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Non-enzymic formation of hydroxamates catalysed by manganous ions 

A n o n - e n z v m i c  t r a n s p h o s p h o r y l a t i o n  f r o m  A T P *  h a s  b e e n  r e p o r t e d  1 w h i c h  d e p e n d s  on t h e  
p r e s e n c e  of d i v a l e n t  m e t a l  ions .  T h e  a c c e p t o r  w h i c h  w a s  u s e d  to  d e m o n s t r a t e  t h i s  t r a n s p h o s -  
p h o r y l a t i o n  r e a c t i o n  w a s  o r t h o g h o s p h a t e ,  a n d  t h e  p r o d u c t s  of t h e  r e a c t i o n  w e r e  p y r o p h o s p h a t e  
a n d  A D P  ( r e a c t i o n  i) .  

A T P  + o r t h o p h o s p h a t e  M*+ ~ A D P  + p y r o p h o s p h a t e  ( i )  

W h e n  A M P  is u s e d  as  a c c e p t o r  in  p l a c e  of o r t h o p h o s p h a t e ,  t h e  p r o d u c t  of t h e  r e a c t i o n  is A D P .  
T h e  p r e s e n t  r e p o r t  d e a l s  w i t h  a r e l a t e d  r e a c t i o n  in  w h i c h  e a r b o x v l i c  a c i d s  a c t  as  a c c e p t o r s  in  
p l a c e  of o r t h o p h o s p h a t e  or  p h o s p h o m o n o e s t e r s .  

T A B L E  I 

Hydroxamate /brined 
Remarks (#mole) 

C o m p l e t e  s y s t e m  o.7I  
" Z e r o "  t i m e *  o.o5 
M n  2+ o m i t t e d  o. 19 
A T P  o m i t t e d  o. I I 
A c e t a t e  o m i t t e d  o.o5 
H y d r o x y l a m i n e  o m i t t e d  * * o.24 
Mn  2+ a n d  A T P  o m i t t e d  o.~o 
Mn  2+ a n d  a c e t a t e  o m i t t e d  o.o3 
A T P  a n d  a c e t a t e  o m i t t e d  o.oo 
Mg  2+ in  p l a c e  of M n  2+ o.25 

ACETHYDROXAMATE FORMATION 

T h e  c o m p l e t e  s y s t e m  c o n t a i n e d  t h e  f o l l o w i n g  (in 
/*moles) :  A T P ,  50;  MnC12, 50;  s o d i u m  a c e t a t e -  
a c e t i c  a c i d  buffer ,  800;  N H 2 O H / N H 2 O H - H C 1  
buffer ,  4o0. F i n a l  v o l u m e  I.O ml ,  p H  4.8, 38% 
6 h.  H y d r o x a m a t e  w a s  d e t e r m i n e d  b y  t h e  

m e t h o d  of LIPMANN AND TUTTLE 2. 

* i n c u b a t e d  for zo m i n .  
** t h e  N H 2 O H  (4oo # m o l e s  p H  7.o) w a s  

a d d e d  a t  t h e  e n d  of t h e  e x p e r i m e n t ,  a n d  t h e  
t u b e  w a s  t h e n  i n c u b a t e d  a t  38° for l o  m i n  
b e f o r e  a n a l y s i s .  

T A B I . E  i i  

GLYCINEHYDROXAMATE FORMATION 

T h e  c o m p l e t e  s y s t e m  c o n t a i n e d  t h e  f o l l o w i n g  
(in /*moles) :  A T P ,  5o;  MnC12, 5o;  g l y c i n e ,  6oo;  
N H ~ O H / N H 2 O H ,  HC1 buffer ,  4oo. F i n a l  v o l u m e  
i . o  ml ,  p H  5.6, 380 , 13 h. H y d r o x a m a t e  w a s  
d e t e r m i n e d  b y  t h e  m e t h o d  of LIPMANN AND 

T U T T L E  2. 

Remarks Hydroxamate lormed 
(i,mole) 

T A B 1 , E  II1 

~-ALANINEHYDROXAMATE FORMATION 

T h e  c o m p l e t e  s y s t e m  c o n t a i n e d  t h e  f o l l o w i n g  
( in /*moles )  : A T P ,  5 ° ; MnCI 2, 50 ; f l - a l a n i n e  8oo ; 
N H 2 O H / N H 2 O H .  HC1 buffer ,  4oo. F i n a l  v o l u m e  
1.o ml ,  p H  5.o, 3 ° °  , Io  h.  H y d r o x a m a t e  w a s  
d e t e r m i n e d  b y  t h e  m e t h o d  of LIPMANN AND 

T U T T L E  2. 

Remarks Hydroxamate lormed 
(,umole) 

C o m p l e t e  s y s t e m  0.43 C o m p l e t e  s y s t e m  0.76 
" Z e r o "  ;Lime* 0.o 3 " Z e r o "  t i m e  * o.o~ 
M n  2+ o m i t t e d  o.o8 M n  2+ o m i t t e d  o.o8 
A T P  o m i t t e d  o.oz A T P  o m i t t e d  0.06 
G l y c i n e  o m i t t e d  0.07 f l - A l a n i n e  o m i t t e d  o . l  
H y d r o x y l a m i n e  o m i t t e d  * * o.oo H y d r o x y l a m i n e  o m i t t e d  * * o. i o 

• S a m e  as  T a b l e  I. * S a m e  as  T a b l e  I .  
• * S a m e  as  T a b l e  I. ** S a m e  as  T a b l e  1, e x c e p t  3 °0 i n s t e a d  of 3 8 ' .  

