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ABSTKACT 

This paper describes several new NMK techniques for structure 
determination and spectral assignment of polysaccharides. Positions 
of linkages between sugar units can be determined unambigously and 
with high sensitivity using a modified version of the w e l l  known 
INEPT experiment. A new two-dimensional experiment is shown to 
provide excellent resolution and sensitivity in correlating I H  and 
3C chemical shifts. 

INTRODUCTION 

NMK spectroscopy, and in particular l t i  and I3C NMR spectroscopy, 

has become an increasingly important tool for the chemical and 

physical characterization of carbohydrates and their derivatives. The 

usefulness of the NMK method follows from the assignments of 

individual proton and carbon resonances to particular hydrogens or 
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594 BAX, EGAN, AND KOVAC 

c a r b o n  at0ms.l The a b i l i t y  t o  make t h e s e  a s s i g n m e n t s  has  been 

enormously f a c i l i t a t e d  by t h e  i n t r o d u c t i o n  of two-dimensional  (2-D) 

NMR techniques .2  A v a r i e t y  of 2-D lt l  experiments3-11 and ,  e s p e c i a l l y ,  

homonuclear chemica l  s h i f t  c o r r e l a t i o n  (COSY) ,3-7 h a s  a i d e d  s i g n a l  

a s s i g n m e n t s  i n  l i i  s p e c t r a .  When p r o t o n  ass ignments  have been made, 

13C ass ignments  f o l l o w ,  s t r a i g h t f o r w a r d l y ,  from t h e  c o n s t r u c t i o n  of 

a 1H-13C h e t e r o n u c l e a r ,  chemica l  s h i f t  c o r r e l a t i o n  mp12-15 or ,  as 

w i l l  be demonst ra ted  i n  t h i s  paper ,  by a r e c e n t l y  i n t r o d u c e d  

" t o t a l l y  decoupled" CSCM exper iment  .l6,I7 

which only  p a r t i a l  ass ignment  of t h e  p r o t o n  spec t rum can  be made, a 

two-dimensional ,  h e t e r o n u c l e a r  RELAY exper iment  can be used t o  

i d e n t i E y  a d j a c e n t ,  p r o t o n a t e d  13C n u ~ l e i ; ~ ~ - ~ ~  a l t e r n a t i v e l y ,  a 

13C-13C INADEQUATE e ~ p e r i m e n t ~ ~ - * ~  c a n  be used t o  trace t h e  e n t i r e  

c a r b o n  s k e l e t o n  of t h e  molecule .  R e c e n t l y ,  t h e  two-dimensional NOE 

exper iment8  and t h e  COSY exper iment  were used f o r  d e t e r m i n i n g  

o l i g o s a c c h a r i d e  i n t e r g l y c o s i d i c  l i n k a g e s  .27 Both of t h e s e  

approaches  t o  e s t a b l i s h i n g  t h e  i n t e r g l y c o s i d i c  l i n k a g e  r e l y  on p r o t o n  

KHK, and a r e  o f t e n  compl ica ted  because  of s e v e r e  s p e c t r a l  o v e r l a p .  

A d d i t i o n a l l y ,  t h e  e f f e c t s  on which t h o s e  methods a r e  based ,  NOE effect 

a c r o s s  t h e  g l y c o s i d i c  l i n k a g e  and t h e  4.11i~~c,i s c a l a r  c o u p l i n g ,  a r e  

s t r o n g l y  conformat ion  dependent ,  and t h e r e E o r e  not  a lways unambiguous. 

A l t e r n a t i v e l y ,  t h e  l i n k a g e  s i t e  can be de te rmined  via t h e  I H - l 3 C  

three-bond scalar c o u p l i n g  from t h e  anomeric  p r o t o n  a c r o s s  t h e  oxygen 

atom t o  t h e  ag lycon carbon atom. The p r e s e n c e  of such a c o u p l i n g ,  as 

well as i t s  magnitude,  can be g o t t e n  from e i t h e r  a s e l e c t i v e  p r o t o n  

f l i p  experimentz9 o r  a s e l e c t i v e  h e t e r o n u c l e a r  d e c o u p l i n g  

exper iment  .30-32 Both of t h e s e  e x p e r i m e n t s ,  however, a r e  

time-consuming. and t h e  s e l e c t i v e  d e c o u p l i n g  exper iment  s u f f e r s  

e s p e c i a l l y  from poor s e n s i t i v i t y .  

I n  t h o s e  i n s t a n c e s  i n  

We now wish t o  show t h a t  t h e  r e c e n t l y  i n t r o d u c e d  s e l e c t i v e  INEPT 

e x p e ~ i m e n t ~ ~ , ~ ~  can be used t o  e f f e c t i v e l y  d e t e c t  t h e  p r e s e n c e  of 

long-range 111-13C c o u p l i n g s ,  and t h u s  can  be used a s  a method f o r  

d e t e r m i n i n g  t h e  p o s i t i o n  of l i n k a g e s  between s u g a r  u n i t s .  Ne w i l l  

a l s o  show t h a t  t h e  s e l e c t i v e  INEPI  exper iment  p r o v i d e s  e x c e l l e n t  

s e n s i t i v i t y .  
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COMPLEX CARBOHMRATES 595 

S p e c t r a l  ass ignment  of a t r i s a c c h a r i d e  

While  s p e c t r a l  ass ignments  of a s a c c h a r i d e  are u s u a l l y  

accompl ished  by comparison w i t h  r e l a t e d  compounds, they  can a l s o  

be  done i n  a d i r e c t  manner. As an example, we  d e s c r i b e  h e r e  t h e  

IH and 13C ass ignment  of t h e  a l d o t r i u r o n i c  a c i d  d e r i v a t i v e  (L) .  

