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Die Angaben yon WALDO und WIMSATT 2 deuten ffir die 
Kontrol lgruppe der yon ihnen verwendeten Versuchstiere 
in die gleiche Richtung. Arbeiten yon ~NTICHOLAS und 
S/~IDEL haben die hohe l~egulationsf~ihigkeit yon ]31asto- 
meren des Rat ten-  bzw, Kaninchenkeimes ergeben, 
andererseits zeigen die Ergebnisse yon DALCQ und seiner 
Schule schon am befruchte ten Ei  Bezirke bes t immter  
Differenzierung. 

H e r r n  ProL Dr.  H. LETTRI:= d a n k e  ich fiir  die  FSrde rung  de r  
Arbeit. 

H .  X~rRBA 

Insti tut  [i~r experimentelle Krebsforschung der Universi- 
tiit Heidelberg, den 78. Dezember 1955. 

S~tm~ary 

On the fourth day of development  of the rat  embryo 
all of the stages are found from the two-cell stage to the 
blastocele stage even among embryos from the same 
litter. On the seventh day, they  all show egg-cylinder 
stages wi thout  exception.  The t ime interval  between 
cleavages from the second to the sixth day of develop- 
ment  is not  constant  and, in fact, varies over a wide 
range, even among embryos from the same litter. 

2 C. M. WALDO und W. A. WIMSATT, Anat. Rec. 93, 363 (1945). 
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:s--/ / 
R = -(CHz)4-COOH 

According to this scheme, reaction t is visualized as a 
heterolyt ic  cleavage to yield COz and a substance which 
is regarded by GCI~'SALUS (probably only formally) as a 

carbanion \CH3-C(-)]  coordinated with D P T  +. This 
compound then reacts in the second step with lipoic acid 
to regenerate DPT+ and to give the acetylated reduced 
form of lipoic acid. Aceta te  is then transferred to 
C o A - S H  and lipoic acid regenerated by oxidat ion with 
DPN+. O 

The in termediate  complex of DPT ÷ and CH3-C(- ) is 
also capable of undergoing various other  transformations 
among which the reaction with carbonyl compounds 
deserves a t tent ion  : 

[CH3-C:DPT ] + C-R+ H + ~'-__~_~ CH3-C-CH-R+ DPT+ 
H / 

D I  S P U T A N D U M  

T h e  M e c h a n i s m  of  R e a c t i o n s  C a t a l y z e d  

by T h i a m i n e  P y r o p h o s p h a f e  

The present article const i tutes an a t t emp t  to rat ion- 
alize, from the point  of view of organic chemistry,  the 
manifold enzymat ic  reactions catalyzed by the agency of 
th iamine  pyrophosphate  (DPT+). The biochemical 
elucidation of D P T  + catalyzed oxidat ive  decarboxylat ion 
of pyruva te  was summarized by GUNSALUS 1 who pro- 
posed a scheme shown in the equations (1)-(4) for the 
generat ion of acetyl  Coenzyme A 

from pyruvate .  

O al / / o  
(1) CH3-C-C 

\ O -  

O 
II 

(CoA-S-C-CH~) 
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x I. C. GUNSALUS, Mechanism ot Enzyme Action (John Hopkins 
Press, Baltimore 1954). 

In  this manner  for instance acetoin may be formed and 
i t  has been emphasized by GUNSALUS tha t  this reaction 
does not  require tipoic acid, 

We shall now assume tha t  the above scheme is correct 
and discuss the mechanist ic possibilities by  which the 
postulated reactions could be rat ionalized as well as the 
nature  of the " complex"  react ive form of acetaldehyde. 

Inspect ion of reaction (1) reveals t ha t  py ruva te  does not 
possess the  proper  setup for undergoing cleavage into 

O 
IJ 

COs and CHa-C(-  ). Consequently,  the function of DPT+ 
must  be such as to set the stage for an easy react ion in 
the manner  desired. This cleavage is then catalyzed by 
the in tervent ion of the respective specific protein. 

The formula sequence I - V I  shows the way in which 
this might  be accomplished. DPT + may  combine with 
pyruvic  acid to give a Schiff base represented by the 
part ial  s t ructure I. In  compound I, the  two hydrogens 
a t tached to the carbon, flanked on one side by the 
pyrimidine nucleus and on the other  by the quaternary 
nitrogen, are highly ac t iva ted  and one of them may 
consequently be removed by  base. The resulting ylid 
may then  undergo an electron shift and a proton may 
a t tach  itself to the former carbonyl carbon of the pyruvic 
acid moiety,  If this is a concerted process, i t  may be 
visuaJized as represented by the arrows in formula I. An 
intramolecular  process as shown in formula Ia  could 
conceivably be considered as an al ternat ive.  The  result- 
ing compound 1I now meets  requirements  for an easy 
cleavage of the desired C-C bond in the manner  indicated. 

