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sequences ,  wh ich  h a v e  b e e n  found  to  be  devo id  or a l m o s t  
devo id  of biological  ac t iv i ty .  I n  a d d i t i o n  to  t h e  phys i ca l  
p roper t i e s  a n d  e l e m e n t a l  ana lyses  of these  pept ides ,  t h e  
Tab le  also ind ica tes  t h e  level  of a c t i v i t y  on  t he  gu inea -p ig  
i l eum c o m p a r e d  w i t h  t h a t  of F.ledoisin i tself  t a k e n  as 100. 
The  m e t h o d s  used  for  t h e  syn thes i s  of t he se  pep t ides  will 
be  descr ibed  e lsewhere  in  de ta i l  a. 

Zusammen/assung.  Die E i g e n s c h a f t e n  e iner  e r s t en  Serie 
y o n  s y n t h e t i s c h e n  P e p t i d e n ,  die m i t  E ledo i s in  s t r u k t u r e l l  
v e r w a n d t  sind,  w u r d e n  beschr ieben .  
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Synthesis of N-Acetylneuraminic Acid 

N - a c e t y l n e u r a m i n i c  acid (NANA) occurs  in  a wide  
v a r i e t y  of biological  mate r ia l s ,  e.g. muc ins ,  co los t rum,  
e ry th rocy t e s ,  gangl iosides ,  gonado t rop in s ,  enzymes ,  bac-  
t e r i a l  cell walls,  etc.  x. I t s  b iochemica l  role, as ye t  l a rge ly  
u n k n o w n ,  is l ike ly  to  be  assoc ia ted  w i t h  t h e  e lect r ica l  
cha rge  i m p a r t e d  to  t h e  s t r u c t u r e  to  w h i c h  i t  is b o u n d .  The  
eve r  inc reas ing  i n t e r e s t  in  t h i s  u b i q u i t o u s  s u b s t a n c e  
p r o m p t e d  us to  e v a l u a t e  t h e  ava i l ab l e  s y n t h e t i c  m e t h o d s  
for  la rge  scale  p r e p a r a t i o n .  T h e  syn thes i s  of N A N A  f rom 
N-ace ty l -D-g lucosamine  a n d  oxa loace t i c  acid a t  p H  11 in 
1 - 2 %  yie ld  h a s  b e e n  r eco rded  b y  CORI~rORTH e t  al.2, a. 
Af t e r  t he  f i nd ing  a-s t h a t  N A N A  is s t r u c t u r a l l y  r e l a t ed  to  
N - a c e t y l - D - m a n n o s a m i n e  a n d  n o t  to  N-ace ty l - I ) -g lucosa-  
mine ,  BRUG e t  al. ~ a n d  l a t e r  CARROLL a n d  CORNFORTH8 
s o u g h t  to  i m p r o v e  th i s  syn thes i s  b y  e m p l o y i n g  N-ace ty l -  
I ) - m a n n o s a m i n e  in  t h e  c o n d e n s a t i o n  reac t ion .  T h e  l a t t e r  
a u t h o r s  t h u s  c la imed  a n  8 - 1 0 %  yield  of N A N A .  Since N- 
a c e t y l - D - m a n n o s a m i n e  epimer izes  r a p i d l y  in a lka l ine  me-  
d i u m  to  a n  equ i l i b r i um  w i t h  N-ace ty l -D-g lucosamine  t he  
p o t e n t i a l  y ie ld  of N A N A  in t h e  a b o v e  c o n d e n s a t i o n  ob-  
v ious ly  depends  on  t h e  r e l a t ive  r a t e s  of t h e  t w o  r eac t ions  : 
(a) ep imer i za t i on  of N - a c e t y l - I ) - m a n n o s a m i n e  a n d  (b) 
c o n d e n s a t i o n  w i t h  oxa loace t ic  acid. W e  h a v e  fol lowed t he  
r a t e  of t h e  l a t t e r  r e ac t i on  s p e c t r o p h o t o m e t r i c a l l y  a t  565 
mr* 9 b y  t he  d e v e l o p m e n t  of E h r l i c h - p o s i t i v e  I r ia ter ia lL 
Our  r eac t i on  cond i t ions  were  s o m e w h a t  d i f f e ren t  f rom 
those  r e p o r t e d  b y  CARROLL a n d  CORNFORTH 8. 