S p e c t r a l  ass ignment  of t h e  p r o t o n  resonances  of t h e  r i n g  d e s i g n a t e d  

"C" f o l l o w s  immediately from t h e  COSY spec t rum.  F i r s t ,  t h e  anomeric  

p r o t o n ,  C l ,  i s  i d e n t i f i e d  on t h e  b a s i s  of t h e  small homonuclear 

c o u p l i n g  and t h e  downf ie ld  s h i f t .  From t h i s  (see F i g u r e  l), t h e  C2 

p r o t o n  is t h e n  ueasured  t o  be a t  3.60 ppm, and t h i s  p r o t o n  is i n  

t u r n  coupled  to C 3  (3.80 ppm) (broken  l i n e s  i n  F ig .  1). P r o t o n s  C4 

(3 .34 ppm) and C5 ( 4 . 6 8  ppm) a r e  t h e n  a l s o  s t r a i g h t  f o r w a r d l y  

a s s i g n e d .  P r o t o n s  of t h e  remaining two s u g a r  r i n g s ,  A and B, a r e  

a s s i g n e d  i n  an i d e n t i c a l  manner; however, d i s t i n g u i s h i n g  which 

p r o t o n s  cor respond t o  which r i n g  i s  n o t  r e a d i l y  p o s s i b l e  but  

r e q u i r e s  c o r r e l a t i o n  w i t h  t h e  I 3 C  spec t rum and use  of t h e  s e l e c t i v e  

INEPT exper iment ,  as w i l l  be d e s c r i b e d  l a t e r .  S e v e r a l  p r o t o n  

r e s o n a n c e s  a r e  c l o s e  t o g e t h e r ,  and c o r r e l a t i o n  w i t h  1 3 C  chemica l  

s h i f  ts12-17 r e q u i r e s  very  h i g h  r e s o l u t i o n  i n  t h e  p r o t o n  dimension 

(FL) of t h e  CSCM spec t rum.  T h i s  high F1 r e s o l u t i o n  d r a m a t i c a l l y  

d e c r e a s e s  t h e  s e n s i t i v i t y  of t h e  exper iment ,  because  s i g n a l  energy  

i s  d i s t r i b u t e d  over  a l l  pro ton-pro ton  m u l t i p l e t  components i n  t h e  F l  

dimension.35 s36 A r e c e n t l y  i n t r o d u c e d  m o d i f i c a t i o n  of t h e  chemica l  

s h i f t  c o r r e l a t i o n  exper iment  a v o i d s  t h i s  loss i n  s e n s i t i v i t y  by 

r e f o c u s i n g  t h e  dephas ing  t h a t  normal ly  o c c u r s  d u r i n g  t h e  e v o l u t i o n  

p e r i o d  due t o  t h e  pro ton-pro ton  c o u p l i n g .  The s i g n a l  of a l l  protoit 
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Figure  1. Two-dimensional COSY spectrum of t r i s a c c h a r i d e ,  1, 
recorded  a t  500 MXz. The spectrum r e s u l t s  from a 256x512 dGta 
mat r ix ,  which cor responds  t o  d a t a  a c q u i s i t i o n  times ( t lmax  and 
t2max) O E  230 m s  i n  both dimensions.  
f i l t e r i n g  func t ion  was used i n  both  dimensions.  I n  o rde r  t o  reduce 
spec t rometer  i n s t a b i l i t i e s  t h a t  gene ra t e  " t l -no i se , "  the sample w a s  
not spun. The coupl ing  network can e a s i l y  be t raced  ou t  from t h i s  
spectrum, as d i scussed  i n  the t e x t .  

A non-sh i f ted  s i n e  b e l l  
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COMPLEX CARBOHYDRATES 597 

F i g u r e  2. P u l s e  scheme of t h e  hoinonuclear broad-band decoupled 
h e t e r o n u c l e a r  s h i f t  c o r r e l a t i o n  exper iment .  The phases  of t h e  'f 
p u l s e s  and r e c e i v e r  a r e  c y c l e d  a c c o r d i n g  t o  Table  1. For optimum 
s e n s i t i v i t y ,  t h e  d e l a y  t i m e  between t h e  end of d a t a  a c q u i s i t i o n  
(and  p r o t o n  d e c o u p l i n g )  and t h e  f i r s t  90" lH p u l s e  of t h e  next  
exper iment  should  be on t h e  o r d e r  of 1.5 T i ,  where T i  is t h e  
a v e r a g e  p r o t o n  l o n g i t u d i n a l  r e l a x a t i o n  t i m e .  T h i s  exper i inenta l  
scheme y i e l d s  a h e t e r o n u c l e a r  s h i f t  c o r r e l a t i o n  map from which t h e  
v i c i n a l  l H - l l 1  c o u p l i n g s  a r e  e f f e c t i v e l y  removed. 
geminal  p r o t o n  c o u p l i n g  w i l l  s t i l l  be p r e s e n t  i n  t h e  F1 d imens ion .  