The product  of this reaction (III) or  ra ther  the ylid 
derived from i t  by  abstract ion of one of the  activated 
protons (IV) may  now be identified with  the complex 

O 

(CH~-C : DPT) postulated by  GUNSALUS. 
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GLYCERALOEHYDE PHOSPHATE + SEOOHEPTULOSE-7- 
PHOSPHATE + D.P.T. + 
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A reac t ion  of IV wi th  a ca rbony l  c o m p o u n d  such as 
ace t a ldehyde  m a y  be easi ly env isaged  and  is shown by  
ar rows in fo rmula  IV. This  resul ts  in c o m p o u n d  V in 
which the  hydrogen  m a r k e d  b y  an as ter isk  is a c t i v a t e d  
since i ts  abs t rac t ion  resul t s  in a mesomer ic  ylid. T h e  
c o m p o u n d  m a y  c o n s e q u e n t l y  unde rgo  a shi f t  of th is  
hydrogen  which m a y  t a k e  place  b y  the  agency  of an 
ex te rna l  base and  acid or in t r amolecu la r ly .  On ly  the  
second poss ib i l i ty  is i l lus t ra ted  b y  ar rows in fo rmula  V. 
The  p roduc t  (VI) m a y  now hydro lyse  to  D P T  + and 
acetoin,  The  reac t ion  of t h e  ( C H a - C O : D P T )  c o m p l e x  
with  lipoic acid,  p o s t u l a t e d  b y  GUNRALUS, m a y  now be 
easily ra t iona l ized  as r ep re sen ted  by  the  ar rows in 
s t ruc tu re  VI I .  The  f o r m a t i o n  of ace ty l  l ipoic acid via 
V I I I  and 1X is based  on cons ide ra t ions  so s imi lar  to the  
ones discussed a b o v e  t h a t  the  fo rmulae  should  be  self- 
exp l a n a t o ry .  

A n o t h e r  reac t ion  to be cons idered  is t he  c l eavage  of 
d iacety]  wi th  D P T +  ac t ing  as accep to r  for one half  of t he  
molecule  while  t he  o the r  half  is l ibe ra ted  as a c e t a t e L  
W i t h o u t  going in to  a de ta i led  exp lana t ion ,  i t  is obv ious  
f rom the  s cheme  X + X I  -~  X I I  --~ I V  t h a t  this  m a y  be  
ach ieved  in a m a n n e r  ana logous  to  t he  reac t ions  a l r e a d y  
discussed. 

One in te res t ing  v a r i a t i o n  of t he  mechan i sms  p resen ted  
is conce ivab le  and  resul t s  in g rea te r  s impl ic i ty  of t he  
e lec t ron shifts.  STRECKER and  OCHOA z r ecen t ly  s tud ied  
o x i d a t i v e  d e c a r b o x y l a t i o n  and  ace to in  f o r m a t i o n  in 
ce r t a in  bac te r i a  which  p roceeded  accord ing  to t h e  
fol lowing scheme : 

Pyruvate  

~ (DPT +, Mg ++) 

"acetaldehyde" + CO 2 
+pyruva te  / /  "N CoA+ DPN+ 

~ /  ~ (lipoic acid) 

acetolactate acetyl • CoA+ D P N H +  I-I+ 

acetoin + CO~ 

In  spi te  of this  scheme,  t h e y  s ta te  la te r  in the  pape r :  
" S e p a r a t e  e x p e r i m e n t s  d e m o n s t r a t e d  t h a t  t he  p y r u v a t e  
s a t u r a t i o n  level  for aee ty l  p h o s p h a t e  f o r m a t i o n  was 
a b o u t  0.05 M whi le  t he  ace to in - fo rming  s y s t e m  was no t  
ye t  s a t u r a t e d  wi th  0-3 M p y r u v a t e  unde r  t he  condi t ions  
e m p l o y e d  . . . . . . . . . .  The  a b o v e  resul ts  do no t  seem to  
su p p o r t  the  v iew rep resen ted  in the  scheme  t h a t  ' ace ta l -  
d e h y d e '  is p roduced  as free i n t e r m e d i a t e  b y  a deca rboxy-  
lu t ing e n z y m e  c o m m o n  to t he  ace to in  and  ace ty l .CoA-  
fo rming  sys tems.  As i t  is d i f f icul t  to imag ine  the  ex is tence  
of d i f fe ren t  p roduc t s  of p y r u v a t e  d e c a r b o x y l a t i o n  in 
v iew of iden t ica l  cofac tor  r equ i r emen t s ,  t he  deca rboxy -  
la t ion  m i g h t  be c a t a l y z e d  b y  d i f fe ren t  p ro te ins  to  give 
the  same ' a c e t a l d e h y d e '  b u t  th is  would  r e m a i n  b o u n d  
to  these  p ro te ins  and unde rgo  fu r the r  r eac t ion  in th is  
fo rm."  

