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ABSTRACT 

High r e s o l u t i o n  one and two dimensional pro ton  n u c l e a r  magnetic 
resonance (ZD-NMR) s p e c t r a  of t h e  glycosphingol i p i d  globoside ( t h e  
P blood group a n t i g e n )  have been obta ined  a t  500 M z  and 40-50 
degrees  c i n  dimethylsulfoxide-d6-deuterium oxide ( 9 8 : 2  v / v ) ,  
Analysis  of a s c a l a r  coupl ing c o r r e l a t e d  spectrum (SECSP) a l lows  
assignment of resonances t o  res idue  types. Analysis  of t h e  
o l igosacchar ide  anomeric pro ton  s i g n a l s  i n  t h e  3-6 ppm region  of 
t h e  2D nuclear  Overhauser e f f e c t  (2D-NOE) spectrum of globoside 
r e v e a l s  i n t e r r e s i d u e  coup1 ings t h a t  a l low i d e n t i f i c a t i o n  of 
g l y c o s i d i c  1 inkage i n t e r a c t i o n s  and hence a primary s t r u c t u r e .  
The d i v e r s i t y  of l inkage  types  i n  globoside demonstrates  t h a t  
01 igosaccharide sequence de te rmina t ion  v i a  ZD-NMR spectroscopy may 
be considered a general  approach, r e g a r d l e s s  of t h e  type of 
anomeric 1 inkage involved. Measurement of the  
in t ra -o l  igosaccharide and in te r -o l  igosaccharide NOE-coup1 ings 
al lows an  e s t i m a t i o n  of the  g l y c o s i d i c  i n t e r p r o t o n  d i s t a n c e s  f o r  
each g l y c o s i d i c  l inkage.  These d i s t a n c e s  are shown t o  be 
c o n s i s t e n t  w i t h  c u r r e n t  views of p r e f e r r e d  g l y c o s i d i c  bond 
conform a t  ions. 
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566 KOERNER ET AL. 

INTRODUCTION 

Recently a combination of two dimensional NMR techniques  

which i n c l u d e s  s p i n  coupl ing c o r r e l a t e d  spectroscopy and c r o s s  

r e l a x a t i o n  c o r r e l a t e d  spectroscopy has  been  shown t o  be a 

non-destruct ive r e l i a b l e  method f o r  the  de te rmina t ion  of 

o l igosacchar ide  composi t ion and sequence. The s p i n  coupl ing 

c o r r e l a t i o n  methods, of t e n  c a l l e d  coupl ing c o r r e l a t e d  spectroscopy 

(COSY) or s p i n  echo c o r r e l a t e d  spectroscopy (SECSY), r e l y  on 

through bond v i c i n a l  coupl ings between protons.  They a r e  v e r y  

usefu l  i n  a s s i g n i n g  resonances belonging t o  t h e  same sugar  r i n g  

and in i d e n t i f y i n g  r e s i d u e  type. Zhe c r o s s  r e l a x a t i o n  c o r r e l a t i o n  

methods, of t e n  c a l l e d  n u c l e a r  Overhauser e f f e c t  spectroscopy 

(NOESY), r e l y  on t h e  same through-space d i p o l a r  r e l a x a t i o n  

mechanisms which g ive  r i s e  t o  n u c l e a r  Overhauser e f f e c t s  i n  one 

dimensional spectroscopy.  They a r e  very  u s e f u l  i n  e s t a b l i s h i n g  

sequence and l i n k a g e  s i t e s .  A number of examples of a p p l i c a t i o n  

of these  and c l o s e l y  r e l a t e d  experiments  t o  o l i g o s a c c h a r i d e s  a r e  

now in t h e  l i t e r a t u r e ,  Using one-dimensional NOE da ta ,  t h e  

01 igosaccharide sequence of n e u t r a l  glycosphingol  i p i d s ,  an 

a c e t y l a t e d  d i s a c c h a r i d e ,  and -&-linked g lycopept ides  have been 

determined by Dabrowski e t  a l . , l  B e r s t e i n  and 

and C a r ~ e r , ~  *4 r e s p e c t i v e l y .  

spectroscopy,  we have determined t h e  sequence and l i n k a g e  s i t e s  of 

n e u t r a l  g lycosphingol ip ids  and gang1 i o s i d e  s . ~  n 6  When such sequence 

d a t a  a r e  combined w i t h  composi t ion data .1  o b t a i n e d  through 

two-dimensional s c a l a r  coupl ing c o r r e l a t e d  NMR spectroscopy,  t h e  

complete primary s t r u c t u r e  of an o l i g o s a c c h a r i d e  may be 

obtained.  0 6  

and B r i s s o n  

Using two-dimensional NOE (2D-NOE) 

