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S U M M A  RY 

In an a t t empt  to elucidate the  mechanism of R N A  formation from CflA and H U  the 
relative incorporat ion of a number  of derivat ives  was determined.  From the data  it is 
clear that  the  ribotidcs of C/3A and H U  are mu ch  superior to the  parent co mp o u n d s  
and to orotate  or COo as precursors of  RNA. Tile ribosides of CflA and H U  were 
incorporated somewhat  better  than  the  parent compounds .  

To clarify the  intermediate  steps in the  sequence,  the appearance of :I*C(CflA 
and I-:aC]HU into  their ribotides was  demonstrated.  A reaction invo lv ing  D P N  and 
H U R t  to  g ive  U R P  was demonstrated  and a t t empts  to  purify the system were made,  
Apparerttly, T P N  and/or  the  flavins are not  involved .  

E~4dence for the  cycl izat ion of CARP to H U R P  was obta ined with the  suggest ion 
t h a t  a more exergonic condi t ion  than s imple reversal of hydrolys is  is required. 

A b b r e v i a t i o n s  u s e d  in  t h i s  p a p e r  a r e  a s  f o l l o w s :  H U ,  4 , 3 - d i h y d r o u r a c i l ;  CflA, ca rba raoy l - f l -  
a t a n i n e ;  C-Asp ,  c a r b a m o y l  a s p a r t a t e ;  U R P ,  u r idv l i c  a c i d ;  H U R P ,  4 ,5-d i l~vdrour idyl ie  ~c id :  
C A R ,  carbarrto_vl-~-alanine r ibos ide ,  C A R P ,  c~vb~mo.vl- f l -a tanine  r i t m t i d e ;  t~ I :R ,  4 , 5 - d i h y d r o -  
u r i d i n e ;  R N A ,  r i b o n u c l e i c  a c i d ;  D P N ,  T P N ,  di  or  t r i p h o s p h o t ' y r i d i n e  n u c l e o t i d e ;  D PN FI ,  T P N H ,  
r e d u c e d  d i  t~r t r i p h o s p h o p y r i d i n e  n u e l e o t i d e .  
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I N T R O D U C T I O N  

Biochemical studies on the hydropyr imidines  and  related compounds  have concen- 
t r a t ed  mainly  on their  degradat ions  x-s. Unt i l  recent ly ~-18 studies on the properties 
of hydropyr imid ine  nucleosides and  nucleotides have  bccn neglected. 

Hydropyr imid ine  nueleotides have been demons t ra ted  from the  act ion of rat  
liver slices on cyt idine r'- but  their  role, apar t  f rom the presumed relat ion to pyr imidine  
nucleotide degradat ion,  remained uncertain.  A number  of enzymic reactions of the  
pyrimidine nucleotidcs have been tes ted wi th  the hydropyr imid ine  artalogs 9-u and  
some of these analogs have been tes ted  for ut i l izat ion in feeding exper iments  la. 

In  the previous paper  of this series ~a it was demons t ra ted  t h a t  d ihydrouraci l  
and  CflA are incorporated into RNA by a number  of tissues and  species. Al though  : 
the mechanism of this incorporat ion was not discussed, it wins apparen t  from the  
conditions of the test  systcm and from the results t h a t  the  incorporat ion was not  
media ted  by orotate ,  nor  to a major  extent  b y  COz. The purpose of the exper iments  
described in this paper was to compare a number  of other  suspected precursors of 
RNA with orota te  for efficiency as precursors, and  to deduce relationships,  leading 
to a bet ter  under s t and ing  of bo th  the  orota te  and  hydropyr imid ine  p~-thways of 
RNA biogenesis. 