Whi le  it  is indeed  dif f icul t  to  v isual ize  t w o  d i f fe ren t  
" a c t i v e  a c e t a l d e h y d e s "  we can  see r ead i ly  (having 
ident i f ied  the  " a c e t a l d e h y d e "  w i t h  the  ylid IV) t h a t  an  
yl idderived f r o m t h e o r i g i n a l  Schiff  base  I and represen t -  
ed by  X l I I  m a y  a t t a c k  ca rbony l  g roups  prec ise ly  in t h e  
same  m a n n e r  as IV. This  wou ld  resu l t  in an  a l t e r n a t e  
and  mechan i s t i ca l ly  s impler  poss ib i l i ty  of f o r m a t i o n  of 

2 H. J. STRECKER and S. 0CHOA, J. biol. Chem. 209, 313 (1954). 

ace to lac ta t e .  This  is i l lus t ra ted  by  the  s tages  X I V  and 
X V  which  are  se l f -exp lana tory .  C o m p o u n d  X V  m a y  then 
be hyd ro lyzed  to  ace to lac t ic  acid, which  is decarboxy-  
lu ted  as a fl-keto acid by  a s epa ra t e  enzyme.  

W e  should  l ike to po in t  o u t  t h a t  all r eac t ions  discussed 
here  m a y  be ra t iona l i zed  by  such an a l t e r n a t e  simpler 
m e c h a n i s m  in which C-C  c leavage  comes in after and not 
before  the  a t t a c k  on the  a c c e p t o r  molecule.  The  first 
r ep resen ta t ion  was chosen in order  to s t ay  a t  present 
wi th in  t he  l imi t s  of t he  proposa ls  of GUNSALUS. 

A n o t h e r  i m p o r t a n t  reac t ion  t y p e  ca t a lyzed  b y  D P T  + 
is t h e  t r anske to l a se  reac t ionL A typ ica l  e x a m p l e  of this 
is t he  fol lowing reac t ion  sequence :  

CH~OH 
[ H 0 

c = o  \ / ~  
. . . . . . . .  transketolase C + 
H - C - O H  ~ [ 

1 H - C - O H  
~ - C - O H  I 

t CH~OPOnH~ 
CHzOPO~H 2 

ribulose-5 -phosphate 

H2OH] 

[ CH~OH 7 
/ 

CHzOH 
H 0 I 

\ ~// C = O  
(" I 
I R O - C - H  

H - C - O H  I 
I transketoloase H - C - O H  

H - C - O H  ~" t 
I H - C - O t t  

H - C - O H  I 
I H - C  OH 

CH2OPOaH2 I 
CH~OP0~H~ 

ribose-5-phosphate sedoheptulose- 
7-phosphate 

A c leavage  of r ibu tose -5-phospha te  as ind ica ted  by  the 
d o t t e d  l ine again  requi res  coope ra t ion  of D P T  + to give 
an " a c t i v e  f o r m "  of glycol ic  a ldehyde  which  t h e n  reacts 
wi th  r ibose-5-phospha te .  The  fo rmula t ion  of these 
changes  is ana logous  to  all o the r  D P T  + ca t a lyzed  reac- 
t ions t h a t  we h a v e  discussed and will be  g iven  only 
briefly.  

The  Schiff  base  of D P T  + and  r ibulose-5-phosphate  
(XVI)  m a y  undergo  a p r o t o n  shi f t  to X V I I .  This 
shif t  is a rb i t r a r i ly  f o rmu la t ed  as an  in t ramolecular  
one.  C o m p o u n d  X V I I  is n o w  set  up  for cleavage 
of t he  desired C - C  bond  as shown b y  arrows.  The 
p roduc t  of t he  e lec t ron  shi f t  as i l lus t ra ted  is the 
ylid X V I I I  and  g lyce ra ldehyde  phospha te .  X V I I I  may 
now be iden t i f ied  wi th  t he  " a c t i v e  f o r m "  of glycolic 
a ldehyde  which  will  a t t a c k  the  ca rbony l  g roup  of ribose- 
5 -phospha te  in comple t e  c o n f o r m i t y  w i t h  t h e  reactions 
of t h e  " a c t i v e  a l d e h y d e "  IV  and  give sedoheptulose-7- 
phospha te .  

