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ABSTRACT 

Ammonium 3-deoxy-D-manno-2-octulosonate -- monohydrate ( K D O )  
c r y s t a l l i z e s  in  tRe  orthorhombic space group p2,2,2, ,  and t h e  c e l l  
dimensions are  2 = 6.9700(4) A ,  & = 7.7230(4) A ,  c = 23.4067 
(12 )  A. 
and the  s t r u c t u r e  was determined by d i r e c t  methods. Least-squares  
re f inement ,  which included a l l  hydrogen atoms, converged a t  5 = 
0.034 f o r  1526 observed r e f l e c t i o n s .  The pyranose r i n g  e x i s t s  i n  
an almost p e r f e c t  '5 chair conformation. The COO-, 4-OH and 
6-CHOHCH20H groups are Tn e q u a t o r i a l  o r i e n t a t i o n ,  whi le  t he  2-OH 
and 5-OH groups are axial .  The s o l u t i o n  conformations of  t h e  
ammonium salts of  methyl a- and B-ketopyranosides of KDO were 
determined by h igh- reso lu t ion  'H NMR spectroscopy.  The confor-  

X-ray i n t e n s i t y  data were measured on a ; i i f f rac tometer ,  

'Presented a t  t h e  13 th  I n t e r n a t i o n a l  Carbohydrate Symposium, 
Ithaca, New York, USA, August 10-15, 1986. 
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18 BIRNBAUM ET AL. 

mation o f  the  e t h y l e n e  g l y c o l  s i d e  c h a i n  i n  t he  a-methyl g lycopyr -  
a n o s i d e  o f  KDO was found t o  be  i n d i s t i n g u i s h a b l e  from t h a t  i n  the 
s o l i d  s ta te .  However, t h e  s o l u t i o n  confo rma t ion  o f  t he  s i d e  c h a i n  
is d i f f e r e n t  i n  t he  B-anomer, p o s s i b l y  i n d i c a t i v e  of an i n t r a -  
mo lecu la r  hydrogen bond between t h e  8-OH and c a r b o x y l a t e  groups.  

INTRODUCTION 

3-Deoxy-D-manno-2-octulosonic acid (KDO, 1) is p r e s e n t  i n  t h e  - 
i nne r -co re  r e g i o n  o f  a l l  Gram-negative b a c t e r i a l  l i p o p o l y s a c c h a -  
rides (LPS) .*  

3 many acidic  e x o p o l y s a c c h a r i d e s  ( K  a n t i g e n s )  o f  Escherichia 5 
and Neisseria4 s p e c i e s .  Its p r e s e n c e  has a l s o  been r e c e n t l y  
detected i n  t he  p o l y s a c c h a r i d e s  of higher p l a n t  c e l l  walls.5 

LPS form t h e  o u t e r  l a y e r  of the c e l l  walls o f  Gram-negative 
bacter ia  w i t h o u t  b e i n g  c o v a l e n t l y  l i n k e d  t o  the  murein layer o r  
the i n n e r  ( c y t o p l a s m i c )  membrane. The p o l y s a c c h a r  ide c h a i n  l i n k e d  
t o  the  o u t e r - c o r e  r e g i o n  of LPS e x t e n d s  i n t o  t h e  s u r r o u n d i n g  
media. Because o f  their  m o b i l i t y ,  LPS,  or e n d o t o x i n s ,  are 
secreted i n t o  t h e  i n f e c t e d  o rgan i sms  where they  are  h i g h l y  t o x i c ,  
c a u s i n g  f e v e r  ( p y r o g e n i c i t y )  and the  s o - c a l l e d  s e p t i c  shock. 
S i n c e  they  appea r  a t  the c e l l  s u r f a c e ,  KDO-containing po lysaccha -  
r ides  and LPS can  t r i g g e r  t he  h o s t ’ s  immune sys t em t o  produce 
s p e c i f i c  a n t i b o d i e s . 6  I n  t h i s  r e g a r d ,  a KDO-specific monoclonal 
a n t i b o d y  r e c o g n i z i n g  LPS h a s  been  descr ibed  .7 Recent  i n v e s t  i g a -  
t i o n s 8 ”  o f  LPS have a l s o  demons t r a t ed  t h a t  on ly  one KDO r e s i d u e  
is found i n  t h e  main c h a i n  w i t h  one o r  two o t h e r  KDO molecu le s  
being l i n k e d  a-(2-+4) t o  i t .  The a-anomeric c o n f i g u r a t i o n  between 
the main c h a i n  KDO u n i t  and t h e  glucosamine d i s a c c h a r i d e  p o r t i o n  
of l i p i d  A h a s  been demons t r a t ed  i n  the LPS from a h e p t o s e l e s s  

mutant o f  Sa lmone l l a  minnesota  Re 595. l o  

g e n i c  character of  t h e  s p e c i e s  i n  which KDO is found,  it is of 
i n t e r e s t  t o  s t u d y  the p h y s i c a l  p r o p e r t i e s  o f  KDO i n  more de ta i l .  

Also, because of i ts  many s imilar i t ies  wi th  s i a l i c  acid (5 -ace t -  
amido-3,5-d ideoxy-D-glycero-D-galacto-2-nonulosonic acid,  N-acet- 
yl-neuraminic  acid,  NeuAc, 41, i ts  2-nonulosonic  acid c o u n t e r -  

p a r t , ’  ’ i t  is worthwhile to compare 

It  also o c c u r s  a s  p a r t  of t he  r e p e a t i n g  u n i t  o f  

The 

Because o f  t h e  patho-  

- - - - - 

the i r  o v e r a l l  c o n f o r m a t i o n s  
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CONFORMATIONS OF KDO 19 

both in aqueous solution and in the Solid state. This information 
was available in part for NeuAc but was still lacking for KDO. 

EXPERIMENTAL 

Ammonium 3-deoxy-a-D-manno-2-octulopyranosonate (1) was - 
prepared by the aldol condensation' 
- D-arabinose (Aldrich, Milwaukee, WI) at pH 11.0 as described by 
Unger.2 Crystals of the monohydrate were obtained from hot 85% 

of oxalacetic acid and 

- 
L aqueous ethanol (100 mg/4 mL); mp 123-125 OC, lit. mp 121-124 OC. 

Anal. Calcd for C,H1,NO,*H,O: C, 35.17; H, 7.01; N, 5.13. Found: 
C, 35.43; H, 7.12; N, 5.06. 

Ammonium (methyl 3-deoxy-D-manno-2-octulopyranosid)onates (2 
and 3)  were prepared by the methods of Bhattacharjee et al.4 and 
Unger et al. with slight modifications. These glycosides and 
all the intermediates had physical properties (mp, [a],, 
microanalyses, 'H and "C NMR spectra) in accord with published 
values. 

- 

4,13 

X-ray Analysis of Ammonium 3-Deoxy-D-manno-2-octulosonate 

Monohydrate 

Precession photographs of a colorless crystal, measuring 0.50 
x 0.50 x 0.55 am, showed systematic absences corresponding to the 
space group P212121. The crystal was mounted on an Enraf-Nonius 
CAD-4 diffractometer, and the following data were obtained: a = 

6.9700(4) A ,  1 - 7.7230(4) A ,  2 = 23.4067(12) A ,  1 = 1259.96 A 3 ,  
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20 BIRNBAUM ET AL.  