Despi te  t h e s e  successfu l  a p p l i c a t i o n s ,  t h e  methods a s  y e t  

l a c k  t h e  demonstrated g e n e r a l i t y  and ease  of a p p l i c a t i o n  t h a t  

belong t o  more empir ica l  methods of NMR s t r u c t u r e  a n a l y s i s  based 

on chemical s h i f t  c o r r e l a t i o n s . 8  One q u e s t i o n  of g e n e r a l i t y  

r e l a t e s  t o  t h e  f a c t  t h a t  w i t h  t h e  except ion  of some work by 

Brisson  and Carver, s t u d i e s  have d e a l t  w i t h  s t r u c t u r e s  conta in ing  
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STRUCTURE DETERMINATION OF GLYCOLIPIDS 567 

only p-anomeric l inkages .  I n  t h i s  communication we t e s t  whether 

both a and j3 g l y c o s i d i c  l i n k a g e s  may be r e v e a l e d  through 2D-NOE 

spectroscopy,  us ing  t h e  n e u t r a l  glycosphingol  i p i d  globoside a s  a 

t e s t  case. 

Globoside, a bicmolecule  i n t e r e s t i n g  i n  i t s  own right, was 

f i r s t  proposed by Yamakawa and Suzuki9 t o  have t h e  t e t r a g l y c o s y l  

ceramide s t r u c t u r e  d e p i c t e d  i n  FIG. 1, 

G a l  Nac (b1-3 )Gal ( al-4) Gal ( 81-4) G 1  c (f31-1' ) c e r  amide, ba sed on 

chemical and enzymatic degrada t ion  ana lyses .  I ts  composition h a s  

r e c e n t l y  been conf inned v i a  one-dimensional1° #l1 and 

two-dimensional pro ton  NbiR and carbon-13 NMR12e13 spectroscopy.  

Globoside i s  t h e  major g lycosphingol ip id  p r e s e n t  i n  t h e  membrane 

of human e r y t h r o c y t e s  frcm a l l  bu t  a small minor i ty  of 

ind iv idua ls .  

shown t h a t  t h e  P blood group substance i s  i d e n t i c a l  w i t h  globoside 

or  t h e  globoside o l igosacchar ide  a t t a c h e d  t o  o t h e r  aglycones. A 
most i n t r i g u i n g  f i n d i n g  of Kalenious e t  a l , 1 9  is t h a t  a 

globoside- l ike substance p r e s e n t  i n  t h e  membrane of u r i n a r y  t r a c t  

e p i t h e l i a l  ce l l s  a c t s  a s  a r e c e p t o r  for s t r a i n s  of E s c h e r i c h i a  

- c o l i  r e s p o n s i b l e  f o r  p y e l o n e p h r i t i s .  Thus, i n d i v i d u a l s  t h a t  a r e  

l a c k i n g  membrane globoside and r e l a t e d  s t r u c t w e s  appear  t o  be 

p r o t e c t e d  a g a i n s t  i n f e c t i o n  w i t h  pathogenic  s t r a i n s  of _E. &. 

Immunological s t u d i e s  by Marcus e t  a 1 . 1 4 ~ 1 5  have 

R 

FIG. 1. S t r u c t u r e  and nomenclature of globoside:  
GalNAc(81-3 )Gal (a l -4)  Gal (j31-4)G1c(j31-lf ) ceramide. 
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568 KOERNER ET AL. 

Given t h e  a c t i o n  of globoside a s  a r e c e p t o r  and determinant  

of a n t i g e n i c  a c t i v i t y .  t h e r e  i s  cons iderable  i n t e r e s t  i n  i t s  

t e r t i a r y  a s  w e l l  a s  primary s t r u c t u r e .  In a d d i t i o n  t o  provid ing  

sequence information.  c r o s s  r e l a x a t i o n  c o r r e l a t e d  s p e c t r a  c a n  

provide informat ion  on i n t e r p r o t o n  d i s t a n c e s  and t h u s  p l a c e  

r e s t r i c t i o n s  on a l l o n e d  conformations. We w i l l ,  t h e r e f o r e ,  a l s o  

take t h i s  oppor tuni ty  t o  d i s c u s s  conformational  i m p l i c a t i o n s  of 

our 2D-NOE data .  

