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a c i d "  w a s  n o t  i n h i b i t e d  b y  v e r s e n e  or b y  ae rob i c  c o n d i t i o n s  a n d  d id  n o t  r e q u i r e  a d e n o s i n e  t r i p h o s -  
p h a t e .  F o r m i c  ac id ,  formyl - i soglu tamine  1, - g l u t a m i n O  a n d  - g l u t a m i c  ac id  l were  i n a c t i v e ,  w h i l e  
u r o c a n i c  ac id  w a s  as a c t i v e  as  F A G  o n l y  a t  h i g h  c o n c e n t r a t i o n s  (5 1~3I) a n d  h i s t i d i n e  w a s  s t i l l  less  
a c t i v e * .  T h e  s u p e r i o r i t y  of F A G  to  u r o c a n i c  ac id  or h i s t i d i n e  as  t ' o rmyl  d o n o r  was  c l e a r l y  d e m o n -  
s t r a t e d  w h e n  fo rmic  a c i d - n C  (25 ii.,l'l) w a s  i n c u b a t e d  w i t h  p i g e o n  l i ve r  e x t r a c t s  n n d e r  t i le  c o n d i t i o n s  
u s e d  b y  {~()LIYFII\VAIT el al. s to r  t i l e  e n z y m i c  s y n t h e s i s  of f o r m y l g l y c i n a m i d e  r i b o t i d e .  Af t e r  r i g o r o u s  
r e m o v a l  of al l  v o l a t i l e  r a d i o a c t i v e  m a t e r i a l  14,'; c< ,unts /min ,  c o r r e s p o n d i n g  to  a u t i l i z a t i o n  of o. 5 lo l l  
of fo rn la te ,  were  found  in t i le  n o n v o l a t i l e  f r a c t i o n  in t i l e  p r e s e n c e  of formic  ac id  a lone,  lTl/on a d d i t i o n  
of I o t ~ l l  e a c h  of non la l ) e l ed  h i s t i d i n e ,  u r o c a n i c  ac id ,  FAG,  f o r n l y l i s o g l u t a n l i n e ,  f ( w m y l g h l t a m i n e ,  
i ' o r m y l g l u t a n l i c  m i d ,  f (~rmylglycine,  f o r m a m i d i n o a c e t i c  ac id  :l, a n d  ~ - l l enzy l  F . \ ( ;  a, 12o, St). 48, I35 , 
I -'~>, 137, 155 a n d  t_'5 cCmnts /min ,  r e s p e c t i v e l y ,  were  found  in t he  n o n v o l a t i l e  f r ac t ion .  The  i n c r e a s i n g  
i n h i b i t i o n  of i n c o r p o r a t i o n  of fo rmic  a c i d  i n t o  t h e  n o n v o l a t i l e  f r a c t i o n  as  one  p r o c e e d s  f rom h i s t i d i l w  
to  FAG as well  as  t he  l ack  of i n h i b i t i o n  b y  o t h e r  f o r m y l  d e r i v a t i v e s  g i v e s  s t r o n g  supp(wt  to  lilt" 
ro le  of FAG as sou rce  of t h e  f o r m y l  g roup .  The  e x t e n t  of i n h i b i t i o n  s h o w s  t h a t  1;:\(; does  n o t  a c t  
as  a f o r l n y l a t i n g  a g e n t  t h r o u g h  t h e  p r o d u c t i o n  of f o r m a t e .  T h e  s a m e  c l m c l u s i o n  w a s  r e a c h e d  w h e n  
l abe l ed  h is t id ine-- ' -zaC ** (e. 5 / ~ M )  w a s  i n c u b a t e d  u n d e r  t h e  a b o v e  c o n d i t i o n s  in t he  a b s e n c e  or 
p r e s e n c e  of a 4-fold excess  of n o n l a b e l e d  f o r m a t e .  A f t e r  d e p r o t e i n i z a t i o n ,  h i s t i d i n e  w a s  r e m o v e d  on 
al l ) o w e x - 2 - f o r n m t e  c o l u m n  a n d  t h e  e l u a t c  b r o u g h t  to  d r y n e s s  a n d  c o n n t e d .  [n t he  p r e s e n c e  ~)f 
f o r m a t e  an i n h i b i t i o n  of i n c o r p o r a t i o n  of u(- of o n l y  4o01, was  o b s e r v e d  in t h e  n o n v o l a t i l e ,  1t('1 
l ab i l e  s, f r ac t ion .  