5 1 . 4 4  g ~ m ' ~ ,  2 = 4 (2OOC; CU Kal, ,I = 1.54056 A ) ;  F ( 0 0 0 )  = 
PC 
576, ~ ( C U  Ka) = 11.1 cm". 

Unit  ce l l  parameters were de te rmined  from a l eas t - squa res  

refinement of 25 high-order (51<8<70°) r e f l e c t i o n s .  I n t e n s i t i e s  
were measured w i t h  N i - f i l t e r e d  Cu Ka r a d i a t i o n ,  us ing  w/28 scans  

w i t h  v a r i a b l e  scan ranges and speeds.  Three s t anda rd  r e f l e c t i o n s  
were monitored a t  r egu la r  i n t e r v a l s :  t h e i r  i n t e n s i t i e s  decreased 

by <3% during the data c o l l e c t i o n .  
were measured, and their  ne t  i n t e n s i t i e s  were averaged. There 

were 1544 unique r e f l e c t i o n s  w i t h  286152O o f  which only three had 

- I<3u(I-) and were considered unobserved. 
c o r r e c t e d  f o r  Lorentz and p o l a r i z a t i o n  f a c t o r s ;  absorp t ion  

c o r r e c t i o n s  were considered unnecessary.  

of t h e  computer program MULTA"78.l4 

sub jec t ed  t o  tangent  re f inement ,  t h e  s o l u t i o n  w i t h  t h e  h ighes t  
combined f i g u r e  of merit y i e l d e d  an E map on which a l l  

non-hydrogen atoms could be loca t ed .  Refinement was c a r r i e d  out  
by t h e  block-diagonal l ea s t - squa res  procedure.  Anisotropic  
temperature  parameters were used f o r  non-hydrogen atoms, whi le  

hydrogen atoms, l oca t ed  on d i f f e r e n c e  Four ie r  maps, were r e f i n e d  
w i t h  i s o t r o p i c  parameters.  The s c a t t e r i n g  f a c t o r s  were taken from 
t h e  " I n t e r n a t i o n a l  Tables f o r  X-Ray Crystal lography,771 

oxygen curve was co r rec t ed  f o r  anomalous d ispers ion .  Throughout 
t h e  ref inement  t h e  func t ion  E!( 
f a c t o r  of 0.8 was a p p l i e d  t o  a l l  s h i f t s .  The fo l lowing  weight ing 

Both h k l  and h k i  r e f l e c t i o n s  

The i n t e n s i t i e s  were 

The s t r u c t u r e  was determined b y  d i r e c t  methods w i t h  the a i d  

O f  t h e  12 s t a r t i n g  sets 

and t h e  

F 1' was minimized, and a I l-l-cl 

scheme was used during t h e  f i n a l  s t ages :  5 = wl.wz, where w1 = 1 

f o r  F <7, = 7 /  5 f o r  F 27, w2 = s in2e /0 .9  f o r  sin'e40.9, 
1-01 I I 1-31 

and wz = 1 f o r  s inZe>0.9 .  
- -  w(AFZ) independent of 
average parameter s h i f t  equa l led  0 . 1 4 ~  and t h e  l a r g e s t  0 . 6 0 ~ .  
F i f t e e n  s t rong ,  low-angle ref lect  ions  s u f f e r e d  from secondary 
e x t i n c t i o n  effects and were given ze ro  weights.  The f i n a l  

convent ional  r e s i d u a l  index is 0.034, and the weighted index Iw 
is 0.041 f o r  1526 r e f l e c t i o n s .  The atomic coord ina te s  a r e  l i s tex  
i n  T a b l e  1 .  

T h i s  scheme made t h e  average va lues  of 
and s in 'e .  After t he  f i n a l  cyc le  the I4 
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CONFORMATIONS OF KDO 21 

TABLE 1 

a F ina l  Atomic Parameters and Their Standard Deviations- 

~ 

atom X - % q ’ L  

c1 

c2 

02 

c3 

c4 

04 

c5 

05 

C6 

06 

c7 

07 

C8 

08 

09 

01 0 

NA 

ow 

HO 2 

H3e 

H3a 

61784(231 

60893(221 

76662(18) 

60489 (26 1 

55810 (27 1 

53722(28) 

37347(25) 

21 21 1 (21 ) 

39849(24) 

4331 4 ( 16 1 

22232(24) 

19719(21) 

25390(30) 

9456 (25 1 

47340 ( 19 1 

77242 (19 1 

61078(21 ) 

51 628(28) 

764(4)  

741 (5) 

510(4) 

58423( 19 1 

39 352 ( 1 9 1 

35308 ( 1  5 1 

26806(20) 

8499 ( 1  9 1 

-2041 ( 15)  

84060  9 ) 

1 3 6 27 ( 1 7 

21127(19) 

38287( 13) 

22263 (22)  

5782(18) 

35763(26 )  

37049 (22)  

64333 (1 6 1 

66356 ( 16 1 

21 26 (20 ) 

62225 (25 1 

420(4)  

268(5) 

306(3) 

39748 ( 6  1 

37576(6) 

34174(51 

42673(6) 

40682(6) 

45643 ( 5  1 

371 38(6)  

4041 4 (6 ) 

3221 3 ( 6 )  

34423(4) 

2830903 1 

25672(51 

23680(8)  

1 9 9 28 ( 6 1 

42250(6) 

39051 (6) 

57402 ( 6  ) 

54478 (7  1 

3154(12) 

4446( 1 4 )  

4549(10) 

21 1 

200 

26 4 

243 

25 2 

38 1 

239 

3 38 

21 3 

204 

250 

3 38 

3 46 

426 

30 6 

30 5 

28 1 

522 

15 (6 )  

28(8)  

5 ( 5 )  

(continued) 
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22 BIRNBAUM ET AL. 

H 4  

H04 

H5 

H05 

H 6  

H7 

H07 

H 8  (pro-S) 

H 8  ( pr0-E) 

H08 

HA 1 

HA2 

H A 3  

H A 4  

HW1 

HW2 

- 

38 27 ( 1 0 

4448 ( 1  2 )  

3575 ( 1 0 

4214( 16)  

3002 ( 1  0 )  

3063( 11 1 

2739(12) 

2533 ( 1 3 1 

21 42(13) 

1765( 1 5 1 

5841 (1 3) 

581 5 (1 2) 

5391 (15)  

5963(15) 

5075(15) 

5585 ( 17 1 

a -The coordinates of the non-hydrogen atoms were multiplied by l o 5  
and & by 10'; the 
multipqied by 10' and the other parameters by l o 3 .  

coordinates of the hydrogen atoms were 
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CONFORMATIONS OF KDO 23 

Lists of a n i s o t r o p i c  temperature  parameters  and observed and 

ca l cu la t ed  structure f a c t o r s  are available from the  first au thor .  