-- RESULTS AND DISCUSSION 

The 1II NMR spectrum of globoside can, as can s p e c t r a  of most 

g l y c o l i p i d s ,  be d iv ided  i n t o  a h igh  f i e l d  r e g i o n  conta in ing  

l a r g e l y  l i p i d  resonances,  an i n t e r m e d i a t e  f i e l d  r e g i o n  conta in ing  

o l igosacchar ide  resonances,  and a low f i e l d  r e g i o n  conta in ing  

o l e f i n i c  resonances.  The i n t e r m e d i a t e  f i e l d  r e g i o n  (3-5 ppm) i s  

of most i n t e r e s t  t o  us  i n  t h i s  communication. A one dimensional 

a s  wel l  a s  contour  map of a 2D-SECSY spectrum of t h i s  r e g i o n  along 

with t h e  o l e f i n i c  r e g i o n  i s  presented  i n  FIG. 2 .  Axes i n  t h e  

SECSY spectrum a r e  normal chemical s h i f t  i n  t h e  h o r i z o n t a l  (F2) 

dimension and one h a l f  t h e  d i f f e r e n c e  i n  chemical s h i f t  i n  t h e  

v e r t i c a l  (F1) dimension. 

A good r e p r e s e n t a t i o n  of t h e  one dimensional spectrum i s  

found a long  t h e  c e n t r a l  h o r i z o n t a l  r i d g e  i n  t h e  2D-SECSY spectrum. 

Resonances on t h i s  r i d g e  can  be d iv ided  i n t o  subspec t ra  

r e p r e s e n t i n g  each r e s i d u e  by success ive  c o n s t r u c t i o n  of v e r t i c a l  

l i n e s  fram a c e n t r a l  resonance t o  a c r o s s  peak, a 135 degree  l i n e  

t o  a d i a m e t r i c a l l y  opposed c r o s s  peak, and a v e r t i c a l  l i n e  back t o  

a resonance on t h e  c e n t r a l  r idge.  l k e  c e n t r a l  resonances SO 

i d e n t i f i e d  r e p r e s e n t  a s p i n  coupled p a i r  of protons.  Repeating 

t h i s  procedure c a n  i n  p r i n c i p l e  i d e n t i f y  resonances from a l l  

pro tons  on a s i n g l e  r ing .  The procedure i s  b e s t  begun a t  one of 

t h e  anomeric resonances which a r e  d i s t i n c t  d o u b l e t s  i n  a unique 

chemical s h i f t  r e g i o n  (4-5 ppn) . The procedure i d e n t i f y i n g  s p i n  
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FIG. 2. Proton  NblR s p e c t r a  of globoside obta ined  a t  500 WIz and 
323K. A, 2D-SECSY spectrum showing c o n s t r u c t i o n  f o r  
assignment of resonances i n  r e s i d u e  11. B, one 
dimensional spectrum showing r e s u l t i n g  assignments. 

coupled resonances  i n  a s i n g l e  subspectrum i s  i l l u s t r a t e d  i n  FIG. 
2 by t h e  s o l i d  l i n e .  C o n n e c t i v i t i e s  through t h r e e  or more pro tons  

can be f o l l m e d  f o r  each r ing .  Resonances of a subspectrum a r e  

ass igned  t o  a r e s i d u e  type us ing  t h e  same chemical s h i f t  and 

s c a l a r  coupl ing c o r r e l a t i o n s  w i t h  model compounds used i n  

assignment of one dimensional s p e c t r a .  Conf idenoe i n  ass ignments  

of subspec t ra  resonances is, of course,  g r e a t l y  improved i n  t h a t  

assignment r e l i e s  not  on t h e  p r o p e r t i e s  of one l i n e  or  m u l t i p l e t ,  

bu t  on t h e  c o l l e c t i v e  p r o p e r t i e s  of t h e  connected s e t .  Any 

remaining resonances can u s u a l l y  be ass igned  by e l i m i n a t i o n  i n  

combination w i t h  c h a r a c t e r i s t i c  s h i f t s  and m u l t i p l e t  s t r u c t u r e .  
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570 KOERNER ET AL. 

Table 1. Proton  Chemical S h i f t s  of Globoside 1! 

Proton  Chemical S h i f t  

4.82 
3.82 
3 -65 

5.53 
5.36 
3.90 
3.82 
3.49 
3 -88 

a. 323 degrees  K i n  2% wlv D20 i n  DMSO. 
r e l a t i v e  t o  i n t e r n a l  TMS. Proton  l a b e l s  a r e  as i n d i c a t e d  i n  
FIG. 1. 