S p l i t t i n g s  due t o  

m u l t i p l e t  components w i l l  t h e n  be c o n c e n t r a t e d  i n t o  one narrow l i n e  

a t  t h e  p r o t o n  chemica l  s h i f t  f r e q u e n ~ y . l ~ * ~ ~  The p u l s e  sequence  of 

t h i s  t o t a l l y  decoupled h e t e r o n u c l e a r  chemica l  s h i f t  c o r r e l a t i o n  

exper iment  is d e p i c t e d  i n  Fig.  2. The d i f f e r e n c e  between t h i s  

sequence  and t h e  r e g u l a r  CSCM exper iment  t s  t h a t  t h e  180" 

a t  t h e  mid-point of t h e  e v o l u t i o n  p e r i o d  is r e p l a c e d  by a b i l i n e a r  

p u l s e 3 7  t h a t  r e f o c u s e s  dephas ing  due t o  a l l  pro ton-pro ton  scalar 

c o u p l i n g s ,  a p a r t  from t h e  geminal  c o u p l i n g  between non-equivalent  

methylene  p r o t o n s .  A s e c t i o n  of t h e  CSCM spec t rum,  d i s p l a y i n g  t h e  

most crowded area oE t h e  2D spec t rum,  is shown i n  F i g u r e  3 .  The 

s p e c t r u m  was recorded  on a iNT-270 s p e c t r o m e t e r ,  o p e r a t i n g  at  68 iyHz 

13C f requency .  

measur ing  t i i ne  was 2 h r s .  The p r o t o n  chemica l  s h i f t s  can  be measured 

a c c u r a t e l y  from t h i s  decoupled s h i f t  c o r r e l a t i o n  map, and 

ass ignment  of t h e  1 3 C  s h i f t s  is d i r e c t l y  p o s s i b l e  by coinparison w i t h  

t h e  p r o t o n  s h i f t s  de te rmined  from F i g u r e  1. 

D e t e r m i n a t i o n  of l i n k a g e s  

13C p u l s e  

A 128x2048 d a t a  m a t r i x  was a c q u i r e d  and t h e  t o t a l  

A m o d i f i c a t i o n  of t h e  INEPT e x p e r i ~ u e n t ~ ~ - ~ ~  has  r e c e n t l y  been 

i n t r o d u c e d  t h a t  al lows m g n e t i z a t i o n  t r a n s f e r  from a p r e - s e l e c t e d  
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F i g u r e  3. The most crowded s e c t i o n  of t h e  homonuclear-decoupled,  
h e t e r o n u c l e a r  s h i f t  c o r r e l a t i o n  spec t rum of t r i s a c c h a r i d e ,  1, 
r e c o r d e d  a t  270 MHz p r o t o n  f r e q u e n c y .  The f u l l  spec t rum r e s u l t e d  
from a 128x2048 d a t a  m a t r i x  ( t lmax=300 m s ,  t2max=250 m s ) .  The 
t o t a l  measur ing  t i m e  was 2 h r s .  Moderate  L o r e n t z i a n  t o  G a u s s i a n  
r e s o l u t i o n  enhancement  i s  used i n  both  d imens ions .  The pro ton-  
p r o t o n  c o u p l i n g  i n  t h e  Fl d imens ion  has  been e f f e c t i v e l y  removed. 

TABLE 1. 
and t h e  way d a t a  are added t o  o r  s u b s t r a c t e d  from memory in t h e  
v a r i o u s  s t e p s  of t h e  exper iment .  

The r f  phases  of t h e  f i n a l  p r o t o n  p u l s e  and l3C p u l s e  (+), 

S t e p  No. $ ACQ 

1 X + 
2 Y 

4 -Y 

- 
3 --x + 

- 
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COMPLEX CARBOHYDRATES 599 

TABLE 2. lH and I3C Chemical S h i f t s  of T r i saccha r ide  1. - 

Ring 1 2  3 4 5 6 Me(1) Me(4) Me(6) 

lH 4.46 3.25 3.42 3.62 3.32 

A 3.98 

l3C 103.3 74.1 76.9 70.5 66.5 

IH 4.47 3.32 3.65 3.76 3.39 3.53 

B 4.09 

13C 105.4 79.2 73.4 78.1 64.0 58.6 

I11 5.23 3.60 3.80 3.34 4.68 3.46 3.84 
C 

I3C 99.5 72.2 73.3 82.6 70.8 173.3 61.1 54.5 

proton  t o  a nucleus (e.g. ,  I 5 N  o r  13C) t h a t  has a long-range s c a l a r  

i n t e r a c t i o n  of s e v e r a l  o r  more Hertz with t h i s  p r ~ t o n . ~ ~ ~ ~ ~  I t  has 

been demonstrated t h a t  t h i s  modified,  s e l e c t i v e  INEPT experiment can 

be used f o r  s e n s i t i v i t y  enhancement of non-protonated I 5 N  n u c l e i ,  33 

and f o r  assignment of l1-I and I3C spec t ra .34  

t h a t  t he  coupl ing  ac ross  the  i n t e r g l y c o s i d i c  l i nkage  i n  an 

o l igosaccha r ide  can be used, i n  a d i r e c t  and unambiguous way, t o  

e s t a b l i s h  the  presence of t h i s  l inkage .  The pulse  sequence of t he  

modified INEPT experiment i s  schematized i n  F igure  4. The experiment 

f u n c t i o n s  b a s i c a l l y  i n  the  same way a s  the  usua l ,  refocused INEPT 

exper iment ;  41 t h e r e  are seve ra l  important d i f f e r e n c e s  : 

pu l ses  are s o f t  pu lses  (yH2 = 20 Hz), a f f e c t i n g  only o r  predominantly 

magnet iza t ion  of one p rese l ec t ed  proton. During the  delay A l ,  proton  

coup l ing  magnet iza t ion  vec to r s  precess under in f luence  of long-range 