To 10 m l  of w a t e r  were  a d d e d  a l t e r n a t e l y  in  sma l l  por-  
t ions  5.4 g of oxa loace t i c  acid a n d  1 0 N  s o d i u m  h y d r o x i d e  
in  such  a m a n n e r  as to  keep t he  p H  b e t w e e n  5 a n d  10. T h e  
t e m p e r a t u r e  was m a i n t a i n e d  a t  10-12°C b y  e x t e r n a l  cool- 
ing. W h e n  all  oxa loace t i c  acid h a d  b e e n  a d d e d  10 g of N- 
a c e t y l - D - m a n n o s a m i n e  was  a d d e d  to  t h e  mix tu re ,  t h e  p H  
a d j u s t e d  to  11 a n d  t h e  t e m p e r a t u r e  ra ised  to  25°C, t he  
r eac t ion  m i x t u r e  was  s t i r r ed  u n t i l  all  N - a c e t y l - D - m a n n o -  
s amine  h a d  dissolved a n d  t h e  p H  was  a d j u s t e d  to  11 fre- 
q u e n t l y  b y  t h e  a d d i t i o n  of sma l l  a m o u n t s  of s o d i u m  hy-  
droxide.  S p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n  of Eh r l i ch -  
pos i t ive  m a t e r i a l  in  samples  w i t h d r a w n  a t  15 ra in  in te r -  
va l s  i nd ica t ed  t h a t  t he  c o n d e n s a t i o n  was  essen t ia l ly  com- 
p le te  in  a p p r o x i m a t e l y  1 h.  Af te r  d i l u t i on  w i t h  w a t e r  t h e  
r eac t i on  m i x t u r e  was appl ied  d i r ec t ly  to  45 ml  of Dowex-2  
(ace ta te )  in  a 1.8 c m  dis .  co lumn.  T h e  c o l u m n  was  w a s h e d  
t h o r o u g h l y  w i t h  w a t e r  u n t i l  t h e  e f f luen t  gave  a n e g a t i v e  
d i rec t  a n d  i n d i r e c t  E h r l i c h  t e s t  1. T h e  p r o d u c t s  were  t h e n  
e lu t ed  w i t h  a g r a d i e n t  of p H  6.0 a m m o n i u m  a c e t a t e  
buf fe r  (0 .1 -1 .5M) .  T h e  e lua te  f rac t ions  were  t e s t e d  w i t h  
E h r l i c h ' s  r eagen t .  Two d i s t i nc t  peaks  were  o b t a i n e d  as 

i nd i ca t ed  in  t he  e lu t ion  d i a g r a m  (A, Figure) .  T h e  poo led  
f rac t ions  u n d e r  each  p e a k  were passed  t h r o u g h  s e p a r a t s  
Dowex  50 (H-form) co lumns .  The  i n d i v i d u a l  e f f iuen te  
were e v a p o r a t e d  to  a sma l l  v o l u m e  u n d e r  r educed  pressure  
a n d  t h e n  lyophi l ized  to  give hygroscop ic  powders .  P a p e r  
c h r o m a t o g r a m s  (Schle icher  & Schuel l  # 589) of t i le f i rs t  
f r a c t i o n  deve loped  in  a n  n - b u t a n o l - p y r i d i n e - w a t e r  s y s t e m  
(6 :4 :  3) b y  t h e  descend ing  t e c h n i q u e  a n d  s p r a y e d  w i t h  
orc inol  r e a g e n t  i n d i c a t e d  t h e  p resence  of N A N A - i s o m e r  
w i t h  g lucosamine  con f igu ra t ion  (RNANA: 1.5) a long  w i t h  
a s l igh t ly  smal l e r  a m o u n t  of N A N A  (RNANA:I.0). T h e  
second  p e a k  cons i s ted  of a m a i n  c o m p o n e n t  w i t h  a n  R 
va lue  iden t i ca l  w i t h  t h a t  of N A N A ,  a n d  a t r ace  of a n o t h e r  
w i t h  t h e  R v a l u e  of N A N A  isomer.  However ,  all  a t t e m p t s  
to  crys ta l l ize  t h i s  m a t e r i a l  failed. The  i o n - e x c h a n g e  sepa-  
r a t i o n  was f u r t h e r  ref ined b y  s tepwise  e lu t ion  w i t h  0.2 a n d  
0 . 6 5 M  p H  6.0 a m m o n i u m  a c e t a t e  bu f f e r  (A, F igure) .  
None the l e s s  a l m o s t  equa l  a m o u n t s  of t h e  two  N A N A  iso- 
mers  were st i l l  f ound  to  be  p r e s e n t  in  t h e  f i rs t  peak ,  a n d  
the  m a t e r i a l  f rom the  second p e a k  sti l l  c o n t a i n e d  t h e  two  
c o m p o n e n t s  n o t e d  above .  These  c o n t r a d i c t o r y  obse rva -  
t i o n s  c an  b e  reconci led  b y  t h e  a s s u m p t i o n  t h a t  t h e  
m a t e r i a l  e lu ted  in  t he  second p e a k  was n o t  N A N A ,  b u t  a 
m i x t u r e  of t h e  i n t e r m e d i a t e  d i ca rboxy l i c  acids (I) I o r m e d  
in t he  i n i t i a l  s t ep  of t h e  c o n d e n s a t i o n  of oxa loace t ic  acid 
a n d  N - a c e t y l - D - m a n n o s a m i n e .  