Chemical s h i f t s  a r e  

Table  I p r e s e n t s  ass ignments  based on c o n s t r u c t i o n s  s i m i l a r  

t o  t h a t  d e s c r i b e d  above. Nomenclature f o l l o w s  t h a t  shown i n  t h e  

s t r u c t u r e  of PIG..l and chemical s h i f t s  a r e  r e l a t i v e  t o  i n t e r n a l  

TbS. A l l  of t h e  1.2, and 3 p r o t o n  resonances,  a l l  bu t  one of t h e  

4 p r o t o n  r e s o n a n c e s ( I 4 ) ,  and one of t h e  5 proton  resonances had 

been previous ly  ass igned  by Dabrowski e t  a l .  u s i n g  one 

dimensional s p i n  decoupl ing methods.1° Our assignments  conf inn as 

wel l  a s  extend  t h e i r  assignments. 
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STRUCTURE DETERMINATION OF GLYCOLIPIDS 571 

Shown i n  FIG..3A i s  t h e  contour p l o t  of t h e  2D-NOE spectrum 

of globoside between 3 and 6 ppm. The p r e s e n t a t i o n  i n  terms of 

axes  i s  t h e  same a s  t h e  SECSY experiment w i t h  chemical s h i f t  a long  

t h e  F2 a x i s  and d i f f e r e n c e  i n  chemical s h i f t  a long t h e  F1 ax is .  

Cross peaks, however, now correspond t o  through-space d i p o l a r  

r e l a x a t i o n  c o n n e c t i v i t i e s .  The c o n n e c t i v i t i e s  o r i g i n a t i n g  in t h e  

anomeric r e g i o n  (4-5 ppm) a r e  most c l e a r l y  reso lved  and assigned.  

In te r - res idue  ( g l y c o s i d i c )  a s  w e l l  as in t ra - res idue  NOE coupl ings 

a r e  l a b e l e d  below (FIG..3A) and t h e  one dimensional pro ton  

s p e c t r m  between 3 and 6 ppm i s  shown f o r  re ference  i n  FIG. 3B. 

The NOE coupl ings of t h e  anomeric pro tons  of globoside a r e  

r e p o r t e d  i n  Table 2. 

The observa t ion  of i n t e r r e s i d u e  coupl ings s e r v e s  t o  e s t a b l i s h  

the  n-1 o l igosacchar ide  res idue  and s p e c i f i c  g l y c o s i d a t i o n  s i t e  t o  

which the  anomeric pro ton  of t h e  n t h  res idue  i s  l inked.  As 

previous ly  poin ted  when such informat ion  i s  known f o r  each 

res idue  (each anomeric pro ton)  and combined w i t h  compositional 

da ta ,  the  sequence of the  o l igosacchar ide  i s  obtained. Thus f o r  

globoside t h e  fo l lowing  i n t e r r e s i d u e  NOE coupl ings a r e  observed 

(Table 1 ) :  1-1 - >  R-la. 11-1 -> 1-4, 111-1 -> 11-4, and N-1 -> 
111-3. Combination of these sequence fragments  y i e l d s  t h e  

s t r u c t u r e  : 

agreement w i t h  t h a t  proposed by Yamakawa and Suzuki.9 

G alNAc (p1-3) Gal (al-4) G a l  ( p1-4) Glc ( p1-1' ) c e r  amide , i n  

Of p a r t i c u l a r  importance i s  t h a t  one of the  f o u r  i n t e r r e s i d u e  

NOE-couplings (111-1 -> 11-4) i s  a c r o s s  an a-linkage and i s  of an 

i n t e n s i t y  comparable t o  t h a t  of the  t h r e e  8-linkages. 

It i s  not  obvious t h a t  s t rong  c r o s s  r e l a x a t i o n  pathways 

should e x i s t  between anomeric and aglyconic  pro tons  i n  both p and 

a anomers. Because of the  s t e e p  d i s t a n c e  dependence of t h e  

d i p o l a r  c r o s s  r e l a x a t i o n  mechanism ( l / r 6 ) ,  these protons,  a t  

oppos i te  s i d e s  of the  g l y c o s i d i c  l inkage  would have t o  be a t  

s i m i l a r  s h o r t  d i s t a n c e s  i n  both anomers f o r  s t rong  pathways t o  

e x i s t .  Simple i n v e r s i o n  of C-0 and C-H bonds a t  the  8 anomeric 

center ,  t o  produce t h e  a anomer, would dramat ica l ly  increase  t h e  

anomeric-aglyconic pro ton  d i s t a n c e  i f  compensating changes i n  
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5 7 2  KOERNER ET AL. 