111-13C i n t e r a c t i o n  (provided t h a t  a 13C nucleus i s  present  at two or t h r e e  

bonds removed from t h i s  pro ton)  and a l l  o the r  e f f e c t s  (p ro ton  chemical 

s h i f t ,  homonuclear proton coupl ing ,  and s t a t i c  magnetic f i e l d  

inhomogeneity) are removed by the  soft 180" 'H pu l se ,  app l i ed  at the 

mid-point of t h e  i n t e r v a l  111. I n  analogy with the  r egu la r  INEPT 

exper iment ,  t h e  de lay ,  81, is set t o  a d u r a t i o n  on the  order  of 

- -  

We here in  demonstrate 

a l l  proton 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



600 BAX, EGAN, AND KOVAC 

F i g u r e  4. P u l s e  scheme of t h e  s e l e c t i v e  INEPT exper iment .  All 
p r o t o n  p u l s e s  a r e  s o f t  p u l s e s  (yX2 = 20 Hz) ,  a p p l i e d  t o  a 
p r e s e l e c t e d  p r o t o n  resonance .  
is a l t e r n a t e d  a l o n g  t h e  y axis i n  s u c c e s s i v e  e x p e r i m e n t s ,  and d a t a  
are a c c o r d i n g l y  added and s u b t r a c t e d .  For  optimum p o l a r i z a t i o n  
t r a n s f e r  from one pro ton  t o  one 1 3 C  n u c l e u s  w i t h  a scalar c o u p l i n g  
J ,  t h e  optimum c o n d i t i o n  f o r  t r a n s f e r  is A 1  + 2190 = A2 + '90 = 
1/25, where  go is t h e  d u r a t i o n  of t h e  s o f t  90' p r o t o n  p u l s e  

The phase of t h e  second 90" I H  p u l s e  

( =  12 m s ) .  

1 / ( 2 1 r J ~ ~ ) ,  where lrJc" i s  t h e  e x p e c t e d  v a l u e  f o r  t h e  three-bond 

long-range J c ~  c o u p l i n g .  To minimize t h e  effects of It1 t r a n s v e r s e  

r e l a x a t i o n ,  a s h o r t e r  v a l u e  f o r  A 1  i s  o f t e n  s e l e c t e d  (on t h e  o r d e r  

of 50 msec). A t  t h e  end of t h e  i n t e r v a l ,  ,\I, t h e  90°(1H)i900(13C) 

p u l s e - p a i r  t r a n s f e r s  t h e  p r o t o n  p o l a r i z a t i o n  to  t h e  I 3 C  n u c l e u s  .39,41 

During t h e  d e l a y ,  112, t h e  a v e r a g e  p r e c e s s i o n  of t h e  t r a n s f e r r e d  13C 

m a g n e t i z a t i o n  is de termined  s o l e l y  by t h e  long-range c o u p l i n g  l r . J c ~ ,  
t o  t h e  p r e s e l e c t e d  p r o t o n ,  s i n c e  a l l  o t h e r  i n t e r a c t i o n s  a r e  r e f o c u s e d  

by t h e  I 3 C  p u l s e .  

m a g n e t i z a t i o n  is i n  phase a l o n g  t h e  2 a x i s ,  when h i g h  power broad-  

band p r o t o n  decoupl ing  is begun. To l i m i t  r e l a x a t i o n  e f f e c t s ,  t h e  

d e l a y ,  A2, i s  a l s o  chosen t o  be s l i g h t l y  (20-4OZ) s h o r t e r  t h a n  

1 / ( 2 1 r J c ~ ) .  

p r o t o n s  of a methyl  group t o  a I 3 C  n u c l e u s  t h a t  has  a long-range 

c o u p l i n g  w i t h  t h o s e  p r o t o n s ,  t h e  optimum A2 v a l u e  is a p p r o x i m a t e l y  

1 / ( 5 l r J c ~ )  .41 

After a t ime,  ~ 2 = 1 / ( 2 l ~ . J ~ ~ ) ,  a l l  t r a n s f e r r e d  

For  t r a n s f e r  of m a g n e t i z a t i o n  from t h e  t h r e e  e q u i v a l e n t  

It has  been shown34 t h a t  t h e  s e l e c t i v e  INEPT exper iment  is very 

s e n s i t i v e  and,  l i k e  t h e  r e g u l a r  INEPl exper iment ,  can  g i v e  a I 3 C  

s i g n a l  enhancement of a p p r o x i m a t e l y  a f a c t o r  of f o u r .  Because of a 

m i s s  set of t h e  d e l a y s ,  A 1  and A2, f o r  t h e  g e n e r a l l y  unknown v a l u e s  
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COMPLEX CARBOHYDRATES 601 

5.5 5.0 4.5 4.0 3.5 PPM 

F2 

F i g u r e  5. 
0.6 M s o l u t i o n  i n  a 5 mn sample tube .  
8 s c a n s  ( c )  S e l e c t i v e  INEPT spec t rum,  p u l s i n g  p r o t o n  G-1, o b t a i n e d  
from 32 s c a n s .  A l l  r esonances  t h a t  have a s i g n i f i c a n t  long- 
r a n g e  c o u p l i n g  w i t h  pro ton  0 1  appear  i n  t h e  s e l e c t i v e  INEPT 
spec t rum.  