NMR Analyses 

The ammonium salts  ( 3  mg each) of methyl g lycos ides  of KDO ( 2  
and - 3 )  were exchanged 3 times a t  room temperature  i n  deuterium 
oxide (D,O,  99.75, Merck Sharp & Dohme). The samples were 
lyoph i l i zed  and were then d isso lved  i n  0.4 mL of 99.7% D,O. They 
were analyzed i n  5  MI NMR t ubes  (Wilmad Glass Co. Inc.)  a t  pH 7.0 

(pD 7 .4) .  
Bruker AM-500 spectrometer  i n  the FT mode w i t h  r e s o l u t i o n  
enhancement, using the Lorentzian-Gaussian t ransformat ion  method 
of Ernst .16 The parameters used were 8K data po in t s  f o r  a S.W. of 
2 kHz and a 90° pu l se  of 9.3 ps; 64 scans  were used. Acetone ( 1 % )  

was used as an i n t e r n a l  r e fe rence  (6 = 2.225 ppm). The spectral  
ass ignments  were made by performing two-dimensional homonuclear 
s h i f t  correlated experiments (COSY), us ing  the s t anda rd  sof tware  
suppl ied  by Bruker (DlSB85 850510.0). The chemical s h i f t s  and 
coupl ing cons t an t s  of t h e  proton resonances were obta ined  from a 
s p i n  s imula t ion  of t h e  observed s p e c t r a .  The c a l c u l a t i o n s  were 
performed on an  Aspect 3000 computer using the Bruker sof tware  
P A N I C .  

The ‘H NMR spectra were recorded a t  300 +- 0.5 K on a 

RESULTS AND DISCUSSION 

X-ray Analysis of  t h e  Ammonium S a l t  o f  1 
Molecular Dimensions. The C-C bond l eng ths  (F igure  1 )  i n  the 

pyranose r i n g  range from 1.524(2) t o  1 .537(2) A.  These va lues  and 
t h e  d i f f e r e n c e s  between them are q u i t e  normal. 
d i s t a n c e  re f lec ts  the r e l a t i v e l y  l a r g e r  thermal motion of t h e s e  

atoms. 
( 1 . 4 4 4  A )  c a l c u l a t e d  f o r  a-g-aldopyranoses,17 but  t h e  06-C2 
d i s t a n c e  is 0.012 A longer ,  presumably r e f l e c t i n g  t h e  increased  
s u b s t i t u t i o n  a t  t h e  anomeric carbon atom. The CI-C2 bond is 
s i g n i f i c a n t l y  longer  than the corresponding ones i n  o t h e r  

The s h o r t e r  C7-C8 

The C6-06 bond l eng th  ag rees  very well w i t h  t h e  value 

- 
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HO 
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HO 
\ 

HO 1.425 / HO, 

0 

0 

HO HO 
C ( I )-C(2 1-C (3) = 110. I 0 (2) - C(2 kO(6 1 = I 11.6 

FIG. 1 .  (Left)  Bond d i s t a n c e s  ( A )  and e n d o c y c l i c  t o r s i o n  a n g l e s  
( d e g ) .  Their estimated s t a n d a r d  d e v i a t i o n s  (esd’s)  are  0.002 A 
and 0.2O, r e s p e c t i v e l y .  ( R i g h t )  Bond a n g l e s  ( d e g ) ;  t h e i r  esd’s 
are 0.11-0.16°. 

s t r u c t u r e s  w i t h  a c a r b o x y l  o r  a n  ester group attached t o  t h e  

anomeric carbon atom. 18-24 O f  t he  f i v e  C-OH bonds, f o u r  have 
d i s t a n c e s  i n  t h e  r a n g e  1.419-1 .425 A while  a t  t h e  anomeric  ca rbon  
atom t h e  C - 0  bond is 0.03 A s h o r t e r .  T h i s  phenomenon was obse rved  
l o n g  ago by K i m  and J e f f r e y .  25 

The a v e r a g e  bond a n g l e  i n  t h e  r i n g  a t  t h e  carbon atoms 
is, as u s u a l ,  close t o  110°,26 b u t  t h e  a n g l e  a t  06 is l o  smaller 
t h a n  ave rage .  17J26 

expe r imen ta l  e r r o r ,  t o  t he  p r e v i o u s l y  de t e rmined  mean v a l u e  i n  
a-D-a1dopyranoses.l7 - 
w i t h  those i n  o t h e r  p y r a n o s i d e s  wi th  e q u a t o r i a l  a l k y l  s u b s t i t u e n t s  
a t  t h a t  atom. 18919’22-24’27’28 

i n v o l v i n g  the e x o c y c l i c  -OH g r o u p s  a t  C 4  and C5 vary  g r e a t l y  from 

s t r u c t u r e  t o  s t r u c t u r e  i n  o r d e r  t o  o p t i m i z e  t h e  geometry of t h e  

hydrogen bonds i n  which they  are invo lved .  

The 06-C2-02 a n g l e  is i d e n t i c a l ,  w i t h i n  

A l l  a n g l e s  a t  C6 are i n  very good agreement - 
On t h e  o t h e r  hand, t h e  a n g l e s  
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Molecular  Conformation 

25 

The confo rma t ion  o f  t h e  molecule  is shown i n  F i g u r e s  2 and 3. 
c 

29 The pyranose  r i n g  c a n  be described by the Cremer and Pop le  
pucke r ing  c o o r d i n a t e s :  q 2  = 0.0442, q 3  = 0.5835, Q = 0.585 A,  6 = 

290.2O, 8 = 4.3". The low v a l u e s  of q 2  and e and t h e  

nea r -equ iva lence  o f  q, and Q i n d i c a t e  a n  almost  perfect 'C2 - ('2,) 
chair .  The v a l u e  o f  8 shows t h a t  t h e  s l i g h t  d i s t o r t i o n  is i n  t he  

d i r e c t i o n  o f  a boa t .  T h i s  r i n g  pucker is p r e f e r a b l e  t o  'CS ( ' 2 , )  
s i n c e  it p l a c e s  t h e  bu lky  c a r b o x y l a t e  and e t h y l e n e  g l y c o l  g r o u p s ,  
as well a s  t h e  -OH group a t  C 4 ,  i n  e q u a t o r i a l  o r i e n t a t i o n s .  Given 
the  c o n f i g u r a t i o n  o f  t h e  s u b s t i t u e n t s  i n  KDO, we can  compare its 
r i n g  confo rma t ion  w i t h  t h a t  o f  g a l a c t o p y r a n o s e s .  A s u r v e y  of 
those s t r u c t u r e s 2 6  r e v e a l e d  a v e r a g e  e n d o c y c l i c  t o r s i o n  a n g l e s  i n  

the r a n g e  53.8-62.4O. 
d i f f e r e n c e s  between s u g a r s  w i t h  e q u a t o r i a l  and a x i a l  anomeric  
groups.  I n  t h e  l a t t e r  group,  which i n c l u d e d  v a r i o u s  py ranoses  and 
p y r a n o s i d e s ,  t h e  e x p e r i m e n t a l l y  de t e rmined  r a n g e  was 54.3-59.5". 
A s  c a n  be s e e n  i n  F i g u r e  1 ,  t h i s  r a n g e  is s i g n i f i c a n t l y  l a r g e r  i n  
K D O ,  and t h e  r i n g  is more puckered. Furthermore,  there are 

s i g n i f i c a n t  d i f f e r e n c e s  b e t u e e n  pairs  o f  t o r s i o n  a n g l e s ,  u s u a l l y  
re la ted by a n  approximate m i r r o r  p l a n e  normal t o  t h e  r i n g  and 
p a s s i n g  th rough  C4  and 06. I t  is remarkable, however, t h a t  t he  