I . 1  Ei 

L O  4.0 

FIG. 3 .  P r o t o n  NMR s p e c t r a  of g lobos ide  obta ined  a t  500 MHz and 
313K.  A, 2D-NOE spectrum showing i n t r a -  and 
i n t e r - r e s i d u e  NOE coupl ings  of t h e  anomeric p r o t o n s  of 
t h e  o l i g o s a c c h a r i d e  r e s i d u e s :  I(-.-), II(-..-), 
III(- ...- ) and IV(- ....-). Anomeric coupl ings  a r e  
c i r c l e d  f o r  emphasis. A t  t h e  bottom i n t e r - r e s i d u e  
( g l y c o s i d i c )  coupl ings  are l a b e l e d  w i t h  s o l i d  l i n e s  and 
i n t r a - r e s i d u e  coupl ings wi th  dashed l i n e s .  B, 
one-dimensional spectrum w i t h  l a b e l e d  anomeric 
resonances and t h e  u p f i e l d  r e g i o n  t o  which they  are 
coupled. 
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STRUCTURE DETERMINATION OF GLYCOLIPIDS 573 

Table 2. Observed X E  Couulings and  I n t e r u r o t o n i c  Dis tances  

Involving the Anomeric Protons of Globosidea 

h o m e r i c  Upf i e l d  
S igna l  S i g n a l  

4.188 3.800 

3.761 

4.502 3.597 

3.400 

4.253 3.554 

3.416 

3.289 

4.162 3.425 

a. 

b. 

C. 

d. 

3.289 

I n t e r m e t a t i o n  

111-1 11-4 
g l p c o s i d i c  

111-1 111-2 
1,2-ea 

N-1 111-3 
g l y c o s i d i c  

Iv-1 N-3 
1.3-aa 

11-1 11-5 
1 .5-aa 

11-1 11-3 
1.3-aa 

11-1 1-4 
g l y c o s i d i c  

1-1 R l a  
glyco s i d i c  

1-1 1-5 
1.5-aa 

NOE Signal  
I n t e a r a t i o *  

1.4 

1 .o 

1.5 

1.3 

1.1 

0.8 

1.6 

1 .4  

1.3 

r ( A )  
Knows Cal'dd 

2.4 

2.5 

2.4 

2.5 2.4. 

2.5 

2.5 

2.3 

2.4 

2.5 2.4. 

Uncertain because of overlap. 

Obtained from 2D-NOE spectrum (3-6 ppm) a t  500 W z  and 40OC 
in DMSD-d6-D~0 (98:2, v /v) ,  FIG. 3 .  

Rela t ive  i n t e g r a t e d  a r e a s  of NOE-coupled s i g n a l  measured from 
FIG. 2; e r ro r ,  +I- 10%. 

Values based on x-ray c rys ta l lography measurements of 
monosaccharides (Ref. 18.19). 

Calculated i n t  r p r o t o n i c  d i s t a n c e s  a s  d i scussed  i n  t e x t ;  
e r r o r ,  +/- 0.2 H . 
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g l y c o s i d i c  t o r s i o n a l  angles  d i d  n o t  occur. These compensating 

changes a r e  known t o  occur  f o r  a wide v a r i e t y  of o l i g o s a c c h a r i d e s  

and apparent ly  do occur  i n  globoside a s  w e l l .  The primary d r i v i n g  

f o r c e  underlying t h e s e  changes h a s  been termed t h e  "em-anomeric 

e f f e c t "  and h a s  been t h e  s u b j e c t  of a number of t h e o r e t i c a l  and 

experimental  studies.14-16 A conclus ion  reached  e a r l y  by Lemieux 

and co-workers i s  t h a t  t h e  v i r t u a l  t o r s i o n  a n g l e  d e f i n e d  by 

p r o j e c t i o n  of anomeric carbon-hydrogen and ag lyconic  

carbon-hydrogen bonds a c r o s s  t h e  g l y c o s i d i c  bonds would normally 

be l e s s  t h a n  30 degrees  i n  both  a and j3 l i n k e d  o l i g o s a ~ c h a r i d e s . ~ ~  

This  l e a d s  t o  s h o r t  t rans-g lycos id ic  proton-proton d i s t a n c e s  i n  a 

wide v a r i e t y  of l inkages .  To t h e  e x t e n t  t h a t  t h e  exo-anomeric 

e f f e c t  dominates conformations1 preferences ,  t h e  use of 

t rans-g lycos id ic  NOES a s  a method of o l  igosacchar ide  sequencing 

would be genera l .  The p r e s e n t  work s u p p o r t s  t h e  g e n e r a l i t y  i n  

t h a t  2D-NOE t r a n s - g l y c o s i d i c  c o m e  c t  i v  i t i e s  have been demonstrated 

f o r  a v a r i e t y  of d i f f e r e n t  anomeric l i n k a g e s ,  inc luding  a and j3. 

a s  wel l  a s  1-3 and 1-4 l inkages .  