(a) P r o t o n  spec t rum of s u c r o s e  recorded  a t  270 rMz ,  on a 
(b)  I3C spec t rum o b t a i n e d  i n  

of t h e  long-range c o u p l i n g s ,  s e n s i t i v i t y  w i l l  s u f f e r ,  bu t  w i l l  s t i l l  

be b e t t e r  than ,  € o r  example, s e l e c t i v e  d e c ~ u p l i n g ~ ~ - ~ ~  or t h e  two 

d i m e n s i o n a l  s e l e c t i v e  p r o t o n - f l i p  experiment29 o r  s e l e c t i v e  p o p u l a t i o n  

t r a n s f e r  long range coupl ings .42  

A s  a f i r s t  example, F ig .  5 shows t h e  s e l e c t i v e  INEPT spec t rum 

of a 0.6 1 s o l u t i o n  of s u c r o s e  (1) i n  2B20, s e l e c t i v e l y  p u l s i n g  

p r o t o n  H-1 of t h e  g l u c o s e  r i n g ,  and y i e l d s  g l u c o s e  c a r b o n s  0 3  and 
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602 BAX, EGAN, AND KOVAC 

G-5 and f ruc tose  carbon F-2. The s p e c t r a l  assignments of sucrose  

were made o r i g i n a l l y  by P f e f f e r  &.43 and l a t e r  confirmed by a 

two-dimensional double quantum INADEQUATE experiment .25 A s  expected, 

t h e  two-bond coupl ing  between 11-1 and carbon G-2 i s  smal l  (=  1Hz) 

( s e e  r e fe rences  44 and 45) and r e s u l t s  i n  l i t t l e  p o l a r i z a t i o n  

t r a n s f e r  i n  the  s e l e c t i v e  INEPT experiment.  The c r i t i c a l  f a c t o r  i n  

apply ing  the  s e l e c t i v e  INEPT experiment f o r  de t e rmina t ion  of t he  

i n t e r g l y c o s i d i c  l inkage  pos i t i on  is the  s i z e  of t he  three-bond 

coupl ing  cons t an t ,  3 J ~ ~ ~ ~ .  The magnitude of t h i s  coupl ing  depends 

on the  d ihedra l  angle ,  i n  a Karplus-type r e l a t i o n s h i p .  The va lues  

of those  three-bond coupl ings  have been measured f o r  sugars  1, 2 and 

3 ,  and a r e  given i n  Table 3 .  - 

HO HO 

A l l  of the  three-bond coupl ings  ac ross  the  g l y c o s i d i c  l inkage  l i e  

between 3.5 and 5.5 Hz and a r e  presumably t y p i c a l  va lues  f o r  t h i s  

type  of l inkage .  These coupl ings  a r e  s u € f i c i e n t l y  l a r g e  t o  a l low 

unambiguous use of t he  s e l e c t i v e  INEPT experiment.  F igure  6 shows 

TABLE 3. Ltagnitude of 

3 J l i ~ ~ ~  Couplings in a Number of Ol igosacchar ides  

1H 

A 1  

B4 

c1 
B2 

B 1  

M e  B l  

Me C6 

G1 

A 1  

B4 

13c 

84 

A 1  

n2 

c1 
Me B1 

B 1  

C6 

F2 

B4 

A 1  

3JHcoc 
4.6 f 

5.0 ? 

3.5 t 

5.2 f 

5 .1  C 

5.25 i 

7.0 f 

4.0 t 

4.5 i. 

4.6 I 

(Hz) 

0 .2  

0.1 

0.5 

0.1 

0.2 

0 .1  

0.1 

0.1 

0.2 

0.2 
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COMPLEX CARBOHYDRATES 603 

l " " l " " J " ' " ' " " ' " ' 1 ' ' "  
110 100 90 80 70 60 50 PPM 

Figure  6. 
i n  a 5 mm sample tube. ( a )  270 MHz proton  spectrum (b )  6 8  MHz 
spectrum obta ined  €rom 16 scans  (c ) - ( f )  S e l e c t i v e  INEPT s p e c t r a ,  
t r a n s f e r r i n g  from pro tons  Al, R4, B1 and the methyl pro tons ,  
r e s p e c t i v e l y .  A l l  s e l e c t i v e  INEPT s p e c t r a  r e s u l  t from 64 scans .  
In s p e c t r a  ( c ) - ( e ) ,  both d e l a y s ,  81 and A 2 ,  were set  t o  50 m s .  
t r a n s f e r  from the methyl pro tons  ( g ) ,  de lay  A 1  was s e t  t o  50 m s  and 
A 2  t o  24 m s .  