Th i s  p r e s u m e d  m i x t u r e  of i somers  would  t h e n  h a v e  to  
possess R va lues  on  p a p e r  c h r o m a t o g r a m s  iden t i ca l  w i t h  
t h a t  of N A N A  in order  to  con fo rm to  t h e  o b s e r v e d  resul ts .  
The  presence  of a t r ace  of N A N A - i s o m e r  s h o w n  on  p a p e r  
c h r o m a t o g r a m s  could r ead i ly  be  exp l a ined  b y  the  occur-  
rence  of some d e c a r b o x y l a t i o n  in  t he  w o r k - u p  of t h i s  mix-  
ture .  The  two  m o n o c a r b o x y l i c  acids,  N A N A  a n d  i ts  i somer  
w i t h  g lucosamine  con f igu ra t i on  (II)  would  acco rd ing ly  be  
expec t ed  to  emerge  in t he  f i rs t  peak ,  a f e a tu r e  w h i c h  is 
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s u p p o r t e d  b y  ou r  p a p e r  c h r o m a t o g r a p h i c  evidence .  Our  
h y p o t h e s i s  was  f u r t h e r  con f i rmed  b y  t i t r a t i o n  of t he  p rod-  
uc t  o b t a i n e d  f rom t h e  second p e a k  w i t h  d i lu te  sod ium 
h y d r o x i d e .  Based  on  t h e  molecu la r  w e i g h t  of (I) 0.4 
m m o l e  of t h i s  s u b s t a n c e  c o n s u m e d  0.88 m m o l e  of s o d i u m  
h y d r o x i d e  w h e r e a s  0.4 m m o l e  of N A N A  t i t r a t e d  in  t he  
s ame  f a sh ion  used  0.39 m m o l e  of sod ium h y d r o x i d e .  
Moreover ,  w h e n  a so lu t ion  of I ( f rom second peak)  was 
k e p t  a t  p H  11 for 2 h a t  45 °, a p p r o x i m a t e l y  equa l  
a m o u n t s  of N A N A  a n d  N A N A - i s o m e r  were o b t a i n e d  
w h e r e a s  a t  p H  1.5 a more  com pl ex  m i x t u r e  of p r o d u c t s  
was  obse rved .  A p a r t  f r om N A N A ,  i ts  isomer,  a n d  poss ib ly  
u n c h a n g e d  (I), two  f u r t h e r  p r o d u c t s  w i t h  RNANA:O.4 
a n d  RNANA : 2.26 r e spec t i ve l y  were ob t a ined .  These  spo ts  
were u sua l ly  o b s e r v e d  on  c h r o m a t o g r a m s  of ace t ic  or  
fo rmic  ac id  so lu t ions  of N A N A  which  h a d  been  concen-  
t r a t e d  a t  a t e m p e r a t u r e  a b o v e  30 ° or d u r i n g  a p ro longed  
pe r iod  of t ime.  A n  e x p l a n a t i o n  for  t h e  r e t e n t i o n  of u n d u l y  
la rge  q u a n t i t i e s  of d ica rboxy l i c  acids (I) in  our  exper i -  
m e n t s  is to  be  found  in  t h e  d i f fe ren t  r e a c t i o n  cond i t ions  
we e m p l o y e d  r e l a t i ve  to  t h o s e  r epo r t ed  b y  CARROLL a n d  
CORNrORTH 8. The  d i ca rboxy l i c  ac id  f r ac t ion  a c c o u n t e d  
for  a p p r o x i m a t e l y  60% of t he  t o t a l  E h r l i ch - pos i t i ve  
m a t e r i a l  (B, Figure)  w h e n  t he  c o n d e n s a t i o n  r eac t i on  was 
t e r m i n a t e d  in 2 h b y  ac id i f ica t ion  w i t h  Dowex  50 (H-form) 
resin,  b u t  dec reased  to  a b o u t  20% (C, Figure)  w h e n  t h e  
a lka l ine  r e a c t i o n  m i x t u r e  was a l lowed to  s t a n d  a t  room 
t e m p e r a t u r e  for  24-48 h, as s t i p u l a t e d  b y  CARROLL a n d  
CORNFORTH s. W h e n  t he  c o n d e n s a t i o n  r eac t ion  was car r ied  
ou t  a t  45 ° for  2 h,  a n  ins ign i f i can t  a m o u n t  of d i ca rboxy l i c  
ac ids  (I) s u r v i v e d  (D, Figure) .  T he  d i ca rboxy l i c  acids (I) 
a p p e a r  to  be  r e l a t i ve ly  m o r e  s t ab l e  u n d e r  v e r y  mi ld  acid 
cond i t i ons  t h a n  in  a lka l ine  m e d i u m  in w h i c h  d e c a r b o x y l a -  
t i o n  to  N A N A  (and  isomer)  t akes  place  read i ly .  N A N A  
i tself  is fa i r ly  s t ab l e  u n d e r  mi ld  a lka l ine  condi t ions .  Re-  
verse  a ldo l i za t ion  to  N-aee ty l -D-g lucosamine  a n d  p y r u v i c  
acid,  as r e p o r t e d  b y  ZILLIKEN a n d  GLICK 10, was  no t  ob-  
s e r v e d  w h e n  a so lu t ion  of N A N A  was  k e p t  a t  p H  11 a n d  
45 ° for  2 h or  a t  25 ° for  24 h.  R e l a t i v e l y  mi ld  acid condi-  
t ions ,  p H  1.5 a t  45 ° for 2 h, on t he  o t h e r  h a n d ,  gave  rise 
to  decompos i t i on  p r o d u c t s  as p o i n t e d  o u t  above .  E x c e l l e n t  