Another type of s t r u c t u r a l  in format ion  t h a t ,  i n  p r i n c i p l e ,  

can be obta ined  from t h e  ZD-NOE spectrum of an o l igosacchar ide  i s  

t h e  average i n t e r p r o t o n i c  d i s t a n c e  r a c r o s s  v a r i o u s  g l y c o s i d i c  

l inkages .  A r i g o r o u s  t rea tment  of NOES i n  groups of d i p o l a r  

coupled pro tons  r e q u i r e s  e x p l i c i t  c o n s i d e r a t i o n  of a l l  c r o s s  

r e l a x a t i o n  pathways and de termina t ion  of a s u f f i c i e n t  number of 

enhancements t o  y i e l d  a unique s e t  of d i s tances .z0  Where a 

s u f f i c i e n t  number of de te rmina t ions  cannot be made, approximate 

t rea tments  may s u f f i c e .  For macromolecules. a t reatment  r e l y i n g  

on t h e  i n i t i a l  r a t e s  of NOE bui ldup,  coupled w i t h  i n t e r n a l  

d i s t a n c e  c a l i b r a t i o n  v i a  e f f e c t s  between a r i g i d l y  f i x e d  p a i r  of 

protons,  has  proven useful.21szz While the d i s t a n c e  dependence i n  

t h e s e  experiments  i s  s t r a i g h t f o r w a r d  ( l / r 6 ) ,  a c q u i s i t i o n  of a 

complete s e t  of time dependent d a t a  can be v e r y  time consuming. 

We p r e s e n t  h e r e  what amounts t o  a s i n g l e  p o i n t  i n  a s i m i l a r  time 

dependent experiment c a r r i e d  o u t  by two dimensional spectroscopy 

SO t h a t  in format ion  on a l a r g e  number of c o n n e c t i v i t i e s  can  be 
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STRUCTURE DETERMINATION OF GLYCOLIPIDS 575 

simultaneously obtained. 

s u f f i c i e n t l y  shor t ,  l i n e  shapes a r e  the  same f o r  a l l  resonances 

and s i m i l a r  c o r r e l a t i o n  times cha rac t e r i ze  a l l  d ipo la r  

i n t e rac t ions ,  the a reas  of c ros s  peaks i n  the  2D experiment r e l a t e  

t o  one another a s  the  r a t i o  of the  inverse s i x t h  power of 

in te rnuc lear  distances.  We r e s t r i c t  our curren t  p re sen ta t ion  t o  

data from one such 2D experiment. Quan t i t a t ion  v i a  a more 

complete time dependent study w i l l  follow. 

I n  the  l i m i t  t h a t  the  mixing time i s  

Ideally.  to q u a n t i t a t e  c ros s  r e l axa t ion  e f f e c t s  i n  two 

dimensional da ta  se t s ,  one would measure cross-peak volumes. The 

use of peak a r e a s  from cross-sectional p l o t s  i s  more convenient 

but,  r e l i e s  on the  assumption of s imi l a r  l i n e  shapes f o r  the  

resonances of i n t e r e s t .  Here, i n  order t o  es t imate  the  anomeric 

NOE-couplings, cross-sectional p l o t s  through the 

in t ra -o l  igosaccharide anolneric s i g n a l s  a t  4 . l a g ,  4 .SO2 and 4.253 

ppm were obtained. These cross-sectional p l o t s  a r e  shown i n  

FIG. 4. In t eg ra t ion  of each NOE-coupled s igna l  allows t h e  

r e l a t i v e  a reas  of each t o  be measured. The r e s u l t i n g  va lues  of 

r e l a t i v e  NOE-coupling a r e  repor ted  i n  Table 2. 

In order t o  transform these r e l a t i v e  NOE-coupling va lues  i n t o  

in t e rp ro ton  d is tances ,  su i t ab le  d is tance  c a l i b r a t i o n s  must be 

chosen. With p-linked glacopyranoside and galactopyranoside 

r ings ,  1-3 and 1-5 proton p a i r s  a r e  expected t o  be r i g i d l y  held a t  

a s u f f i c i e n t l y  shor t  d i s tance  (2.5 A) t o  provide such a 

ca l ib ra t ion .  I n  an  a-linked galactopyranoside. the  1-2 p a i r  a t  

2.5 1. p r w i d e s  a su i t ab le  ~ a l i b r a t i o n . ~ ~ ~ ~ ~  We would expect t o  

see NOE c ross  peaks from a l l  of these p a i r s  i n  add i t ion  t o  c ros s  