3 I A T E R I A L S  

Some of the reagents used in this s t u d y  were prepared as described previously ~.  
[6-xaCj5'-URP was prepared from [6-IaC]orotate in. All hydropyr imid ine  compound~ 
were prepared by the m e t h o d  of Coils  TM and the  corresponding ca rbamoyl  components  
by  alkaline scission of the hydropyr imid ine  ringtL Each compound  was purified b y  
paper  sorbography or by  elution frc~.~, a Dowex r × 8 IOO-2OO mesh column using a 
l inear-gradient  elution sys tem and o.~ .1I NaCl-o.x ~lt HCI as the  concen t ra t ed  
eluant.  L~aC]uridine aud  cyt id ine  were obta ined  from Schwarz Laboratories,  Inc. 
5 '-Nucleotidasc was prepared by the me thod  of H~PPEL AND HILMOE TM. 

M E T H O I ) S  

The use of acetone iractions of liver prepara t ions  for the incorporat ion of compounds  
into RNA was described previously 1~. The s t anda rd  condit ions,  previously defined, 
were used in tile studies reported here, unless otherwise specified, 

Exper iments  test ing for intercorLversions of the  precursors were performed in 
the same manner  as for RNA labelling except t h a t  no exogenous R N A  was added  
and  the reactions were s topped af ter  60 rain incubat ion  by  the addi t ion  of an  equal  
volume of z-propanol. After  centr i fugat ion of the insoluble mat te r ,  the  separat ions  
of components  in the superna tan t  were performed b y  methods  indicated above. 

RESULTS 

The d a t a  of Table I i l lustrate the  relat ive efficiencies of the  precursors tes ted.  Note-  
wor thy  are the value~ for CO~ and  uracil in this system. In  the  cxperioae~ts described, 
orota te  is superior to CflA or HU:  this was invar iably  the  case when chicken liver 
acetone fractions 3 and  4 were used in combinat ion and  again provides a more 

Releremes p. x7o, 
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rigorou~ test  of the hydropyrimid~ne system. Al though in a series of ten exper iments  
one preparat ion differed marked ly  from another  in total  incorporat ing capabil i ty,  as 
is shown here by  two examples,  the relat ive magni tudes  of incorporat ions for the  
compounds  tes ted  remained v i r tua l ly  constant .  

I t  is t empt ing  to  suggest tha t  CARP is prior to H U R P  in the  sequence of R N A  
format ion a l though the da t a  do not  s t and  ag proof, nor has CARP been prevent ~:o be 
a physiological intermediate .  Nonetheless bo th  CARP and H U R P  are clearly more 
proximate  to RNA t h a n  orotate ,  HU or CflA in the test system. I t  seems possible 
tha t  CARP could be formed from H U R P  by a reversible cleavage of the HU-ring 
analogous to the H U <-----> CfiA interconversion. 

A number  of a t t empt s  to detect  intereonversion relations between the various 
HU derivatives and  between CflA and  orota te  or C-Asp were made.  S t anda rd  in- 

"ITA B I , E  I 

S P S C I F I C  I N C O R P O R A T I O N *  O F  POSSIBLE.  R N ~ .  P R E C U R S O R S  

C h i c k e n  l i v e r  a c e t o n e  f r a c t i o n s  3 a n d  4 w e r e  c o m b i r l e d  u M n g  s t a n d a r d  c o n d i t i o n s  vt, e x c e p t  t h a t  
it p o o l  o f  N a f l f t }  z w a s  n o t  i n c h t d e d .  

Expt. ~ HCO o - 3.o 5"CARP 83 
CflA ~. i 5' t-t t: R P O0 
1t l? S. 4 5'1" R P  3 4 0  
o r o t a t e  3t}-~} 

E x p t .  2 • tT rac i l  o . o  { 'f lA I'~ z . 8  
t l U  r . ,  H U R  2.~ 
o r o t a t e  4-5 C v t i d i n e  3 . 9  
U r i d i n e  3 . o  I S i h y d r o c y t i d i n e  2 .9  

5 % : R P  3 0 . 0  

* C o u n t s / m i n / m g  IINA/pC p r e c u r s o r .  

corporat ion condit ions were tlsed and  the compounds ,  one of which was labeled 
with  14C, were added in equal amounts .  By this means,  no significant incorporat ion 
into oro ta te  or C-Asp from C~A was detected.  I t  has also been shown tha t  the con~ 
version of C-Asp to CflA proceeds a t  a very  slow rate s. 