Cremer-Pople c o o r d i n a t e s  are i n  very good agreement w i t h  v a l u e s  
o b t a i n e d  from molecu la r  mechanics c a l c u l a t i o n s  f o r  methyl 
a-D-galactopyranoside:  - 

Another survey3' found s i g n i f i c a n t  

Q = 0.562 A ,  $I = 293.0°,  8 = 3.6°.30 Two . f e a t u r e s  d i s t i n g u i s h  KDO from most o t h e r  s u g a r s :  t h e  p r e s e n c e  o f  
- 

a c a r b o x y l  g roup  a t  t h e  anomeric  ca rbon  atom and t h e  absence  of a n  
-OH group a t  C3. These f e a t u r e s  are a l s o  p r e s e n t  i n  a d e r i v a t i v e  
o f  K D 0 , 2 2  a galact0-2-nonulopyranoside,~~ an a r a b i n o -  
2 - h e p t ~ l o p y r a n o s i d e , ~ ~  a s  well as i n  s i a l i c  acidla  and i ts  methyl  
ester." X-ray a n a l y s e s  o f  these compounds r e v e a l e d  r i n g  t o r s i o n  
a n g l e s  i n  r a n g e s  as narrow as  55-59O and a s  wide  a s  50-63". It  

does  n o t  appea r ,  t h e r e f o r e ,  that  these two f e a t u r e s  e x e r t  a 

s i g n i f i c a n t  i n f l u e n c e  o n  t h e  confo rma t ion  o f  the six-membered 
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26 BIRNBAUM ET AL. 

FIG. 2. S t e r e o s c o p i c  view o f  t h e  KDO a n i o n .  The e l l i p s o i d s  
co r re spond  t o  50% p r o b a b i l i t y .  

FIG. 3 .  Newman p r o j e c t i o n s  a l o n g  ( l e f t  t o  r i g h t )  C 1 - C 2 ,  C 2 - C 3 ,  
C3-C4 ,  C 4 - C 5 ,  C 5 - C 6 ,  C 6 - C 7 ,  and C 7 - C 8 .  

r i n g .  However, it shou ld  be  b o r n e  i n  mind t h a t  these s t r u c t u r e s  
r e p r e s e n t  d i f f e r e n t  c o n f i g u r a t i o n s .  

The confo rma t ion  of t h e  c a r b o x y l  group depends on whether  or 
n o t  t h e  anomeric  hydroxy l  group is me thy la t ed .  If n o t ,  t h e  COO 

(or  C 0) bond a l m o s t  e c l i p s e s  C 2 - 0 2 .  I n  KDO t h e  O I O - C l - C 2 - 0 2  

t o r s i o n  a n g l e  is 1 1 . 6 O ,  i n  s i a l i c  a c i d , 1 8  its methyl es te r , "  and 
i n  2-keto-L-gulonic - acid" these a n g l e s  are  12.4,  25.6,  and 7 . go ,  
r e s p e c t i v e l y .  The b e s t  o v e r l a p ,  6 . 6 O ,  is found i n  t h e  methyl 

- 
ester  o f  D-threo-2,5-hexodiulosonic acid. 21 '31 T h i s  o v e r l a p  must - 
be s t a b i l i z e d  by a n  e lec t ros ta t ic  a t t r a c t i o n  between t h e  p r o t o n  of 
t he  anomeric  hydroxyl  g roup  and t h e  c a r b o n y l  oxygen. I n  the three 
s t r u c t u r e s  i n  which t h i s  hydroxy l  group is me thy la t ed  
confo rma t ion  o f  t h e  carboxy g roup  is such  that  i t s  C=O bond is s y n  
p e r  i p l a n a r  or  a n t i  p e r  i p l a n a r  t o  C 2 - 0 6 .  

22-24 the 

The molecule  a d o p t s  a confo rma t ion  a b o u t  C6-C7 which is 
dictated by s t e r i c  f a c t o r s .  Of t h e  three r o t a m e r s  w i t h  s t a g g e r e d  
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CONFORMATIONS OF KDO 27 

bonds ,  t h e  o b s e r v e d  o n e  has a C7-H bond which is i n  a 1 ,3-Syn 

d i a x i a l  ( p e r i )  o r i e n t a t i o n  w i t h  r e s p e c t  t o  C5-05; i n  t he  other  two 
rotamers it would have been  e i ther  a C-0 or  a C-C bond. The same 
o r i e n t a t i o n  is  obse rved  i n  a KDO der iva t ive . ‘*  

as well as  i n  t he  p r e s e n t  one, t h e  c o n f o r m a t i o n  a b o u t  C7-C8 is 

s u c h  that  C7-07 and  C8-08 are i n  t he  p r e f e r r e d  gauche  
~ r i e n t a t i o n , ’ ~  b u t  i n  s i a l i c  acid and i t s  me thy l  ester t h e s e  bonds  
are  t r a n s  t o  o n e  a n o t h e r .  T h i s  is n o t  s u r p r i s i n g  s i n c e  t h e  

s t a b i l i z a t i o n  p r o v i d e d  by t h e  gauche  effect is rather weak (0.66 
kcal/mol) for a C-O/C-0 i n t e r a c t i o n 3 ’  a n d  c a n  be e a s i l y  overcome 
by o ther  forces, e.g., hydrogen bonds.  

In t h a t  s t r u c t u r e ,  

Hydrogen Bonding and  P a c k i n g  

In a d d i t i o n  t o  t h e  f i v e  hydroxy l  g r o u p s  i n  KDO which  c a n  
p a r t i c i p a t e  i n  hydrogen  bonds ,  t he  ammonium i o n  a n d  the  water 
molecu le  c a n  d o n a t e  a d d i t i o n a l  s i x  p r o t o n s .  In fact ,  a l l  of them 

do take p a r t  i n  a hydrogen  bond ing  network which c a n  be  

r e p r e s e n t e d  s c h e m a t i c a l l y  as f o l l o w s :  

02-He **07-H* 0.08-H. =010 

H *  * - 0 9  *HW 
I i  

04 HA2 
*: I 

I 
HA3-N-HA1 

HW2 
I 

-ow 

i 
I 

*05 

The d i s t a n c e s  and  a n g l e s  i n  these hydrogen  bonds are l i s t ed  i n  
T a b l e  2. The 0-H and  N-H bond l e n g t h s  were norma l i zed  t o  0.97 and 
1.04 A ,  r e s p e c t i v e l y ,  t h e  mean v a l u e s  o b t a i n e d  from n e u t r o n  
d i f f r a c t i o n  a n a l y s e s .  
a c c u r a t e l y  the s t r e n g t h s  of these hydrogen  bonds.  
show tha t  t h e  s i x  bonds  i n  which p r o t o n s  are d o n a t e d  t o  
c a r b o x y l a t e  oxygen atoms are weaker ( a v e r a g e  H * * * O c o r r  d i  s t a n c e  

The corrected He*#! d i s t a n c e s  reflect more 
These d i s t a n c e s  
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28 BIRNBAUM ET AL. 