Spec t r a  of a 0.3 M s o l u t i o n  of d i saccha r ide ,  2, i n  2H 0 ,  

I n  
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604 BAX, EGAN, AA’D KOVAC 

t h e  s e l e c t i v e  INEPT s p e c t r a  f o r  methyl 8-xylobioside,  2. It is seen 

from Figure  6 t h a t  t he  i n t e r g l y c o s i d i c  l i nkage  can be e a s i l y  checked 

i n  both d i r e c t i o n s .  F igure  6c shows t r a n s f e r  from proton Al t o  

carbon B4, and 6d shows t r a n s f e r  from proton B4 t o  carbon Al. 

S i m i l a r l y ,  t he  methylated s i t e  can be found by t r a n s f e r  from protoi, 

B1 (F ig .  6e)  o r  by t r a n s f e r  from the  methyl protons (F ig .  6 f ) .  

T rans fe r  from over lapping ,  but not mutually coupled pro tons ,  is a l s o  

p o s s i b l e  but w i l l  g e n e r a l l y  show more I3C resonances because 

magnet iza t ion  is t r a n s f e r r e d  from a number of d i f f e r e n t  pro tons .  

(These 1 3 C  resonance assignments are in agreement with those  

r epor t ed  i n  the  l i t e r a t ~ r e ~ ~ ) .  

s p e c t r a  f o r  t he  t r i s a c c h a r i d e ,  I, t h a t  d e f i n e  the  p o s i t i o n s  of 

i n t e r g l y c o s i d i c  l i nkages  and t h a t  show t h e  methylated s i t e s .  

F igure  7g, which shows t r a n s f e r  from the  methyl pro tons  t o  carbon C6, 

a l s o  shows a low i n t e n s i t y  resonance fo r  carbon C4, due t o  t r a n s f e r  

F igure  7 shows t h e  s e l e c t i v e  INEPT 

2 J ~ ~  from pro ton  C3, which is  c l o s e  i n  frequency t o  the  methyl 

resonance s e l e c t e d .  From the  l i m i t e d  number of suga r s  i nves t iga t ed  

i n  t h i s  paper,  one f inds  t h a t  t he  coupl ing  ac ross  t h e  i n t e r g l y c o s i d i c  

l i nkage  seems independent of the  type of l i nkage  ( a  and 0). However, 

a t  l e a s t  €or the  pyranose sugars ,  t he  coupl ings  between the  anomeric 

pro ton  and carbons 3 and 5 of t he  same r i n g  seem t o  be very smal l  f o r  

t h e  6 c o n f i g u r a t i o n ,  but s i g n i f i c a n t  f o r  t he  M c o n f i g u r a t i o n  ( t h e  

g lucose  un i t  i n  sucrose  and r ing  C i n  1). 

S e l e c t i v e  p o l a r i z a t i o n  t r a n s f e r  i n  a polymer 

The use of t h e  s e l e c t i v e  I N E P r  experiment is based on the  

presence  of long-range he te ronuc lea r  s c a l a r  coupl ings .  The ques t ion  

a r i s e s  whether t h i s  technique is e x c l u s i v e l y  a p p l i c a b l e  t o  s m a l l  

molecules with a r e l a t i v e l y  long t r a n s v e r s e  r e l a x a t i o n  t i m e ,  T2 ,  o r  

whether t h i s  method can a l s o  be app l i ed  t o  the  s tudy  of macromolecules 

wherein long-range coupl ings  a r e  poorly o r  not at a l l  reso lved .  It 

w i l l  be shown, t h a t  a l though the  e f f i c i e n c y  of t he  experiment 

dec reases  f o r  s h o r t  t r ansve r se  r e l a x a t i o n  t imes,  a s e l e c t i v e  INEPT 

experiment is s t i l l  f e a s i b l e  f o r  T2 va lues  i n  excess of 100 mec. 

Experiments were performed on the  Iiaemophilus in f luenzae  type b 

capsu la r  po lysacchar ide  6, a compound i n v e s t i g a t e d  i n  the  pas t  by 
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COMPLEX CARBOHYDRATES 605 

1 " " l " " I " " l " "  
3.0 PPM 5.0 4.5 4.0 3.5 

175 170 100 90 80 7b 60 50 PPM 

B2 
C) 

Me81 

. 
c4 

175 170 100 90 80 70 60 50 PPM 

F i g u r e  7. S p e c t r a  of a 0.15 M s o l u t i o n  of t h e  t r i s a c c h a r i d e ,  1, i n  
2t120 i n  a 5 w sample t u b e ,  (a) 270 M€lz p r o t o n  spec t rum.  (b? 68 
MHz i3C spec t rum o b t a i n e d  from 64 s c a n s .  
s p e c t r a  t r a n s f e r r i n g  from p r o t o n s  CL ( c ) ,  o v e r l a p p i n g  p r o t o n s  Al 
and 81 ( d ) ,  t h e  methyl  p r o t o n s  at  3.54 ppm (e),  the methyl  p r o t o n s  a t  
3.45 ppm ( f )  and t h e  methyl  p r o t o n s  a t  3.85 ppm ( g ) .  A l l  s e l e c t i v e  
INEPT s p e c t r a  r e s u l t  from 256 s c a n s .  