The conversion of E~aCJC/3A to C A R P  and [)4C]HU to H U R P  was tested;  when 
labeled subst ra tes  with specific act ivi t ies  of 7 . 5 . I o  "! eounts/min/t~mole were used 
wi th  the  tes t  system,  C A R P  and  H U R P  with specific activit ies of 467 and 262o 
counts/min//~mole, respectively, were isolated from the corresponding conversion 
mixtures .  Isolat ions were performed using paper  sorbography.  The two solvents 
were 2-propanol -water -28  ?o NHa (6o:4o:1, h y  volume) and  z-propanol-5 1I HC1 
(3:x, by volume).  

The presence in the  test  sys tem of enzymes able to degrade the nucleotides 
makes  the quan t i t a t i ve  s t u d y  of the  interconversions difficult and equivocal. Thus, 
for one example,  when [l~C]URP was incubated in the presence of ~ pool of H U R P ,  
only  x % of the  [a4C] was found  in the H U R P  whereas 7 % occurred in the HU. 

Figs. I a n d  z summarize  a number  of exper iments  in which tim direct in teract ion 
of U R P  and D P N  and  their  reduced derivat ives w e r e  studied.  Ira Fig. I is seen the  
relat ive specificity of the  sys tem for D P N H ,  T P N H  oxidat ion being scarcely s t imu-  
la ted  by  U R P .  Compared to the effect of 5 ' -URP,  the oxidat ion of D P N H  is no t  

Releren~es #. z7o. 
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Fig .  x. O x i d a t i o n  of  r e d u c e d  p y r i d i n e  n u c l e o t i d e s  in t h e  p r e s -  
ence  of  5 ' - U R P .  The  r e a c t i o n  m i x t u r e  c ~ n t a i n e d  t h e  fo l lowing  
c o m p o n e n t s  a t  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  : t m g  mt e n z y m e  
p r e p a r a t i o n  (ch icken  l ive r  a c e t o n e  f r a c t i o n  4), o.~ m 3 [  D P N H  
or  T P N H ,  to  m 3 !  Tr i s  m a l e a t e  {pH 7.98), 4 m , l l  c y s t e i n e  
a n d  o,5 m , l l  5 ' - U R P ,  L i g h t  p a t h ,  I era .  T h e  c o n t r o l  c u r e t s  
l acked  5" -URP .  In  t h e  a b s e n c e  of  T P N H  or  D P N H ,  t h e r e  
was  no c h a n g e  tn l i gh t  a b s o r p t i o n  a t  34 ° m H d u e  t o  t h e  

p r e s e n c e  of U R P .  T e m p e r a t u r e  3 s ~, 

significantly s t imula ted  by  uracil, "uridine, 3 ' - U R P  or U T P  while U D P  is abou t  as 
effective as 5 ' -URP.  

Fig. 2 i l lustrates the reduct ion of D P N  in the presence of 5 ' - H U R P ,  H U D P  and  
5 ' -URP.  I t  is apparent  tha t  only the  reduced nucleotides are effective. In general  
the oxidat ion of D P N H  was abou t  5 t imes as fast as  the reverse reaction. 

Although chicken preparat ions  were originally used, rat  liver proved to have 
more of the ac t iv i ty  sought ,  which has also been de tec ted  in pigeon and dog l ive r ,  
sucrose supernatants ,  beef liver acetone powder  ext rac ts  and ascites cells. No signifi- 
cant  ac t iv i ty  was de tec ted  in rat  intest inal  mucosa,  k idney  or spleen, wi th  H U R P  
and either D P N  or TPN.  