TABLE 2 
D i s t a n c e s  and Angles  f o r  Hydrogen Bonds 

d i s t a n c e s ,  A a n g l e s ,  
d e g  

02-H* 007 

07-H* *08 

08-Ha* *010 

NA-HA1 *05 

05-H* *OW 

ow-Hw1 *09 

OW-Hw2** *010 

NA-HA2 -09 

NA-HA3***04 

05-H**-09 

NA-HA4 -01 0 

1 -5,1/2+x, 1 12-2 

-' x -1 /2+y, 112-2 

1 -x ,-1/2+x, 112-2 

1 /2+x, 1 /2-31,1-2 

-1/2+x,1/2-L,l-z - 

- 

- - 
- 

- x ,ysz 

-1 /2+f~,3/2-~,1-2 

1 /2+3 1 /2-y, 1-2 

- X ,y,z 

- x, -1 +y,2 

-1 /2+x, - I /2-y, 1 -2 

2.806 

2.700 

2.798 

2.785 

2.698 

2.882 

2.814 

2.830 

2.818 

2.752 

2.879 

2.01 

1.86 

2.11 

1.92 

1.86 

2 .oo 
2.03 

2.06 

1.97 

1.93 

2.09 

1.85 168 

1.74 170 

1.90 156 

1.76 168 

1.76 164 

1.92 172 

1.94 150 

1 .83 163 

1.78 174 

1 .78 175 

1.94 150 

1.89 A )  t h a n  those i n  which t h e  a c c e p t o r  oxygen atom a l s o  ac t s  as  

a donor ( a v e r a g e  H = * * O c o r ,  d i s t a n c e  1.78 A ) .  T h i s  o b s e r v a t i o n  is 

i n  q u a l i t a t i v e  ag reemen t  w i t h  t h e  r e s u l t s  of a s u r v e y  of c rys t a l  

s t r u c t u r e  a n a l y s e s  of  c a r b o h y d r a t e s  and  i n d i c a t e s  t h e  c o o p e r a t i v e  
e f fec t  i n  t h e  s o l i d  s ta te .34 The f ac t  t ha t  t h e  anomer i c  hydroxy l  

g roup  is t h e  o n l y  one  which does n o t  act  as a hydrogen  bond 
a c c e p t o r  is i n  l i n e  with p r e v i o u s l y  made  prediction^^^ a n d  
o b s e r v a t i o n s .  36 

I t  is i n t e r e s t i n g  t o  n o t e  t ha t  t h e  ammonium s a l t  o f  KDO 

c r y s t a l l i z e s  a s  a h y d r a t e  and t h a t  t h e  same is t r u e  of s i a l i c  acid 
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CONFORMATIONS OF KDO 29 

and i t s  methyl  es ter .  

t h a t  monosaccharides  r a r e l y  c r y s t a l l i z e  as  h y d r a t e s  ( 4  o u t  of 43 ) .  
However, c a r b o h y d r a t e s  w i t h  c a r b o x y l  g r o u p s  were n o t  i n c l u d e d  i n  
t h a t  su rvey  and,  as  can  b e  s e e n  above, b o t h  water p r o t o n s  i n  the 
p r e s e n t  c r y s t a l  s t r u c t u r e  a r e  dona ted  t o  c a r b o x y l a t e  oxygen atoms. 
The c o o r d i n a t i o n  of t h e  water molecule  is approx ima te ly  t r i g o n a l .  
I n  s i a l i c  acid d i h y d r a t e 1 8  bo th  p r o t o n s  of one of the water 
m o l e c u l e s  are a lso dona ted  t o  c a r b o x y l  oxygens w h i l e  i n  the 

monohydrate o f  t he  methyl ester" one o f  t h e  wa te r  p r o t o n s  is 

bonded t o  t h e  ca rbony l  oxygen of t he  1 - a c e t y l  group. 
shows t h e  pack ing  o f  t h e  molecu le s  i n  t h e  c r y s t a l  l a t t i ce .  

The above-mentioned survey34 r e v e a l e d  

F i g u r e  4 

'H NMR Analyses  

Because e f f i c i e n t  an t igen -an t iSody  b ind ing  is assoc iated with 

a precise confo rma t ion  of t h e  e p i t o p e s  ( a n t i g e n i c  d e t e r m i n a n t s )  on 
t h e  s u r f a c e  of the  a n t i g e n s ,  it is c r u c i a l  t o  de t e rmine  t h e  

o v e r a l l  s o l u t i o n  conformation of a p a r t i c u l a r  b i n d i n g  s i t e .  I n  
c o n t r a s t  t o  NeuAc, 1 1 p 3 7  n a t u r a l  KDO g l y c o s i d e s  e x i s t  i n  both 

anomeric  c o n f i g u r a t i o n s .  They are i n  the a form i n  t h e  i n n e r  p a r t  
of LPS8-l0 and i n  t h e  K a n t i g e n  o f  E. coli LP 

B-anomeric c o n f i g u r a t i o n  is p r e s e n t  i n  the K a n t i g e n s  of N. 
m e n i n g i t i d i s  s e r o g r o u p  29e4 and of many g. fi s t r a i n s .  
S o l u t i o n s  o f  f ree  KDO show a more complex t a u t o m e r i c  e q u i l i b r i u m  
t h a n  s i a l i c  acid. 

t h e  a and 8 pyranose anomers, r e s p e c t i v e l y ,  and 20% and 9% o f  t he  

f u r a n o s e  a and B anomers ( t e n t a t i v e ) .  Brade e t  al.' r e c e n t l y  
found,  by 'H NMR s p e c t r o s c o p y ,  t h a t  t h e  d i s t r i b u t i o n  o f  t au tomers  
a p p e a r s  t o  be -65% for  the  a-pyranose form, -2% o r  less for  the 

8-anomer, and 25% and 8% for t h e  major and minor f u r a n o s e  forms. 
The obse rved  v a r i a t i o n s  may reflect d i f f e r e n c e s  i n  t he  e x t e n t  of  
e q u i  1 i brat i o n. 

w h i l e  t he  

3- 

"C NMR s p e c t r o s c o p y  revealed3' -60% and 1 1 %  of  

I n  t h e  p r e s e n t  s t u d y ,  we a s s i g n e d  unambiguously a l l  t h e  

p r o t o n  chemical s h i f t s  by two-dimensional homonuclear s h i f t -  

correlated expe r imen t s  (COSY-90). As s e e n  from t h e  ' H  NMR 

s p e c t r a l  data of the ammonium salts  of 2 and 3, there is a 
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FIG. 4 .  S t e r e o s c o p i c  view o f  t h e  molecu la r  pack ing  i n  t he  
c r y s t a l :  t he  d i r e c t i o n s  of t he  a x e s  a re  5 +, 2 0, 2 +. Dotted 
l i n e s  i n d i c a t e  hydrogen bonds. 

s i g n i f i c a n t  downfield s h i f t  f o r  H3e o f  - 3 ( +  0.37 ppm) a s s o c i a t e d  
w i t h  t h e  a x i a l  o r i e n t a t i o n  o f  t h e  c a r b o x y l a t e  g roup  (Table  3 ) .  
A similar phenomenon is a l s o  p r e s e n t  i n  s i a l i c  ac id  

a-glycosides ."  
i n s e n s i t i v e  t o  anomeric  v a r i a t i o n s .  
e x h i b i t e d  downf ie ld  d i sp lacemen t  of  -0.1 ppm, i n  ana logy  t o  their 

r e s p e c t i v e  ca rbon  s i g n a l s  i n  t h e  "C NMR s p e c t r a . '  
s h i f t  of H4 (-0.28 ppm) is t e n t a t i v e l y  a t t r i b u t e d  t o  i t s  d i f f e r e n t  

a n i s o t r o p i c  environment caused by t h e  s p e c i f i c  o r i e n t a t i o n  o f  t h e  

c a r b o x y l a t e  group i n  3. 
shown i n  F i g u r e  5. 