(c ) - (g)  S e l e c t i v e  INEPT 
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0 OH 
I 

BAX, EGAN, AND KOVAC 

a) J/L,, , ,A 
5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 PPM 

85 80 75 io 65 PPM 

F i g u r e  8. S p e c t r a  of a s o l u t i o n  of 20 mg of o lymer ,  4 , i n  0.5 m l ,  
2H20 recorded  on a NT.-270 s p e c t r o m e t e r .  
spec t rum r e s u l t i n g  from 300 s c a n s .  (c )  S e l e c t i v e  INEPT spec t rum,  
p u l s i n g  t h e  anomeric  p r o t o n  H-1. The spec t rum is  t h e  r e s u l t  of 3200 
s c a n s  (1.2 h r s ) .  (d)  Decoupled s e l e c t i v e  p o p u l a t i o n  t r a n s f e r  
spec t rum,  o b t a i n e d  Erom 300 s c a n s ,  t r a n s f e r r i n g  from t h e  down-f ie ld  
s a t e l l i t e  of p r o t o n  H-2. 'The smaller resonance  is due t o  s p u r i o u s  
t r a n s f e r  from t h e  down-f ie ld  s a t e l l i t e  of p r o t o n  H-4. 

( a )  ?€l spec t rum.  ( b )  13C 

I3C mfR.47 F i g u r e s  8 a  and b show t h e  p r o t o n  and 13C s p e c t r a ,  

r e c o r d e d  a t  270 1Mz. The p r o t o n  t r a n s v e r s e  r e l a x a t i o n  t i m e  of a-1 
w a s  de te rmined  u s i n g  a s e l e c t i v e  T2 exper iment  and found to  be 
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COMPLEX CARBOHYDRATES 607 

'H 1 * 

160 f 25 msec. 

T s p i n  echo sequence w i t h  no p r o t o n  d e c o u p l i n g  d u r i n g  t h e  d e l a y s ,  

T ,  and measured to  be 80 f 20 mec f o r  t h e  r i n g  c a r b o n s  of t h e  s u g a r  

u n i t ,  and might p o s s i b l y  have been s h o r t e n e d  by s low exchange 

of t h e  hydroxyl  2H.  

o b t a i n e d  from p u l s i n g  p r o t o n  H-1, and y i e l d s  resonances  C-4 and C-1' 

( p r e v i o u s l y  a s s i g n e d 4 7 )  and C-3. 

u n a s s i g n e d  resonance  is indeed C-3 and does not  o r i g i n a t e  from a 

two-bond t r a n s f e r  t o  C-2, a I H - l 3 C  c o r r e l a t i o n  is n e c e s s a r y .  

H-2 w a s  a s s i g n e d  u s i n g  t h e  COSY exper iment .  Then t h e  decoupled  

s e l e c t i v e  p o p u l a t i o n  t r a n s f e r  (SPT)  exper iment  ,48 a p p l i e d  t o  t h e  

l o w - f i e l d  l 3 C  s a t e l l i t e  of p r o t o n  H-2, shows r e s o n a n c e s  C-2 ( F i g .  8d)  

( h i g h  i n t e n s i t y )  and C-4 ( l o w  i n t e n s i t y ) .  T h i s  one-dimensional  

h e t e r o n u c l e a r  s h i f t  c o r r e l a t i o n  is a n  e x t r e m e l y  s e n s i t i v e  and s i m p l e  

method i n  cases where only  a s m a l l  number of c a r b o n s  have t o  be 

i d e n t i f i e d  and where t h e  p r o t o n  spec t rum is  s u f f i c i e n t l y  r e s o l v e d  t o  

a l l o w  a s e l e c t i v e  p u l s e  f o r  one of t h e  I 3 C  sa te l l i tes  i n  t h e  l !1  

spec t rum.  The p u l s e  sequence  of t h i s  decoupled  SP'I e x p e r i u e n t  is 

s k e t c h e d  i n  Fig. 9. 

s e l e c t i v e  180' l H  p u l s e  s a t u r a t e s  a l l  1 3 C  m a g n e t i z a t i o n .  

180" p u l s e ,  a p p l i e d  s e l e c t i v e l y  t o  t h e  1 3 C  s a t e l l i t e  of one 

p r e s e l e c t e d  p r o t o n ,  changes t h e  i n t e n s i t y  of t h e  13C d o u b l e t  

I3C T2 v a l u e s  were measured u s i n g  a 90' - T - 180" - 

F i g u r e  8 c  shows t h e  s e l e c t i v e  INEPT spec t rum 

To show t h a t  t h e  p r e v i o u s l y  

F i r s t  

A number of 90" l 3 C  p u l s e s  p r i o r  t o  t h e  

The p r o t o n  

DECOUPLE 

1 3 c  I,, 
SATURATE 

F i g u r e  9.  Pulse se uence  of t h e  decoupled  SPT exper iment .  
S a t u r a t i o n  of t h e  19C s i g n a l  is o b t a i n e d  by t h e  a p p l i c a t i o n  of a 
number 0 5 )  of 90" I3C p u l s e s  spaced on t h e  o r d e r  of 15 msec. 
r a d i o f r e q u e n c y  f i e l d  s t r e n g t h  of t h e  s o f t  p r o t o n  180' p u l s e  is on 
t h e  o r d e r  of 20 Hz ( p u l s e  wid th  25 ms) .  Data a c q u i s i t i o n  is 
s t a r t e d  immediately after t h e  90" o b s e r v e  p u l s e ,  and broad-band 
d e c o u p l i n g  is swi tched  on a t i m e ,  A ,  later.  The d u r a t i o n  of A is 
set t o  1 / ( 2 J c ~ )  f o r  meth ine  resonances  and t o  1/(4JCH) f o r  
methylene  and methyl  groups.  