Fig. 2. R e d u c t i o n  of D P N  in t h e  p r e s e n c e  of  h y d r o u r a e i l  nucle-  
Wddes. T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d  t h e  fo l lowing  com-  
p o n e n t s  n t  t h e  i n d i c a t e d  c o n c e n t r a t i o n s :  0. 7 m g ! m l  e n z y m e  
p r e p a r a t i o n ,  0. 3 r e . l /  D P N ,  to  m31 Tris  m a l e a t e  fpkl 7.98), 4 
m J1 c .vsteme,  6 re: l /  n i c o t i n a m i d e  a n d  i m M  5 " - H U R P ,  H U D P  
or 5 ' - U R I ' .  T h e  c o n t r o l  c u r e t  l a c k e d  t h e  uraci l  n u c l e o t i d e s  a n d  
t h e r e  was  uo c h a n g e  in l igh t  a b s o r p t i o n  d u e  to  t h e  urac i l  nuc le -  

i , t i t les in t h e  a b s e n c e  of I ) P N ,  T e m p e r a t u r e ,  38 ~, 

F ~ ' - H U R P  " 
O00,r 
• I , s'-~P" 

0 I0 20 
MINUTES 

A t t e m p t s  to pur i fy  the sys tem were largely unsuccessful because of the ins tabi l i ty  
of the sys tem which failed to be preserved b y  Tri ton X- Ioo ,  ace ty l - t ryp tophane ,  
5 ' - H U R P ,  5 ' -URP,  3 ' - H U R P .  3 ' - U R P ,  s tearate ,  dog brain cephalin or sucrose. The 
most  successful me thod  was the acetone fract ionat ion described earlier l~, the bulk  
of the ac t iv i ty  appear ing in the last  acetone fraction. Al though the  fract ionat ion was 
devised with chicken liver prep9rat ions,  it also worked  sat isfactor i ly  with rat  liver 
preparat ions.  The act ive sys tem ,vas purified fur ther  by  re-fract ionat ion with ace tone  
b u t  did not survive more than a couple of hours  a t  o ~ and  could not  be frozen over-  
night with re tent ion of act ivi ty .  

The possible involvement  of the flavins was considered since semi-purified prep- 
ara t ions  of the reductase  have an absorp t ion  spec t rum suggest ive of the  presence 
of flavins. Accordingly flavin mononucleot ide  and flavin adenine dinucleotide were 
tes ted  with the liver prepara t ion  and  H U R P  in the presence and absence of added  
I )PN.  No significant reduct ion in the flavin absorpt ion  peak was induced b y  H U R P .  

F . . . .  

t- 

,¢° 0o5 I 

° - ° °  

0 5 tO- 
MtNUTE5 

Rc/erenccs p. ~;o. 

]Zig. 3. C o n s u m p t i o n  of 5 ' - C A R P  b y  l ive r  p r e p a r a t i o n .  "File c o m -  
p l e t e  r e a c t i o n  m i x t u r e  c o n t a i n e d  t i le  fo l lowing  c o m p o n e n t s  a t  
t h e  i n d i c a t e d  c o n c e n t r a t i o n s :  _*o m g / m l  r a t  l i ve r  suc rose  s u p o r -  
n a t e ,  5 r e a l  I f - C A R P ,  25 m h i  p o t a s s i u m  c i t r a t e  (pH 6.5o), 4 m 3 I  
A T P  a u d  o.I  m g l m l  5 ' - n u c l e o t i d a s e .  T h e  c u r v e s  r e p r e s e n t e d  a re  
for  sv s t e rn s  w h i c h  a re  c o m p l e t e  (O) .  l ack ing  A T P  ( :2} a n d  l ack ing  
. \ T P  a n d  n u c l e o t i d a s e  (Z:,). T e m p e r a t u r e ,  38% T h e  m e t h o d  of 