The  a l t e r n a t e  m e c h a n i s m  which  invo lves  a t t ack  on 
the  r ibose -5-phospha te  a ldehyde  group pr ior  to  cleavage 
of t he  C-C  bond  is i l lus t r a t ed  in t h e  s t r u c t u r e  X I X  and 
X X .  

Whi le  the re  does no t  appea r  to  be enough  evidence at 
p resen t  to m a k e  a decision, t he  a l t e r n a t e  mechanism 
seems a t t r a c t i v e  by  reason  of its g rea te r  s impl ic i ty .  

For a summarizing reference see E. RACKER~ Advances in En- 
zymology, Vol. 15 (Interscience, New York-London 1954), p. 141. - 
See also E. RACKER, G. DE LA HABA, and J. G. LEDER, J. Amer. 
chem. Soe. 15, 1010 (1953). - B. L. HORECKER and P. Z. SMYRm0TLS, 
J. Amer. chem. Soc. 75, 1009 (1953). 
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Note added in proo]: A prepublication copy of this paper has been 
sent to Dr. K, BLOCH (Harvard). We wish to thank Dr. BnocH and 
Dr. ~VEsTIIEI3~IER for informing us that an identical mechanism 
for the decarboxylation reaction of pyruvate has been proposed in a 
discussion by R. ]3. ~'¢'OODXVARD, ~v~ 7. S. JOHNSON, J. BADDILEY, and 
1 ¢- H. XVESTHEIMER. 

I{.  V~rlEGNER a n d  Z. VALENTA 

Chemistry Laboratory, University o[ New Brunswick,  
Fredericton, Canada, December 1, 1955. 

Les F i g u r e s  1 e t  2 nous  m o n t r e n t  r e s p e c t i v e m e n t  
l ' a s p e c t  g6n6ra l  du  d i spos i t i f  a d o p t 6  et  le dd ta i l  de l ' en-  
t r a i n e m e n t  du  c h r o m a t o g r a m m e .  Nous  p o u v o n s  e n c o r e  
vo i r  su r  la  F i g u r e  1 l ' e n r e g i s t r e m e n t  d ' u n e  courbe ,  tes 
g r a n d s  pies r e p r 6 s e n t e n t  l ' a c t i v i t 6  d u  p h o s p h a t e  in- 
o rgan ique ,  les p e t i t s  celle de I ' A T P .  L a  p l a n i m 6 t r i e  des  
sur faces  o b t e n u e s  n o u s  d o n n e  la r 6 p a r t i t i o n  du  pa~, d a n s  
les d i f f4 ren tes  f r a c t i o n s  p h o s p h a t e s .  

Zusammen]assung 

Es  wi rd  ein M e c h a n i s m u s  fiir v e r s c h i e d e n e  e n z y m a t i -  
sche R e a k t i o n e n ,  bei  d e n e n  T h i a m i n p y r o p h o s p h a t  als 
C o f e r m e n t  wi rk t ,  v o r g e s c h l a g e n ,  

P R O  E X P E R I M E N T I S  

Mesure de l 'oxydation phosphorylante  ~ l'aide de 
phosphore radioactif dans la cellule h6patique 

]'~REBS e t  ses c o l l a b o r a t e u r s  ~ o n t  m i s  a u  po in t ,  en  
1953, u n e  t e c h n i q u e  t r6s  616gante u t i l i s a n t  le p h o s p h a t e  
i n o r g a n i q u e  m a r q u 6  a n  p h o s p h o r e  r a d i o a c t i f  (p32) p o u r  
d 6 t e r m i n e r  le q u o t i e n t  d ' o x y d a t i o n  p h o s p h o r y l a n t e ,  
c ' e s t - h -d i r e  le p o u v o i r  de  p h o s p h o r y l a t i o n  d ' u n  h o m o -  
g 6 n a t  de  t i s su  a n i m a l .  C e t t e  m 6 t h o d e ,  bas6e  su r  l '6qui-  
l ibre  d y n a m i q u e  e x i s t a n t  e n t r e  le t r i p h o s p h a t e  d ' a d 6 n o -  
s ine (ATP)  e t  le p h o s p h a t e  i n o r g a n i q u e ,  u t i l i se  e n  f a i t  
F a c t i o n  c o m p f t i t i v e  de  l ' o x y d a t i o n  p h o s p h o r y l a n t e ,  
d ' u n e  p a r t ,  e t  des  p h o s p h a t a s e s ,  d ' a u t r e  p a r t ,  selon le 
s c h 6 m a  s u i v a n t :  

Ox. ph. 