The  m e c h a n i s m  of t h e  m e t a b o l i c  u t i l i z a t i o n  of I~'AG as  f o r m y l  d()nor as  wel l  as t h e  de t a ih !d  
r e q u i r e l n e n t s  (if t i le  s()lul/le enzyBle  s y s t e m  fire n l l de r  s t u d y .  
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• \ \ : h i l e  t h i s  w o r k  w a s  in  p r o g r e s s  K.  SLAWK aND V. MATOULKOVA {Colleclicm ('zechoslov. Chem. 
(:,unmltn., I0 (1954) 1o32) r e p o r t e d  t he  f o r m a t i o n  of f o r m v l f o l i c  ac id ,  i d e n t i f i e d  b y  p a p e r  c h r o m a t o -  
g r a p h y ,  u p o n  i n c u b a t i o n  for  22 h o u r s  of c o n c e n t r a t e d  l i v e r  h o m o g e n a t e s  w i t h  folio ac id  a n d  h i s t i d i n e  
or  u r o c a n i c  ac id  or  an  i o n o p h o r e t i c a l l y  s e p a r a t e d  e n z y m i c  d e g r a d a t ; o n  p r o d u c t  of h i s t i d i n e  a s s u m e d  
to  be [ ; \ G .  In  s t i m u l a t i n g  t o r m y l f o l i c  ac id  f o r m a t i o n  t i le  F.XG p r e p a r a t i o n  p r o v e d  to  be s u p e r i o r  
to  h i s t i d i n e  or u r o c a n i c  a c i d  a n d  o t h e r  fo r lny l  c~ ,mpounds  w e r e  f o u n d  to  be  i n a c t i v e .  

• * \Ve wish  to  t h a n k  l)r.  I). SPRINSON for t i le  sn inp l e  of L-hist idine-- ' -14C u s e d  in t h i s  work .  

On the nature of the carbamyl group donor in citrulline biosynthesis* 

O t / t i m m n  c o n d i t i o n s  for t i l e  b i o s y n t h e s i s  of c i t r u l l i n e  f rom o r n i t h i n e ,  a m m o n i a ,  a n d  c a r b o n  
d i o x i d e  b y  so lub le  m a n m m l i a n  l i v e r  e n z y m e s  r e q u i r e  A T P *  *, n l ag l l e s iu l l l  lo l l s  a n d  c a t a l y t i c  a n l o u n t s  
of c e r t a i n  d e r i v a t i v e s  of g l u t a m i c  ac id  1. T h e  c a t a l y t i c  p r o p e r t i e s  of t h e  g l u t a m a t e  d e r i v a t i v e s  h a v e  
b e e n  a s c r i b e d  to  t h e  f o r m a t i o n  of an  u n s t a b l e  c a r b a m y l  i n t e r m e d i a t e  ( C o m p o u n d  X) c o n t a i n i n g  t he  
g l u t a n m t e  d e r i v a t i v e ,  a m m ( m i a ,  c a r b o n  d i o x i d e  a n d  p h o s p h a t e  in  a m o l e - t o - m o l e  r a t i o  1,2,a. T r a n s f e r  
of t he  c a r b a m y l  g r o u p  from C o n l p o u n d  X to o r n i t h i n e  to  fo rm c i t r u l l i n e  was  c o n s i d e r e d  to  r e s u l t  
in t i le  r e g e n e r a t i o n  of t l le  g l u t a m a t e  d e r i v a t i v e  a n d  t h e  r e l ea se  of i n o r g a n i c  p h o s p h a t e .  

* T h i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  i n  p a r t  b y  a r e s e a r c h  g r a n t  f rom t h e  N a t i o n a l  I n s t i t u t e  of 
A r t h r i t i s  a n d  M e t a b o l i c  D i s e a s e s  of t h e  N a t i o n a l  I n s t i t u t e s  of H e a l t h ,  P u b l i c  H e a l t h  Serv ice ,  a n d  
t h e  \V i scons in  A l u n l n i  R e s e a r c h  l ; o u n d a t i o n .  