AZeCIIXr~ALD "°~ was  used  to  fol low t h e  d i s a p p e a r a n c e  of  C A R P .  
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T h a t  5 " - H U R P  is c o n v e r t e d  t o  5 ' - U R P  was  sh o w n  in an  exper imeW: in which  
2 t ,rnoles 5 " - H U R P  a n d  i g m o l e  D P N  were  i n c u b a t e d  ae rob ica l ly  w i th  3o m g  of a 
r a t  l iver  s u P e r n a t e  p r e p a r a t i o n  ill a v o l u m e  of  t ml  for  6o m i n  a t  38 ° a n d  p H  7.6. 
F r o m  th is  m i x t u r e  o.55 / ,mole  5 " - U R P  was  isola ted .  No res idua l  H U R P  could  be  
found ,  r¢ uxr  ~ ; ~ , .  , r r ~ o  ~ found .  ~, D ,  ~, o r  H U R P  were  . . . . . . . .  d no . . . .  :va~ 

In  Fig.  3 the  resu l t s  of an  a t t e m p t  to  de t ec t  the  p r e s u m e d  r ing  c losure  of  C A R P  
to f o r m  H U R P  are  given,  T h e  pr inc ip le  i n v o l v e d  is t h a t  5'-nucle~tida-~e does no t  
a t t a c k  C A R P  w h e r e a s  H U R P  is t h e  bes t  of s u b s t r a t e s  we t e s t e d  for  this  en zy m e .  
T h e  resu l t s  sugges t  t h a t  a c o n v e r s i o n  of the  C A R P  to  the  nucleot ida .~e-susccpt ible  
H U R P  t a k e s  place.  Pa ra l l e l  r e su l t s  were  o b t a i n e d  w h en  p h o s p h a t e  re lease  was  fo l lowed 
r a t h e r  t h a n  e a r b a m o y l  g r o u p  d i s a p p e a r a n c e .  P h o s p h a t e  release,  c o m p a r e d  to  t h e  
a p p r o p r i a t e  con t ro l s ,  was  d e p r e s s e d  in t he  absence  of 5 ' -nuc leo t idase ,  C A R P  or  A TP .  

D I S C U S S I O N  

F r o m  a c o n s i d e r a t i o n  of the  d a t a  of  T a b l e  I a n d  t h e  o t h e r  d a t a  (see also r e f )  t), it is 
c l ea r  t h a t  n e i t h e r  u rac i l  n o r  CO.. m e d i a t e  t h e  t r a n s f o r m a t i o n  of H U  in to  R N A  n o r  
is i t  p r o b a b l e  t h a t  o r o t a t e  o r  C-Asp med ia t e .  T h e  f ac t  t h a t  H U  is a p r e c u r s o r  supe r io r  
to  CflA impl ies  t h a t  i t  is a m o r e  p r o x i m a t e  i n t e r m e d i a t e  of  R N A .  T h e  equ i l i b r ium 
of  t he  Cf lA-HU t r a n s f o r m a t i o n  is in f avo r  of  r ing  c l eavage  a t  the  p H  used  n, an d  if 
CflA is a m o r e  r e m o t e  p recu r so r ,  i t  wou ld  be less well  i l t co rpo ra t ed  t h a n  H U ,  Ring  
c losure  of course ,  m i g h t  be f a v o r e d  b y  f u r t h e r  r eac t i ons  dec reas ing  the  c o n c e n t r a t i o n  
of free H U  such  as r i b o t i d a t i o n ,  o r  p e r h a p s  an  ex e rg o n i c  r ing  c losure  r e a c t i o n  exis ts ,  
as  impl i ed  b y  the  d a t a  of Fig. 3, in a d d i t i o n  to  t h e  s imple  h y d r o l y t i c  equ i l ib r ium.  