ADP + Pinorg. < ~" ATP 
,, ATP'ase ~, 

N o u s  a v o n s  modi f i6  les t e c h n i q u e s  de  d o s a g e  6 t ab l i c s  
pa r  KREBS ~, en  p a r t i c u l i e r  sa  d 6 t e r m i n a t i o n  des  phos -  
p h a t e s  m a r q u 6 s  au  p~2, sdpar4s  p a r  c h r o m a t o g r a p h i e  
sur  pap ie r .  N o u s  nous  s o m m e s  mis,  p a r  con t re ,  en t i6 re -  
m e n t  d a n s  ses c o n d i t i o n s  d ' e x p 6 r i e n c e  b i o c h i m i q u e s .  
Nous  a v o n s  pr6f6r6 m e s u r e r  la  r a d i o a c t i v i t 6  d i r e c t e m e n t  
sur  les e h r o m a t o g r a m m e s ,  a lors  que  KREBS 61ue les 
d i f f6 ren tes  f r a c t i o n s  p h o s p h a t e s  de la b a n d e  de  pap ie r ,  
e t  qu ' i l  p roc6dc  a u x  e x a m e n s  c h i m i q u e s  e t  p h y s i q u e s  
d a n s  tes 61uats. N o u s  a v o n s  fa i r  pas se r  les c h r o m a t o -  
g r a m m e s  sous u n  c o m p t e u r  de  Geiger,  reli6 h l ' i n t6g ra -  
t eu r  ~,Precision Ra tema te r~ )  de  T r a c e r l a b  e t  ~ u n  milli-  
a m p 6 r e m 6 t r e  e n r e g i s t r e u r  de  T r t i b  & T ~ u b e r .  Le  chro-  
m a t o g r a m m e  es t  e n t r a i n 6  a u t o m a t i q u e m e n t  p a r  f r i c t ion  

l ' a ide  d ' u n  t a m b o u r  se t r o u v a n t  sur  la  p r o l o n g a t i o n  de 
l ' axe  e n t r a i n e u r  du  m i l l i a m p 6 r e m 6 t r e  en reg i s t r eu r .  Le 
d i a m b t r e  du  t a m b o u r  e n t r a l n a n t  le p a p i e r  6 r a n t  te m4me  
que  celui  f a i s a n t  a v a n c e r  le p a p i e r  d ' e n r e g i s t r e m e n t ,  nous  
avons  la m S m e  v i t e s se  l in6ai re  p o u r  les d e u x  b a n d e s ,  ce 
qui  fac i l i te  la d6t  e r m i n a t i o n  des rf  des  s u b s t a n c e s  sdpar6es  ; 
en i n t r o d u i s a n t  des  rep6res ,  n o u s  p o u v o n s  s u p e r p o s e r  
les c h r o m a t o g r a m m e s  e t  les c o u r b e s  enregis t r6es .  

1 H. A. KRI~BS, A. RUFFO, L. V. EGGLESTON et  R. HEMS, Bio- 
chem, J. 51, 107 (1953). 

IX 

Fig. 1. 

Nous  a v o n s  pu  b6nf f i c i e r  p o u r  la mise  au  p o i n t  de  ce t  
appare i l l age  de  l ' ex p 6 r i en ce  de  Pu n  d ' e n t r e  n o u s  2 q u i  
a v a i t  d6j~ c o n s t r u i t  p r 6 c 6 d e m m e n t  u n  s y s t 6 m e  s e m -  
b lab le  p o u r  la m e s u r e  de la  r a d i o a c t i v i t 6  de s u b s t a n c e s  
s6pardes p a r  c h r o m a t o g r a p h i c  ou  p a r  61ec t rophor~se  s u r  

Fig. 2. 

pap ie r .  L ' a w m t a g e  de  l ' a p p a r e i [  que  nous  v e n o n s  de  d6- 
c r i re  b r i 6 v e m e n t ,  e t  q u e  nous  p o u v o n s  fa i re  pas se r  u n  
tfius g r a n d  n o m b r e  de  c h r o m a t o g r a m m e s  d a n s  l ' a p p a r e i l  
(par  exernp le  p e n d a n t  u n e  n u i t  e t  m 6 m e  plus) s ans  a v o i r  

le r echa rge r ,  a v e c  u n  m i n i m u m  d ' e n c o m b r e m e n t .  
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