peaks r e l a t e d  t o  in t e r r e s idue  in t e rac t ions .  Only one in t ra - r ing  

c r o s s  peak can be i d e n t i f i e d  f o r  Gal-IV and Glc-I. Ckemical 

s h i f t s  f o r  protons 3 and 5 i n  these res idues  a r e  expected t o  be 

very s imi la r . ,  SECSY experiments conf inn ac tua l  overlap.  These 

c ross  peaks a re ,  therefore ,  assumed t o  r e s u l t  from two 

enhancements and one-half of the observed value i s  used i n  

ca lcu la t ions .  I n t e r p r e t a t i o n  of H-3 ,E-5 enhancements f o r  Glc-I 

m i g h t  be f u r t h e r  questioned because of the  over lap  of H-3 and H-5 

0 
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576 KOERNER ET AL. 

resonances wi th  a resonance from the 1-4 proton. In t e rp re t a t ion  

of cross peak i n t e n s i t i e s  i n  s t rongly  coupled sp in  systems i s  

normally d i f f i c u l t .  In  the case of Glc-I, however, the exact 

overlap of protons 3.4. and 5, and s i m i l a r i t y  of d i s tances  from 

H-3 and €I-5 to the  anomeric proton allows a simple d iv i s ion  by 

112. 

With these qua l i f i ca t ions ,  su i t ab le  c a l i b r a t i o n s  can be 

obtained and enhancements measured f o r  anomeric -trans-glycosidic 

p a i r s  can be converted t o  d is tances .  Since enhancements were very 

s imi l a r  f o r  c a l i b r a t i o n  d is tances  i n  each ring, an average 

enhancement f o r  a p a i r  of protons a t  2.5 2 was calculated.  The 

s ix th  root  of the  r a t i o  of this c a l i b r a t i o n  enhancement t o  each 

individual enhancement was then mul t ip l i ed  by 2.5 t o  y i e l d  

ca lcu la ted  d i s t ances  which a re  presented i n  Table 2 .  

In general, the d is tances  c i t e d  above represent  averages over 

allowed conformers weighted by l / r6 .  

conformer dominates, i n t e rp re t a t ion  i n  terms of a s ing le  conformer 

can be attempted. A s ing le  trans-glycosidic d is tance  normally can 

be s a t i s f i e d  by severa l  g lycos id ic  bond conformations. A growing 

body of experimental measurements and theo re t i ca l  ca l cu la t ions  

ind ica t e s  t h a t  only a small number of 6 and o dihedra l  angles f o r  

glycosidic l inkages  a re  allowed ( 6 = +60 degrees, o = 0 

degrees) .16-18* 25-26 This i s  a mani fes ta t ion  of the  exo-anweric 

e f f e c t  discussed above. The transglycoside d is tances  Calculated 

(2.4 5 .1A) a r e  cons is ten t  with these g lycos id ic  bond angles and 

strongly support the dominance of these conformers i n  DMSO 
solution. 

In  the l i m i t  t h a t  one 

0 

Elimination of other poss ib le  conformers o r  more prec ise  

spec i f ica t ion  of 6 and o bond angles  r equ i r e s  measurement of more 

than one in te r - r ing  c ros s  r e l axa t ion  connectivity and i s  bes t  done 

with a complete time development study. That addi t iona l  

connec t iv i t ies  can be measured i s  apparent i n  FIG 4. Peak c i n  a 

collrmn containing resonance IV-1 can  be assigned t o  a IV-1 -) 

111-4 connectivity.  Combined wi th  the IV-1 -> 111-3 connec t iv i ty  

t h i s  g ives  the  information needed t o  f u r t h e r  r e f ine  s t ruc tu ra l  
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m-l J 

a 5 6 7  

+0.4 0 - 0.4 - 0.8 
A8 /2 

FIG. 4 .  Cross-sectional p l o t s  through the ancmeric s igna l s  of 
FIG. 3 fo r  q u a n t i t a t i o n  of the  r e l a t i v e  i n t e n s i t y  of NOE 
couplings. A, crossec t iona l  p l o t  a t  4.788 p p  (111-1): 
1 ,  111-1 - 11-4 couple; 2 ,  111-1 - 111-2 couple. B. 
cross-sectional p l o t  a t  4.502 ppm (IV-1): 3 ,  IV-1 - 
111-3 couple; 4 ,  IV-1 - IV-3 couple. C. 
cross-sectional p l o t  a t  4.253 ppm (11-1): 5 ,  11-1 - 
11-5 couple; 6 ,  11-1 - 11-3 couple; 7 ,  11-1 - 1-4 
couple. 8 ,  and b, a r e  a r t i f a c t s .  c. i s  t e n t a t i v e l y  
assigned a s  the  IV-1 - 111-4 couple. The resonance a t  0 
ppm i s  i n  each case a r e s u l t  of d i r e c t  e x c i t a t i o n  of the 
proton of i n t e r e s t  (111-1, IV-1. or 11-11. 
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578 KOERNER ET AL. 

parameters. Acquis i t ion  of more a c c u r a t e  c r o s s  r e l a x a t i o n  data  

and a c q u i s i t i o n  of da ta  which would al low i n v e s t i g a t i o n  of 

conformation i n  water  i s  underway. 