The a x i a l  p r o t o n  H3a, on the  o t h e r  hand, is 
Both H6 and H 8 '  o f  - 3 

The u p f i e l d  

Par t ia l  'H NMR s p e c t r a  o f  2 and 3 are - 

Table 3 shows a good c o r r e l a t i o n  between t h e  c o u p l i n g  .. 
c o n s t a n t s  of t h e  r i n g  p r o t o n s  of the two anomers ( 2  and 3).  
the -- D-manno c o n f i g u r a t i o n  of KDO is well es tabl ished,* these 
c o u p l i n g  c o n s t a n t s  s u g g e s t  the  'Sc, confo rma t ion  o f  both anomers.  

S i n c e  - 
- 
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CONFORMATIONS OF KDO 31 

TABLE 3 

a b 
' H  Chemical S h i f t s  ( i n  ppm)- a n d  ' H - I H  Coupling C o n s t a n t s  ( i n  Hz)- 

f o r  t h e  Ammonium Salts of 2 and  12 

H H ,H' J 2 J 3 -H,H' - -H,H' - 

H3e 

H3a 

H 4  

H5 

H6 

H7 

H8 

H8' 

OCH, 

2.015 

1.775 

4.027 

4.010 

3.556 

3.944 

3.936 

3.665 

3.145 

2.388 

1.776 

3.754 

3.956 

3.640 

3.924 

3.890 

3.765 

3-31 1 

-1 2.8 

5.3 

12.2 

1 .o 

0.3 

3.1 

0.6 

8.9 

3.0 

7 .o 

-1 2.5 

-1 2.3 

4.8 

12.5 

1 . 1  

0.4 

3.2 

1 .o 

9.2 

4.4 

2.8 

-1 2.9 

:Assignments based o n  COSY e x p e r i m e n t s  and  s p i n  s i m u l a t i o n s .  
Chemical s h i f t s  r e l a t i v e  t o  i n t e r n a l  a c e t o n e  ( 6  = 2.225 ppm). 
b C -Ref ined  by s p i n  s i m u l a t i o n s .  -In D,O a t  pD 7.4. 

40 F u r t h e r m o r e ,  the  r e c e n t  r e f i n e m e n t s  of t h e  K a r p l u s  e q u a t i o n  by 
Haasnoot  e t  al .41 which take i n t o  a c c o u n t  t h e  e l e c t r o n e g a t i v e  
e f f ec t s  of the h y d r o x y l  s u b s t i t u e n t s  i n  a p y r a n o s e  r i n g  p r o v i d a  a 
c o r r e l a t i o n  be tween c o u p l i n g  c o n s t a n t s  and  t o r s i o n  a n g l e s  i n  chair  

c o n f o r m a t i o n s .  
a n g l e s  of the a-methyl  g l y c o s i d e  2 match v e r y  well those o b t a i n e d  
from the X-ray a n a l y s t s  of 1. 

As s e e n  from Table 4 ,  t h e  c a l c u l a t e d  t o r s i o n  

Both a n a l y s e s  c l e a r l y  i n d i c a t e  a n  
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32 BIRNBAUM ET AL. 

FIG. 5. P a r t i a l  'H NMR spec t r a  of' t he  ammonium s a l t s  of 3 ( t o p )  
and - 2 (bottom). 

- 

TABLE 4 

Coupling Constants ( i n  Hz) and Torsion Angles ( i n  degf i n  KDO 

J 2 - H , H '  - 
a 

1, 2- b 
'I, 1- 

3e,4 

3a, 4 

4,5 

5,6 

5.3 

12.2 

3.1 

0.6 

-50 -52 

175 -1 72 

51 55 

-59 -57 

%alculated w i t h  t he  equations of Haasnoot e t  a l .  I r l  
of t h e  X-ray analysis .  

bResults 
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CONFORMATIONS OF KDO 33 

almost p e r f e c t  chair  confo rma t ion  f o r  1 and 2 .  S i n c e  t h e  
c o u p l i n g  c o n s t a n t s  o f  t h e  r i n g  p r o t o n s  of 2 are  e s s e n t i a l l y  t h e  

same as  those o f  2 (Table  3 ) ,  we conc lude  t h a t  t h e  s o l u t i o n  
confo rma t ions  of t h e  r i n g s  of b o t h  2 and - 3 are i n d i s t i n g u i s h a b l e  
from that  de te rmined  by t h e  X-ray a n a l y s i s  of 1. 

- - 

- 
The 3 J e , 7  v a l u e s  ( T a b l e  3 )  are i d e n t i c a l ,  w i t h i n  

e x p e r i m e n t a l  e r r o r ,  i n  2 and 2 and very c l o s e  t o  t h e  v a l u e  
(10.1 Hz) c a l c u l a t e d  f o r  a t r a n s  rotamer w i t h  t h e  e q u a t i o n s  of 
Haasnoot e t  a ~ ~ '  
abou t  the C6-C7 bond is f a v o r e d  on s t e r i c  grounds.  The NMR data 

are similar t o  t h o s e  o b t a i n e d  from t h e  f u l l y  a c e t y l a t e d  
d e r i v a t i v e s  of 2 and 3. 

As mentioned above, the  t r a n s  confo rma t ion  

13,22 

In c o n t r a s t ,  the ro t amer  p o p u l a t i o n  about  C7-C8  d i f f e r s  i n  
t he  two compounds, as is e v i d e n t  from t h e  d i f f e r e n t  'J7,* and 

3 J 7 , B t  v a l u e s .  
r o t a m e r s  abou t  C7-C8  ( F i g u r e  6 )  were e v a l u a t e d  from the  Karp lus  
e q u a t i o n ,  assuming a dynamic e q u i l i b r i u m  between conformers  and 
u s i n g  the r e l a t i o n s h i p  w i t h  s i x  pa rame te r s  proposed by Haasnoot 

e t  al." For each bond one can  c a l c u l a t e  ro t amer  p o p u l a t i o n s  
f o r  b o t h  t h e  p o s s i b l e  a s s ignmen t s  of the AB p r o t o n s  i n  an ABX 

system. The r e s u l t s  o f  these c a l c u l a t i o n s  are l i s t e d  i n  T a b l e  5.  