* * T h e  f o l l o w i n g  a b b r e v i a t i o i i s  a re  u s e d :  ATI ' ,  a d e n o s i n e  t r i p h o s p h a t e ;  AG, a c e t y l  g l u t a m a t e ;  
C(;,  c a r b a m y l  g l u t a m a t e ;  A G [  a n d  CGI,  i n t e r m e d i a t e s  f o r m e d  in t i l e  p r e s e n c e  of AG a n d  (i(_; re-  
s p e c t i v e l y .  
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F o l l o w i n g  t h e  d e i n o n s t r a t i o n  o l  c i t r u l l i n e  s y n t h e s i s  in  1)ac ter ia l  e x t r a c t s  a,5 o n e  of  us  6 in  collal}{}- 
r a t i o n  w i t h  Dr .  V . . \ .  KNIVFTT o l ) t a i n e d  e v i d e n c e  for  t h e  f o r m a t i o n  of a p h o s p h o r y l a t e { l  i n t e r m e d i a t e  
in  c i t r u l l i n e  s y n t h e s i s  b y  e x t r a c t s  of  .qtrep/oco~us /aecalis (ST), N a t i o n a l  C o l l e c t i o n  of T y p e  C u l t u r e s  
No.  67S2.  S i n c e  n o  g l u t a m a t e  d e r i v a t i v e  w a s  r e q u i r e d  f o r  t h e  f o r m a t i o n  of t h i s  i n t e r m e d i a t e  f rom 
a m m o n i a ,  c a r b o n  ( l i o x i d e  a n d  :VI'I '  b y  t h e  b a c t e r i a l  s y s t e m  i t  w a s  1}elieved t{} 1}e c a r l } a m y l  p h o s p h a t e .  
D u r i n g  t h e  c o u r s e  of  s t u d i e s  b e a r i n g  on  t h e  n a t u r e  of  t h i s  i n t e r m e d i a t e  j OyES, SPVCTOR AND I.I P.~IANN v 
r e p o r t e d  t h e  fo rnaa t io la  of  a t ) h o s p h { } r y l a t e d  c a r l ) a m y l  g r o u p  p r e c u r s o r  1}y e x t r a c t s  of  Streptococcus 
/aecalis R a n d  i d e n t i i i e d  i t  l} 3, s y n t h e s i s  as  c a r l ) a m y l  p h o s p h a t e .  T h e s e  d i s c o v e r i e s  a n d  t h e  ava i l a l } i l i t v  
of  a r e a d y  s y n t h e s i s  of  c a r l } a m y l  p h o s t ) h a t e  led us  t o  r e - e x a m i n e  t h e  n a t u r e  of  ( 2 o m p o u m l  X.  O n e  
{}f u s  a,s h a d  i s o l a t e d  a n d  p u r i f i e d  c y c l o h e x y l a n l m o n i u m  sa l t s  {}f ( ' o m p { m n d  X fr{}nl i n c u b a t i o n  
m i x t u r e s  c o n t a i n i n g  e i t h e r  CG (}r A(; .  I '2mpl{}ying meth{}ds  w h i c h  w e r e  q u a n t i t a t i v e  for  A( ;  we w e r e  
una t ) l e  t o  d e t e c t  a n y  A G  in  a p u r i t i e d  s a m p l e  of  (?{}mpound X w h i c h  h a d  b e e n  forme{l  in t h 0  p r e s e n c e  
of  : \G .  V u r t h e r ,  if  t h e  i s o l a t e d  i n t e r m e d i a t e s  fl}rme{I in  t h e  p r e s e n c e  of . \ ( ; ,  {}r C{;, we re  a{Ide{1 t{} 
a l i v e r  e n z y m e  s y s t e m  capa l} le  {}f s y n t h e s i z i n g  c i t r u l l i n e  f r o m  {}rni th ine  in t h e  t} resencc  {}f c a t a l y t i c  
a m o u n t s  of  AG,  {}r CG,  o n l y  a s t o i c h i o m e t r i c  e{}nvers ion {}f t h e  a d d e d  i n t e r m e d i a t e  t(} c i t r u l l i n e  
o c c u r r e d  (Tab l e  1). H a d  a g l u t a m a t e  d e r i v a t i v e  l}een a p a r t  of  t h e  ( ' omp{}und  X a d d e d  i t  s h o u l d  
h a v e  b e e n  r e g e n e r a t e d  w h e n  C o m p o u n d  X w a s  c { m v e r t e d  t o  c i t r u l l i n e .  T h e  r e g e n e r a t e d  g l u t a m a t e  
d e r i v a t i v e  s h o u l d  t h e n  h a v e  r e a c t e d  c a t a l y t i c a l l y  t o  f{}rm m o r e  t h a n  a s t o i c h i o m e t r i e  ltlnt}tlllt {If 