EXPERIMENTAL 

Globoside ( 2  mg), ob ta ined  from human e r y t h r o c y t e s  aild k indly  

provided by Dr. S. Ando, TolrJro Metropol i tan  I n s t i t u t e  of 
Gerontology, Tokyo, Japan, was prepared f o r  h igh- reso lu t ion  pro ton  

NbUt a n a l y s i s  i n  t h e  so lvent  dimethyl SUlfoXide-dgdeuter i~m oxide 

(DMSO-DzO) (98:2 v/v,  0.5 ni l )  a s  prev ious ly  described.6 

Pro ton  s p e c t r a  were obta ined  us ing  a Bruker WM-500 

spectrometer  equipped w i t h  an Aspect 2000 computer o p e r a t i n g  i n  

Four ie r  transform mode w i t h  quadra ture  d e t e c t i o n .  One dimensional 

s p e c t r a  were t y p i c a l l y  acqui red  us ing  a s p e c t r a l  width of 3000 EL, 
a 2 sec  c y c l e  time, a 90 degree pulse  of 11 psec. and 128 t o  256 

scans. 2D s p i n  coupl ing c o r r e l a t i o n  spectroscopy was e recuted  

us ing  two 90 degree  p u l s e s  separa ted  by a time 112 t l  and d a t a  

were acquired dur ing  a per iod,  t 2 ,  beginning a f t e r  a n  a d d i t i o n a l  

time delay 112 tl  fol lowing t h e  l a s t  90 degree pulse .  Acquis i t ion  

of Spectra  requi red  7 hr. l l i s  experiment, r e f e r r e d  t o  a s  a SECSY 
experiment, conta ins  t h e  same b a s i c  informat ion  a s  a COSY 
experiment. The COSY experiment usua l ly  provides  a h igher  s i g n a l  

t o  noise  r a t i o  because a c q u i s i t i o n  i n  t h e  SECSY experiment is 

delayed by t1/2, a l lowing f u r t h e r  decay of the  f r e e  induct ion  

decay. In cases  where expected coupl ings occur over a small 

s p e c t r a l  region,  however, the  SECSY experiment a l lows  c o n t r a c t i o n  

of the F1 frequency domain w i t h  s u b s t a n t i a l  savings i n  t h e  n m b e r  

of tl p o i n t s  t h a t  need t o  be acquired.  

is t h e  case and experiments  provide comparable s e n s i t i v i t y .  

ltro dimensional, hanonuclear  nuc lear  Overhauser e f f e c t  

(2D-NOW spectroscopy was executed w i t h  a sequence of t h r e e  

non-select ive 90 degree p u l s e s  separa ted  by t 1 / 2  and a mixing 

delay,  e .  Mixing de lay  and t l  increments were 0.5 s and 1.25 

In ol igosacchar ides  t h i s  
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STRUCTURE DETERMINATION OF GLYCOLIPIDS 579 

msec, respec t ive ly .  Phase cycling and a m a l l  random i n c r m e n t  

added t o  the  mixing delay were used t o  suppress J-correlated 

peaks. The spectrum required a t o t a l  of 88 scans i n  a 256 x 2048 

data se t ,  which took approximately 20 h to  acquire.  

The software used t o  transform the  2D-NOE spec t ra  was 

obtained from Bruker Instruments, B i l l e r i c a ,  MA. Zero f i l l i n g  and 

a window funct ion  of cos2 8 (phase s h i f t e d  by n/4) were used i n  

both dimensions. 

h each. The software used t o  transform the 2D SECSY spectrum was 

w r i t t e n  by Dr .  Dennis Hare, and run on a DEC VAX 11/750 computer. 

Zero f i l l i n g  i n  the  F2 dimension and a window function of s i n  b e l l  

s h i f t e d  by 0 degrees i n  both dimensions were used. Processing and 

p l o t t i n g  requi red  a t o t a l  of approximately 20 min. 

Processing and p l o t t i n g  requi red  approximately 2 
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