As shown p r e v i ~ u s l y , ~ ~  it is p o s s i b l e  t o  choose t h e  more l i k e l y  of 
t h e  two i n t e r p r e t a t i o n s  by t a k i n g  i n t o  accoun t  t h e  r e s u l t s  o f  a n  
X-ray a n a l y s i s .  
gauche'; t h i s  conformation c a n ,  t h e r e f o r e ,  be expec ted  t o  be a 

The p o p u l a t i o n  v a l u e s  o f  the s t a g g e r e d  

The s o l i d - s t a t e  confo rma t ion  o f  1 was found t o  b e  

H7 H7 H7 

H 8' Me 

gauche + trans gauche- 

FIG. 6 .  S t a g g e r e d  r o t a m e r s  abou t  t he  C7-C8 bond i n  KDO. 
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34 BIRNBAUM ET AL. 

TABLE 5 
P o p u l a t i o n s  o f  Rotamers ( i n  %) a b o u t  t h e  C7-C8 Bond i n  - 2 and $ 

gauche' t r a n s  gauche' L7 ,8 27 ,8 '  compound 

- 2 3 -0  7 .O 62 0 38 

7 .O 3.0 0 52 48 

- 3 2.8 4.4 36 -2 66 

4.4 2.8 12 18 70 
~~ ~~ ~ ~~ ~ ~ ~ 

%Calculated w i t h  v a l u e s  o f  (3.1, 10.7 Hz) ,  (10.7,  5.0 Hz), and 
(2.9,  0.9 Hz) for the c o u p l i n g  c o n s t a n t s  f r t h e  gauche+,  
t r a n s ,  and gauche' r o t a m e r s ,  r e s p e c t i v e l y .  $1 

major c o n t r i b u t o r  t o  the s o l u t i o n  confo rma t ion  o f  - 2. 

confo rma t ion  would p o s i t i o n  08-H w i t h i n  hydrogen-bonding d i s t a n c e  
of 06. However, r i n g  oxygens are r e l a t i v e l y  poor hydrogen bond 

a c c e p t o r s , 3 4  and t h e  t r a n s  ro t amer  is d e s t a b i l i z e d  both by t h e  

gauche effect3* and by making t h e  C8-08 bond 1,3-syn p e r i p l a n a r  t o  
C6-06. Thus, we conc lude  t h a t  the  first of t h e  two as s ignmen t s  is 

much more l i k e l y  f o r  b o t h  2 and - 3. 
gauche' ro t amer  p o p u l a t i o n s  (62:38 i n  2 and 35:65 i n  - 3 )  
co r re sponds  t o  a d i f f e r e n c e  of 0.6 k c a l h o l  between t h e  two 
compounds. This  p r e f e r e n c e  f o r  the gauche' ro t amer  i n  3 is i n  
agreement wi th  the  p o s t u l a t e d  hydrogen bonding between 08 and t h e  

c a r b o x y l a t e  group ( F i g u r e  71.' 
i n  1 is ve ry  l i k e l y  t o  be syn  p e r i p l a n a r  to  C2-06, b r i n g i n g  the  

c a r b o n y l  oxygen w i t h i n  hydrogen bonding d i s t a n c e  o f  08. F u r t h e r  
s t u d i e s  by 'H and "C NMR are now i n  p r o g r e s s  t o  b e t t e r  e v a l u a t e  
these i m p l i c a t i o n s .  I t  shou ld  a l s o  b e  p o i n t e d  o u t  t h a t  t he  pH a t  
which the  NMR s p e c t r a  a r e  r e c o r d e d  h a s  t o  b e  t aken  i n t o  accoun t  
because p r e l i m i n a r y  r e s u l t s  i n d i c a t e  s h i f t  dependenc ie s  due t o  
t h i s  parameter .  Temperature,  s o l v e n t ,  and pH e f fec ts  are  
c u r r e n t l y  under i n v e s t i g a t i o n .  

A t r a n s  

The d i f f e r e n c e  i n  gauche': 

As mentioned above, t h e  C=O bond 
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3 2 .c 
Lc 

FIG. 7 .  Proposed dominant confo rma t ions  i n  aqueous s o l u t i o n  (pH 
7.0) of t h e  a n i o n s  of  2 and 3. 

SUMMARY 

The p r e s e n t  s t u d y  shows t h a t  a monohydrated c r y s t a l  of t h e  

ammonium sa l t  of KDO (1) c r y s t a l l i z e s  i n  t h e  a-anomeric 
c o n f i g u r a t i o n .  
c r y s t a l l i z e  i n  the 6-anomeric c o n f i g u r a t i o n .  Thus, both s u g a r s  
c r y s t a l l i z e  i n  t h e  form i n  which they  are most abundant  i n  aqueous 
s o l u t i o n .  We have a l s o  i n v e s t i g a t e d  t h e  s o l u t i o n  confo rma t ions  o f  

the a- and @-methyl g l y c o s i d e s  of KDO ( 2  - and - 3 ) .  
s u p p o r t i v e  ev idence  f o r  a d i f f e r e n c e  i n  t h e  s o l u t i o n  confo rma t ion  
of t h e  e t h y l e n e  g l y c o l  s i d e  c h a i n  i n  t h e  two g l y c o s i d e s .  I t  seems 
obv ious  t o  a t t r i b u t e  t h i s  d i f f e r e n c e  t o  t he  a x i a l  o r i e n t a t i o n  o f  
t he  c a r b o x y l  g roup  i n  the 6 -g lycos ide  anorner o f  KDO. This 

s u p p o r t s  t h e  p r e v i o u s l y  p o s t u l a t e d  h y p o t h e s i s  of a n  i n t e r n a l  

hydrogen bond between t h e  c a r b o x y l  g roup  and 8-OH i n  2. 
of t h e  c o n f o r m a t i o n a l  r o l e  a t t r i b u t e d  t o  t he  c a r b o x y l  g roups  o f  
KD038 and NeuAcl13 i n  t h e  an t igen -an t ibody  i n t e r a c t i o n s  a t  t h e  

molecu la r  l e v e l ,  t h i s  i n f o r m a t i o n  becomes o f  prime importance.  

S i a l i c  acid (I) and its methyl  es ter  ( 5 )  - b o t h  

We o b t a i n e d  

I n  v i e w  

ACKNOWLEDGEMENTS 

We thank Raj Capoor (Ottawa U n i v e r s i t y )  f o r  r e c o r d i n g  t h e  

p r e l i m i n a r y  s h i f t  c o r r e l a t e d  ' H  NMR s p e c t r a  on a Var i an  XL-300 

s p e c t r o m e t e r  and Hector  S6guin ( N R C )  for  e l e m e n t a l  a n a l y s e s .  

Apart  from MULTAN78, l 4  a l l  c r y s t a l l o g r a p h i c  computa t ions  were 

carried o u t  w i t h  programs w r i t t e n  by  Ahmed e t  a l .44  

4 were drawn w i t h  t he  ORTEP program o f  Johnson. 