The 
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60 8 BAX, EGAN, AND KOVAC 

components i n  o p p o s i t e  s e n s e ,  by a f a c t o r  of f o u r  compared w i t h  t h e i r  

t h e r m a l ,  e q u i l i b r i u m  va lue .4y  A 1 3 C  90" p u l s e  makes t h i s  I3C 

m a g n e t i z a t i o n  o b s e r v a b l e ,  b u t  s i n c e  t h e  d o u b l e t  components have 

o p p o s i t e  phase,  broad-band d e c o u p l i n g  is not  swi tched  on u n t i l  a 

t i m e  1/(Z1JCH) la te r .  

immedia te ly  a f t e r  t h e  observed  90' I 3 C  p u l s e .  All L3C m a g n e t i z a t i o n  

t r a n s f e r r e d  from t h e  down-f ie ld  l 3 C  s a t e l l i t e  i n  t h e  p r o t o n  spec t rum 

w i l l  g i v e  a p o s i t i v e  r e s o n a n c e ,  whereas  m a g n e t i z a t i o n  t r a n s f e r r e d  

from a h i g h - f i e l d  s a t e l l i t e  w i l l  g i v e  r i s e  t o  a n e g a t i v e  a b s o r p t i o n  

mode l i n e .  It is t h e n  r e a d i l y  s e e n  from F i g u r e  7 ,  t h a t  t h e  resonance  

of  C-4 i s  due t o  t r a n s f e r  from t h e  low-f ie ld  s a t e l l i t e  from H-4, 

and  is not t r a n s f e r r e d  from the h i g h - f i e l d  sa te l l i t e  of H-3. I n  t h e  

l a t t e r  c a s e ,  t h e  resonance  would have n e g a t i v e  i n t e n s i t y .  

Data  a c q u i s i t i o n  however, i s  s t a r t e d  

DISCUSSION 

The ill and I 3 C  ass ignment  of i n d i v i d u a l  s u g a r  r e s i d u e s  can be 

accompl ished  by a combina t ion  of p r o t o n  c o r r e l a t e d  s p e c t r o s c o p y  

(COSY) and homonuclear decoupled  h e t e r o n u c l e a r  s h i f t  c o r r e l a t i o n  

s p e c t r o s c o p y .  Those methods reduce  t h e  need f o r  very h i g h  magnet ic  

f i e l d  s t r e n g t h s  and a r e  r e a d i l y  a p p l i e d .  Complete ass ignment  of a 

p a r t i a l l y  a s s i g n e d  1 3 C  spec t rum can  most s e n s i t t v e l y  be  accompl ished  

by a decoupled  s e l e c t i v e  p o l a r i z a t i o n  t r a n s f e r  exper iment .  

The s e l e c t i v e  INEPT exper iment  d e m o n s t r a t e s  unambiguously t h e  

p r e s e n c e  of g l y c o s i d i c  and e t h e r  l i n k a g e s  by m a g n e t i z a t i o n  t r a n s f e r  

v i a  a 3 J ~ f i  c o u p l i n g .  

s e l e c t i v e  INEPT exper iment  i s  only  about  a f a c t o r  of two lower than  

a proton-decoupled 1 3 C  spec t rum.  The exper iment  is even  a p p l i c a b l e  

i n  t h e  case of non- or poor ly- reso lved  c o u p l i n g s .  Accura te  v a l u e s  

f o r  t h e  magnttude of t h e  s t r u c t u r e - s e n s i t i v e ,  three-bond c o u p l i n g s  

a r e  e a s i l y  o b t a i n e d  by u s i n g  t h e  s e l e c t i v e  p r o t o n - f l i p  exper iment .  

For small m o l e c u l e s ,  t h e  s e n s i t i v i t y  of t h e  

The use  of t h e  new one- and two-dimensional  NMK e x p e r i m e n t s  

d e s c r i b e d  i n  t h i s  paper  is, of c o u r s e ,  no t  l i m i t e d  t o  

o l i g o s a c c h a r i d e s .  E s p e c i a l l y  i n  t h e  s t u d y  of small p e p t i d e s ,  t h e s e  

new methods should  be very p o w e r f u l ,  bo th  f o r  s t r u c t u r e  d e t e r i n i n a t i o n  

and f o r  s p e c t r a l  ass ignment .  For example, t h e  ass ignment  of c a r b o n y l  

r e s o n a n c e s  is d i r e c t l y  accompl ished  by t h e  use  of t h e  s e l e c t i v e  INEPT 
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e x p e r i m e n t ,  and proton-carbon s h i f t  c o r r e l a t i o n  o f  t h e  (Y r e s o n a n c e s  

b e n e f i t s  s t r o n g l y  from t h e  pro ton-pro ton  d e c o u p l i n g  in t h e  CSCM 

e x p e r i m e n t .  
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