have provided valuable information 
regarding headgroup arrangement for intact ganglia- 
sides [1,2] and globoside [3,4] Lt ;su2;c,i -i," ¢,~lution and 
in detergent micelles (see also Refs. 5 and 6 and 
references therein). It seems a reasonable expectation 
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that, in the complex environment generated by a mem- 
brane, oligosaccharide conformation will be sensitive 
not only to intramolecular interactions, but also to 
!ntermolecular effects resulting from close proximity to 
the membrane surface. Indeed considerable evidence 
exists that the ,a:ure and composition of  tbe mem- 
brane significantly modulate glycosphingolipid receptor 
function [7-12]. Solid state 2H-NMR has been used to 
begin to elucidate the properties of  glycolipid head- 
groups in bilayer environments, with the expectation 
that insight will be provided into the molecular bases 
of  such effects [13-15]. Since the initial studies on 
galactosylceramide (GalCer) [16] and glucosylccramid¢ 
(G!cCer) ;.17], 2H-NMR has been employed to investi- 
gate the bilayer orientational and motional character- 
istics of  a number of  glycerolipids containing neutral 
mono- [18,19] and disaccharide [20,21] headgroups. In 
this article we describe the first attempt to extend wide 
line 2H-NMR studies to a complex glycosphingolipid, 
GM t. In order to mimic surface constraints imposed by 
a natural membrane surface, the glycolipids were as- 
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'~mbled at low concentration into bilaycrs of  the 
mono-unsaturated phospholipid, l-palmitoyl-2-oleoyl- 
phosphatidylcholine (POPC, ~. 

GM~ from beef brain was a kind gift o f  Fidia 
Research Laboratories, Ahano Terme, Italy. Beef brain 
galactoB.Iceramide was obtained from Avanti Polar 
Lipids, Birmingham, AL. Glyeolipids were all-labelled 
at (2-6 of  the terminal galactose moiety using enzymatic 
oxidation following the procedure of  Radin [21]. Lipid 
bUayer membranes were prepared by evaporation ot 
chloroform/methanol (3: !, v /v )  solution containing 
the lipid components in the desired ratio at 50°(2 (10 
mol% glycolipid), followed by further drying in vaeuo 
for 3 h at 22°(2. Resultant lipid films were hydrated 
with deu*erium-depieted water (IVISD Isotopes, Mon- 
treal. Que., Canada) buffered with 10 mM phosphate 
at pH 7.4, lyophilized t?lree times (rchydrating with 4~YO 
/zl 2H-depleted water), and subjected to eight freeze- 
thaw cycles following the final rehydration to 700 p.I. 
Samples contained 14.5 mg (20.0/.tmol) GalCer or 31.5 
mg (20.5/zmol) GM 1. They were incubated at 65°C for 
45 rain prior to spectrum acquisition, and were subse- 
quently cooled for the low temperature spectra. 2H 
spectra were acquired at 30.7 MHz as described previ- 
ously [18], and were not folded about the Larmor 
frequency. 

Structures of  dcuteratcd GalCer and GM ~ are shown 
with their associated 2H-NMR spectra in Fig. 1. It 
should be noted that the fatty acid composition of  
Ga!Cer was uniform (100% 18:0, stearic acid), and 
that of  GM ~ was the natural beef brain mixture ( > 80% 
18:0 [22]). Since the gel to liquid crystalline phase 
transition temperature of  POPC is - 3°(2 [23], the lipid 
matrix was in the disordered liquid crystalline phase at 
the temperatures used in this study. Inspection of  Fig. 
1 reveals that at 40°(2 and 65°C each glycolipid, 2H- 
labelled at C-6 of  the galactosyl residue, gives rise to a 
superposition of two quadrupolar  powder  2H spectra. 
In the case of  GalCer ,  the two subspectra are of equal 
intensity - which may be seen more readily in the 
oriented-sample ( 'depaked" [24]) spectra, Fig. 1 (upper  
right). These two quadrupolar  splittings have been 
shown previously to reflect the ineouivalence of  the 
two deutercr..,  (pro-R and  pro.S) on the hydroxymethyi 
group of  the galaetosyl residue. The residual quadrupo-  
lar splittings have values of 17.7 and 9.7 kHz at 40°C, 
and  13.8 and  7.0 kHz at 65°C. The values are compara-  

blc to those repor ted for  pure GalCer  bilayers at  90°C 
(13.5 and 9.5 kHz) [16]. The similarity in A~, o values 
for GalCer  and  GalCer-POPC suggests that  the aver- 
age beadgroup  surface orientation and ampli tude of  
fluctuations about this direction are similar for the two 
systems. 