F i g u r e s  2 and 
45 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



36 BIRNBAUM ET A L .  

REFERENCES AND FOOTNOTES 

1 .  I s s u e d  a s  NRCC No. 25960. 

2 .  F.M. Unger, Advan. Carbohydr.  Chem. Biochem., 3, 323 (1981 1. 

3. K.  J a n n ,  ACS Symp. S e r . ,  m, 171 (1983) .  

4 .  A .  K .  B h a t t a c h a r j e e ,  H . J .  J e n n i n g s ,  and C . P .  Kenny, 
Biochemis t ry ,  2, 645 (1978) .  

5.  W.S. York, A.G. D a r v i l l ,  M. McNer1, and  P .  Albersheim, 
Carbohydr. Res., 2, 109 (1985) .  

6 .  H .  Brade and C. Galanos,  I n f e c t .  Immunol., 3, 250 (1983) .  

7 .  S.M. Lind,  N . I . A .  C a r l i n ,  and A . A .  Lindberg,  FEMS Microbio l .  
Lett . ,  8, 45 (1985) .  

8 .  H .  Brade and E . T .  Rietschel,  E u r .  J .  Biochem., 3, 231 
(1984) .  

9 .  H .  Brade, U. Z s h r i n g e r ,  E.T; R i e t s c h e l ,  R .  C h r i s t i a n ,  G. 
Schulz ,  and F.M. Unger, Carbohydr. Res., a, 157 (1984) .  

10. R. C h r i s t i a n ,  G. S c h u l z ,  P .  Walds tg t ten ,  and F.M. Unger, 
Tetrahedron Let t . ,  - 25,  3433 ( 1  984) .  

1 1 .  R .  Schauer  i n ;  " S i a l i c  Acids";  R .  Schauer ,  Ed. ; 
Spr inger -Ver lag ,  Vienna, 1982. 

12. C.S. Aershberger ,  M. Davis, and S.B. Binkley ,  J. Bio l .  Chem., 
- 243, 1585 (1968) .  

13.  F.M. Unger, D. S t i x ,  and G. Schulz ,  Carbohydr. Res., 80, 191 
(1980) .  

1 4 .  P.  Main, S.E. H u l l ,  L. L e s s i n g e r ,  G. G e r m i n ,  J.-P. Declercq,  
and M.M. Woolfson, MULTAN78, U n i v e r s i t y  of York, England, and 
U n i v e r s i t y  of Louvain,  aeig ium, 1978. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



CONFORMATIONS OF KDO 37 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23 

24. 

25. 

26. 

27. 

28. 

29. 

" I n t e r n a t i o n a l  Tables  for  X-Ray Crys ta l lography" ;  J . A .  I b e r s  
and W.C. Hamilton, Eds., Vol. I V ;  Kynoch Press, Birmingham, 
England, 197 4. 

R . R .  E rns t ,  Advan. Magn. Reson., 2, 1 (1966).  

C.A. Jeffrey,  J . A .  Pople ,  J.S. Binkley ,  and S. Vishveshwara, 
J .  Am. Chem. SOC., 100, 373 (1978).  

J . L .  F l ippen ,  Acta C r y s t a l l o g r . ,  S e c t .  B ,  3, 1881 (1973). 

A.M. O 'Connel l ,  I b i d . ,  3, 2320 (1973).  

.J. Hvoslef and B.  Bergen, x., 2, 697 (1975).  

C.C. Andrews, B.E.  Bacon, J .  Bordner ,  and G.L.A. Hennessee, 
Carbohydr. Res., 77, 25 (1979).  

C. Kratky,  D. S t i x ,  and F.M. Unger, E., 92, 299 (1981 1. 

C. Kratky,  H.H. B r a n d s t e t t e r ,  and E.  Z b i r a l ,  Monatsh. Chem., 
112, 1105 (1981). - 
D. Charon, L. Szabo, M. Cesario, and J. Guilhem, J .  Chem. 
SOC., P e r k i n  Trans.  1 ,  3055 (1982).  

S.H. K i m  and C.A. J e f f r e y ,  Acta C r y s t a l l o g r . ,  2, 537 (19671. 

B. S h e l d r i c k  and D. Akrigg, Acta Crystallogr., Sect. B ,  36, 
1615 (1980). 

D.R. Bundle and (2.1. Birnbaum, Biochim. Biophys. Acta, 2, 
515 (1979). 

G . I .  Birnbaum and D . R .  Bundle,  Can. J .  Chem. , 63, 739 (1985).  

D. Cremer and J.A. Pople,  J .  Am. Chem. SOC., 97, 1354 (1975). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



38 BIRNBAUM ET AL. 

30. G.A. J ePPrey  and R .  Taylor ,  J. Comput. Chem., 1, 99 (1980).  

31. The c r y s t a l  s t r u c t u r e  r epor t ed  i n  ref. 21 d i P f e r s  considerably 
from t h e  s t r u c t u r e  shown i n  t h e  chemical diagram. 

32. S. Wolfe, Ace. Chem. Res., 2, 102 (1972) .  

33. N.S. Ze f i rov ,  V.V.  Samoshin, O.A. Subbot in ,  V.I. Baranenkov, 
and S. Wolfe, Tetrahedron,  2, 2953 (1978).  

34. G.A. Jeffrey and J. Mitra, Acta C r y s t a l l o g r . ,  Sect. B ,  - 39, 469 
(1 983 1. 

35. Y.-C. Tse and M.D. Newton, J. Am. Chem. SOC., 2, 611 (1977).  

36. G.A. Jeffrey,  M.E. Cress, and S. Takag i ,  I b i d . ,  99, 609 
(1977).  

37. (a )  U. Dabrowski, H. F r i e b o l i n ,  R .  Brossmer, and M. Supp, 
Tetrahedron Lett., 4637 (1979) ,  (b) H. F r i e b o l i n ,  M. Supp, R .  
Brossmer, C. Keilich, and D. Ziegler,  Angew. Chem., I n t .  Ed. 
Engl., 2, 208 (1980).  

38. H . J .  Jennings,  R .  Roy, and R.E .  Will iams, Carbohydr. Res., - 129, 243 (1984) .  

39. R .  Cherniak, R.C. Jones,  and D.S. Gupta ,  g., 75, 39 
(1979).  

40. M. Karplus,  J.  Chem. Phys., 30, 1 1  (1959).  

41 .  C.A.G. Haasnoot, F.A.A.M. de Leeuw, and C. Altona, 
Tetrahedron,  36, 2785 (1980). 

42. G . I .  Sirnbaum, R .  S t o l a r s k i ,  2 .  Kazimierczuk, and D. Shugar,  
Can. J. Chem., 63, 1215 (1985) .  

43. H . J .  Jennings,  E. Katzenellenbogen, C. Lugowski, F. Michon, R .  
Roy, and D.L. Kasper, Pure Appl. Chem., 56, 893 (1984).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



CONFORMATIONS OF KDO 39 

44.  F.R. Ahmed, S.R. Hall, M.E. Pippy, and C.P. Huber, J. Appl. 
Crya ta l log r  . , - 6, 309 (1973). 

45. C.K. Johnson, ORTEP I1 Report ORNL-5138, Oak Ridge National 
Laboratory,  O a m  TN, 1976. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