s e p a r a t i o n  of N A N A  f rom i ts  i somer  w i t h  g lucosamine  
con f igu ra t i on  was  o b t a i n e d  b y  c h r o m a t o g r a p h y  on  cha r -  
coal, as r e p o r t e d  b y  CORNFORTH e t  al. 2,s. 

R u n s  w i t h  500 g or  more  of N - a e e t y l - D - m a n n o s a m i n e  
m a y  be  ca r r i ed  o u t  in  accord  w i t h  t he  r eac t ion  cond i t ions  
ou t l ined  a b o v e :  (a) App l i ca t i on  of the  r e a c t i o n  m i x t u r e  
d i r ec t ly  to  a Dowex-2  (aceta te)  co lumn.  (b) E l u t i o n  w i th  
p H  6 0 . 2 M  a m m o n i u m  a c e t a t e  buffer .  (c) R e m o v a l  of 
ca t ions  f rom t h e  e lua t e  b y  t r e a t m e n t  w i t h  Dowex  50. 
(d) C h r o m a t o g r a p h y  on  cha rcoa l  n .  
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Elution diagrams of NANA and dicarboxylic acids (I). Reaction nfix- 
ture: 10 g of N-acctyl-D-mannosamine + 5.4 g oxaloacetic acid. First 
buffer solution: 0.20M ammonium acetate at pH 6. Second buffer 
solution: 0.65M ammonium acetate at pH 6, applied when optical 
density readings following the first peak had reached a minimum. 
A, Reaction mixture (reaction time 2 h) applied directly to Dowex-2 
column. B, Reaction mixturc acidified after 2 h and applied to 
Dowcx-2 column. C, as in A, but reaction time 48 h. D, As in A, but 

reaction temperature raised to 45°C. 

Zusammen/assung. Die S y n t h e s e  de r  N - A c e t y l n e u r -  
amins~ture aus  N - A e e t y l m a n n o s a m i n  u n d  Oxaless igsgure  
u n d  die I so l i e rung  eines Z w i s c h e n p r o d u k t e s ,  2 -Keto-3-  
d e o x y - 3 - c a r b o x y - 5 - N - a c e t y l n o n u l o s a m i n s ~ u r e  wi rd  be-  
schr ieben .  
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