F r o m  the  d i r ec t  a n d  ind i r ec t  r e l a t i onsh ips  bet{veen the  c o m p o u n d s  r e l a t ed  to  
H U  a n d  p r o v e d  to  be  p r ecu r so r s  of  R N A ,  a p laus ib le  r e ac t i o n  s e q u e n c e  m a y  be 
p o s t u l a t e d :  

t ¢ 
* ¢ 

HU .~- . . . .  ~- 1-IURP<-- . . . .  ~ HUI)I '  
¢- _ . q '  ¢ 

I 

[IUR URP <-" . . . . . .  > UDP or UTP 

RN,k 

where  t he  b r o k e n  a r r o w s  ind i ca t e  r e l a t ionsh ips  the  absence  of i n t e r m e d i a t e s  of whick  
is u n p r o v e d  b y  d i rec t  i so la t ion  of all r e a c t a n t s .  A d m i t t e d l y  some of t h e  ev id en ce  is 
p r e s u m p t i v e ,  t he  i n t e r m e d i a t e s  n o t  h a v i n g  been  i so la ted  o r  p r o v e d  to  be t h e  m o s t  
p r o x i m a l  i n t e r m e d i a t e s .  A l t e r n a t e  p a t h w a y s  for  R N A  b iosyn thes i s  for  : V e u r o s p o r a  

h a v e  be e n  sugges t ed  la a n d  s imilar  m e c h a n i s m s  m a y  a p p l y  in an im a l  t issues.  
I n  t he  i n t e r c o n v e r s i o n  of  the  urac i l  a n d  HU-nucleotide~s,  H U D P  or  U D P  was 

no t  a l w a y s  a less e f fec t ive  s u b s t r a t e  t i t an  t h e  c o r r e s p o n d i n g  m o n o p h o s p h a t e .  In  ad -  
d i t ion  to  t h e  e n z y m e  sough t ,  t he r e  was  aat a b u n d a n c e  of  p h o s p h a t a s e s ,  k inascs  a n d  
n u d e o s i d e  d i p h o s p h o k i n a s e  in the  l iver  p r e p a r a t i o n s ;  hence  t h e  d inuc leo t ides  m a y  
h a v e  f u n c t i o n e d  t h r o u g h  t he  m o l t o p h o s p h a t e s ,  o r  v i c e  v e r s a .  O n ly  a pur i f i ca t ion  of 

• Re ferences  p.  z7o.  



17o L.C. ~tOKRASCrt, S. GRtSOLL:~ V0L. 3~ (1959) 

the enzyme system would decide the issue, however, the preservation of the activity 
must precede the use of further devices for purifying the enzyme system. 

Tile activfftion of HU may  conceivably proceed in the same manner  as that  of 
uracil but not necessarily with the same distribution between the reported alterna- 
tiveseL Similarly C/3A may be ribotidated by analogous reactions. Except for the 
remotely related ribotidation of glycine az the authors are not aware of any reaction 
such as the ribotidation of /~-alanine. On this basis, this reaction and subsequent 
carbamoylation of the ~-alanine derivative are not regarded as highly probable. 

The finding by Vissza et al. ~ tha t  HUR appears in the urine of animals after  
feeding 3 ' -HURP is not sufficient to imply the formation of 5 ' -HURP from HUR, 
Neverthcless riboside formation may precede ribotide formation. 

One may speculate at length about the significance of HU incorporation (and 
uracil degl-adation a°) since, like all other physiological reactions, it must  have some 
significance. It  is perfectly possible that  its efficient operation may depend upon a 
specific intracellular spacial relationship of the component enzymes, as may  be the 
case in other synthetic reactions (e.g. oxidative phosphorylation, fa t ty  acid synthesis, 
etc.) when competing reactions interfere with the demonstration of a given synthetic 
reaction due to disruption of cell s tructure or intracellular relationships. On the con- 
t rary  it may be that  it is as weak within the cell as it is without.  In addition it is 
quite possible that  there exist metabolic systems (other than microbiological mutants)  
in which hydropyrimidines are the preferred precursors of RNA, and which have 
not yet been examined in this respect. 
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