c i t ru l l i  he.  

"1".\ I'H A4 1 

T H E  P2FFECT OF G L U T A M A T E  I ) E R I V A T I V E S  A N D  C { } M P O U N I )  X ON CITRULLINP2  S Y N T H E S I S  

] ; i n a l  c o n c e n t r a t i { m s  of  s u b s t r a t e s  w e r e  as  f o l l o w s :  ATI  }, 5" to  a M ;  NH4CI ,  2. to  2 M ;  N a H C O a ,  
2 . 1 o  2 3 1 ;  MgCI  2, 1 . 1 o  2 3 1 ;  L - o r n i t h i n e ,  I . l { )  2 M ,  p h o s p h a t e  l}uffer, p H  7.4, I - t o  2 M .  2.o8 m g  
of  p r o t e i n  w e r e  a d d e d  a s  a n  a q u e o u s  e x t r a c t  of  a ce t {me  d r i e d  w a s h e d  r a t  l i v e r  r e s i d u e .  I n c u b a t i o n  
a t  3 8 '  fl}r 45 m i n u t e s .  F i n a l  v o l u n a e  = 2 .o  ml .  T h e  q u a n t i t y  of  i n t e r m e d i a t e  a d d e d  w a s  e s t i m a t e d  

e n z y m i c a l l y  e on  a s e p a r a t e  al iqu(}t .  

.4dditfima (Titrulline t.rmed 
I¢ ~p, it ,11 1+ M 

] o .30  A G ] *  o .37  
-' o . 3 6  A G I  }-o.5o I~M A(; 3.80  
3 i. 76 A G 1  ~ .84 
4 1.70 A G I  ~ ~.oo/~:1l  A G  5 .38  
5 0 .50  A( ;  3-75 
0 I . o o  A G  3-9 i 
7 1.00 CG I * * o.(} 4 
8 1.OO C ( ;  i .{}8 

* C r y s t a l l i n e  c y c l o h e x y l a m m o n i u m  s a l t :  p u r i t y  6 = 1 .9o  l¢M/mg.  
** C y c l o h e x y l a m m o n i u m  sa l t ,  p u r i t y  a = 1 . 6 4 / ¢ M / m g .  

T . \  B1 .E  l I  

C A T A L Y T I C  R O L E  OF G L U T A M A T E  D E R I V A T I V F S  IN T H E  F O R M A T I O N  OF C A R B A M Y L  P H O S P H A T E  

F i n a l  c o n c e n t r a t i o n s  o f  s u b s t r a t e s  w e r e  as  f o l l o w s :  A T P ,  4 '  l o  a M ;  N H a H C O a ,  5 '  i o - 2  31 ;  MgC12, 
I .  1o -2 M ;  D - 3 - p h o s p h o g l y c e r i c  a c i d  2. 5 .  ~o 2 31. 1o m g  p r o t e i n  as  a n  a q u e o u s  e x t r a c t  of  a c e t o n e  
d r i e d  w a s h e d  r a t  l i v e r  r e s idue2 ,  ~, a n d  2 m g  m u s c l e  p r e p a r a t i o n  9 w e r e  a d d e d  p e r  t u b e .  F i n a l  v o l u m e ,  

2 .o  hal. I n c u b a t i o n  a t  3 8 "  f o r  20  m i n u t e s .  