Examination of the spectra of  G M  I in POPC bilay- 
ers (Fig. 1, lower) reveals a close correspor~dence with 
those for  the Ga lCer -POPC system. Interestingly, the 
relative spectral intensities of the two overlapping pow- 
der  spectra are  not equal as was the case for the 
GaICer  system. The most likely explanation of  this is 
that,  during reduction of  the C6 aldehyde produced by 
galactose oxidase, there is more stereoselectivity in the 
incorporation of  deuter ium than there was for  the 
simple GaICer.  As a result, For G M  t, the intenslty of  
the powder spectrum assu~iatcd ~i th  :h~ prc-P. 
deuteron is not the same as that of  tile pro-S deuteron. 
The values of the residual quadrupolar splittings for 
GM I are 21.2 and 12.4 kHz at 40°C and 17.7 and 11.6 
kHz at 65°C. That the A~, o values are larger than those 
of  GalCer at the same temperature suggests that the 
orientational order of  the galactose residue is not sub- 
stantially less than that of  galactose in the mono-glyco- 
syl lipid. Previous studies have concluded that for the 
galactosyl residue in simple glycolipids there is rapid 
interconversion amongst rotamers (gauche(+), 
gauche(-) and trans) about the C-5-C-6 bond [17,20]. 
It is a likely possibility that the relative populations of  
the three rotamers  differ between ( 3 ~  i and  GalCer .  
As a result, even if the orientat ional  f luctuations (order)  
of  the two headgroups  were identical, the ' ~ ' o  values 
for the pro-R and  pro-S deuterons  at  C-6 would be  
expected to differ for the two systems [20]. It should 
also be noted that,  at this time, a definitive as~:ignmcnt 
of each of  the Av o values to a specific (pro-R or  pro-S) 
deuteron is not possible. Thus  detailed analysis of  our  
results requires more information. 

' t h e  present  f nd ings  do permit an important  deft- 
;~ne conclusion. The degree of zandom reorientat ion 
(disorder) of  the terminal galactosyl residue in the 
GM I molecules giving rise to the quadrupole  splittings 
described here is of  the same order  as that  p~:~cnt in 
GalCer ,  in which the headgroup  is close to the mem- 
brane surface. Yet one would expect that  for GM~ 
anchored  in a bilayer membrane  the cumulative effects 
of  motion about  the various glycosidic bonds  would 

Fig. I. 2H-NMR spectra at 40°C and 65°C for headgroup-deuterated GalCer and GM I in fluid phospholipid bilayers. Dcu~er,:ion was at (2-6 of 
the I~alactos,c rcsldt.'c {ayrows) .- P.e inserted structures. In each case the glycolipid was dispersed at 10 mot% in unsonicated multilamellar 
vesicles of I-pelmitoyl-2-oleoylphosphatidyleholine. ~ oriented sample ('depaked') spectra were calculated front the powder spectra as 
described previously 124], and are displayed to the right of their correl;ponding powder spectra. Spectra were acquired at 30.7 MHz on a 
"home-built' spectrometer operated by a Nicolel 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 quadrupolar echo pulse sequence [27] with fldl phase cycling [28] and 
quadrature detection. The ~-/2 pulse length varied from 5 to 6/zs (10 mm solc!loid coil), the pulse spacing was 60/~s, and recycle time was 30 ms. 

The number uf spectral acc~.mulalio,o ,~.;: ,:.~:, ~;:.:.='.,-.: ~: ~ v . d  fr~;-, .',0Y,~00 (GM I) to 050000 (GalCer). 
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lead to g r e a t e r  or ien ta t iona l  ave rag ing  (smal ler  Au o 

values)  o f  the  t e rmina l  res idue  than  is p re sen t  for  the  
headgroup  o f  Ga lCer .  T h a t  this is not  the  case  sugges ts  
that  the  m e m b r a n e  surface  may  impose  cons t ra in ts  on  
overall  h e a d g r o u p  mot ion ,  as well as possibly restr ict-  
ing mot ion  about  glycosidic bonds  in complex  glycol- 
ipids. H igh  resolut ion N M R  s tudies  o f  G M  I [1,2] and  
its o l igosacchar idc  h e a d g r o u p  [29] in isotropic solut ion 
have indicated that  there  is a relat ively wel l -def ined 
s t ruc ture  to the  ca rbohydra te  port ion.  M o r e  def in i t ive  
resolut ion o f  t h e ~  issues for G M  I in membra l t e s  will 
requi re  addi t ional  label l ing in o the r  par t s  o f  the  head-  
g roup :  this will be impor tan t  in d e t e r m i n i n g  the  t ime-  
a v e r a g e d  C - 2 H  bond  or ien ta t ion  relat ive to the  m e m -  
b rane  surface ,  i t  will be in tc res t ing  to apply the  s a m e  
apprnagh  tc~ difff~rcr, t enmplex G S [ : ;  irl o r d e r  to de te r -  
mine  how genera l  the  preserva t ion  o f  conformat iona l  
o r d e r  at the  m e m b r a n e  surface  is, and  ;vhvt fac tors  
regula te  it. Such s tudies  are  current ly  unde r  way. 

T h i s  work  was  suppor ted  by a g ran t  f rom the  M R C  
o f  C a n a d a  to C W M G .  
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