On  i n c u b a t i n g  a m i x t u r e  of A T P ,  MnCI2, N H 2 0  H a n d  c a r b o x y l i c  ac id  a c o m p o u n d  is f o rmed  
w h i c h  g i v e s  t h e  c o l o u r  r e a c t i o n  of a h y d r o x a m a t e .  E x p e r i m e n t s  w i t h  a c e t i c  ac id ,  g l y c m e  a n d  
f l - a l an ine  d e m o n s t r a t e  t h a t  t h e  f o r m a t i o n  ot h y d r o x a m a t e  is d e p e n d e n t  on  t h e  p r e s e n c e  of A T P ,  
Mn 2~ , N H 2 O H  a n d  t h e  e a r b o x y l i c  ac id  ( T a b l e s  I ,  I I  a n d  I l I ) .  T h e  f o r m a t i o n  of h y d r o x a m a t e  
is r e d u c e d  s h a r p l y  or  a b o l i s h e d  a l t o g e t h e r  w h e n  one  of t h e s e  c o n s t i t u e n t s  is o m i t t e d  f r o m  t h e  
r e a c t i o n  m i x t u r e .  T h e  h y d r o x a m a t e  f o r m e d  in  e a c h  of t h e  c o m p l e t e  r e a c t i o n  m i x t u r e s  w a s  sub-  
j e c t e d  t o  p a p e r  c h r o m a t o g r a p h y  u s i n g  t h e  u p p e r  p h a s e  of b u t a n o l  a c e t i c  ac id  w a t e r  (4 : I : 5, b y  
v o l u m e )  as  s o l v e n t  a. A u t h e n t i c  h y d r o x a m a t e s  of a c e t i c  ac id ,  g l y c i n e  a n d  f l - a l an ine  w e r e  run  on  
t h e  s a m e  c h r o m a t o g r a m .  H y d r o x a m a t e  s p o t s  w e r e  d e t e c t e d  b v  s p r a y i n R  t h e  d r y  c h r o m a t o g r a m  

** The  f o l l o w i n g  a b b r e v i a t i o n s  h a v e  b e e n  u s e d :  A M P ,  A D I  >, a n d  A T I  >, a d e n o s i n e  mono- ,  di-,  
a n d  t r i p h o s t ) h a t e  r e s p e c t i v e l y ;  R - C O O H ,  c a r b o x y l i c  a c i d ;  M ~ ,  d i v a l e n t  m e t a l  ions.  
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with dilute FeCla-HC1 solution. A compar ison  of RF values showed tha t  with acetic acid, glycine 
or fl-alanine act ing as acceptors,  the h y d r o x a m a t e s  formed corresponded to ace thydroxamate ,  
g lyc inehydroxamate  and f l -a laninehydroxamate  respectively. 

The mode of ATP cleavage in these reactions has not  so far been ascertained. The initial 
product  of .the t r ansphosphory la t ion  is p robab ly  an acylphosphate  which reacts fur ther  with 
N H z O H  to yield the corresponding hydroxamate .  One possible way  in which this reaction sequence 
can be formulated is shown in reactions 2 and 3. 

O O 
M-'+ I/ II 

ATP + R - - C O O H  -> R - - C - - O - - P - - O H  + A D P  (2) 
i 

OH 

O O O H 
Ir rl rl 

R - - C - - O - -  P - - O H  + N H z O H  - - - - +  R - - C - - N - - O H  + HaPO 4 (3) 

6H 
Alternat ively the first p roduc t  may  be an acyl derivative of AMP or ADP. Little or no 

acylphosphate  accumulates  when N H , O H  is omit ted f rom the reaction mix ture  during the 
incubation.  This is probably  due to the unfavourable  equi l ibr ium of acylphosphate  format ion 
from carboxylic acid and ATP 4. In  the presence of NH2OH this equil ibr ium is displaced in favour  
of h y d r o x a m a t e  formation.  

The reactions described here provide a chemical basis for the enzymic act ivat ion of carboxylic 
acids, and demons t ra te  tha t  t r ansphosphory la t ions  from ATP to carboxylic acids need not  proceed 
via phosphoryl -enzyme compounds .  The enzyme may  instead be envisaged as making  more 
favourable  and at  the  same t ime more specific the  mechanism which is involved in the non- 
enzymic reactions demons t ra ted  above and elsewherO. This does not  imply tha t  t r ansphospho-  
~ylation reactions never  proceed via phosphoryl -enzyme compounds .  There is s t rong evidence 
t ha t  enzymes such as phosphoglucomutase  do actually act as in termediate  phosphory l  carriers a. 
However,  such evidence has not  been repor ted for enzymes which catalyse the t r ansphosphory -  
lation of phosphoryl  groups with free energies of hydrolysis  comparable  to tha t  of ATP (for 
example myokinase,  creat inephosphokinase,  acetokinase). Enzyme  reactions in this  category 
generally involve nucleotides as phosphoryl  donors or acceptors, and all of t hem show a require- 
men t  for divalent  metal  ions which is commonly  met  by Mg 2÷ and Mn 2+ (ref.e). There is thus  a 
general s imilari ty of reac tants  in tl~e non-enzymic and enzymic reactions. The metal  ion require- 
ment ,  which is c o m m o n  to both,  also points  to a similari ty in reaction mechanisms.  

Non-enzymic  t r ansphosphory la t ion  reactions, which are catalysed by  divalent metal ions, 
may  have been the p ro to type  reactions for the biochemical evolution of those enzymes which 
utilise the free energy of hydrolysis  of po lyphospha tes  to drive chemical t ransformat ions .  The 
natura l  t rapping  agents  of the acylphosphates  formed would have been amino acids instead of 
hydroxylamine.  The reaction products  would then have been peptides instead of hydroxamates .  
Such condit ions m a y  have provided the rud iments  of an autocatalvt ic  duplicating sys tem 7,~, 
result ing in the format ion of polypept ides  from amino acids. 
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