Ghtl.qmate lntermedi'dh" 
derivative added ]ormed* 

it,lt ItM 

n o n e  0 . 2 0  

0.05  A G  ~. 14 
o. Io  A G  ".o*> 
o .2o  A G  4 .20  
o .40  A G  7.0(} 
1 . 0 0  A G  lO.5{} 

2.oo  A G  t1 .3- '  
3 .00  A G  i 1 . 0 2  

* E s t i m a t e d  a s  c i t r u l l i n e  'e. 

Glutamate Intermediate 
derivative added p~rmed* 

HM I&ll 

0 .06  C G  o.z 5 
o .  t o  C G  o.31 
0 .40  C( ;  0 .66  
1.oo C G  1.38 
2 .00  C( ;  2 .40  
3 .00  C G  3.42 

I o . o o  C G  9 ,32  
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The exper iments  of Table I I  show tha t  up to 20 t imes as much Compound X can be obtained 
as there is AG present,  whereas the act ivi ty of CG is apparent ly  stoichiometric. However, correction 
for the amoun t  of spontaneous  decomposit ion of Compound X during incubation wouM give values 
approximate ly  25 % higher than  those shown in Table II. K M values calculated from IANEWEAVER 
AND BURK s plots by the method of least squares are - .o .~o 4 3] for AG and 3.7" Io-3 ~ll for CG. 
The data clearly show tha t  with the experimental  condit ions employed in the present studies there 
is not a stoichiometric relation between glutamate  derivative added and Compound X formed us 
had previously been reported 2.a. 

Compound X isolated from incubation mixtures  containing either CG or AG is converte(l to 
citrulline by a purified liver enzyme system ~ and by bacterial extracts  at the same rate as synthet ic  
carbamyl  phosphate.  Exper iments  with the carbamyl aspartic acid synthesizing system from rat 
li\'er 9 by Dr. J. M. I.OWENSTEIN reveal tha t  carbamyl  phosphate  can replace Compound X. Further,  
both synthet ic  carbamyl phosphate  and isolated Compound X are converted to carbon dioxide, 
alnnnmi~t and ATI' at  the same rate by extracts  of S. [aecalis (V. A. KNIVETT and R. O. MARSHALL, 
unpubl ished experiments).  

Analysis, by the method of KOR1TZ AND C()HEN ll}, of the isolated Compound X formed in the 
presence of CG apparent ly  iudicated tha t  one mole of CG was present  per mole of Compomld Xa, 6. 
To our surprise similar results were obtained when the method was applied to the intermediate 
formed in the presence of AG. Fur ther  informat ion was sought  by sett ing up a system which simulated 
a compomul  X incubation mixture  after synthesis  of the intermediate had occurred. This system 
was supplemented with synthet ic  carl)amyi t)hosphate and immediately deproteinized. Reisolation 
of carbamyl  phosphate  from this mixture  showed it to fractionate in the same manner  as Compound 
X a,~. Though synthet ic  dilithium carbamyl  phosphate  was not chromogenic by the method of KORITZ 
AND COH~:N the reisolated cyclohexylainmolliun~ carbamyl  phosphate  was now chromogenic. I t  mus t  
be concluded tha t  the color produced by this method when applied to cyclohexylammonium salts 
isolated from the incubat ion mixtures  is in some manner  an art ifact  of isolation. 

These data are consistent  with the concept tha t  carbamyl  phosphate  is the intermediate 
carl)amyl donor in enzymic citrulline synthesis  by both mammal ian  liver and bacterial enzymes. 
\Vhile the outs tanding  contr ibut ion of JONES el aid has clearly established this from their experiments,  
it is now clear tha t  condit ions for the synthesis  and actual isolation of carbamyl phosphate  using 
soluble liver enzyme sys tems were achieved in earlier studies from this lal)oratory'2,a, 6, though it 
was erroneously thought  to be a g lutamate  containing compound,  in contras t  to the bacterial system, 
the data of Table I I  clearly show tha t  the animal system requires catalytic amounts  of a g lu tamate  
derivative for op t imum synthesis  of carbamyl  phosphate.  The nature  of this catalytic role is at 
present  under investigation. 

The authors  wish to thank  Dr. F. LIPMANN and his co-workers for supplying us with the method 
for the synthesis  of carbamyl  phosphate  and a copy of their  manuscr ip t  prior to its publication. 
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