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E N Z Y M E S  O F  U R A C I L  M E T A B O L I S M  IN T H E  E H R L I C H  A S C I T E S  

T U M O U R  A N D  M A M M A L I A N  L I V E R *  

PETER REICHARD AND OLA SKOLD 

Biochemical Departme~zl, Karolinska lnstitutel, Stockholm (Sweden) 

The abi l i ty  of various tissues to utilize uracil for polynucleotide synthesis has been 
studied on several occasions. Originally PLENTL AND SCHOENHEIMER 1 demons t ra ted  
that  1aN-labelled uracil when injected into rats did not  specifically cont r ibute  any  of 
its nitrogen to polynucleotide pyrimidines.  Later  investigators,  using 14C-labelled 
uracil 2 a, found a certain amount  of incorporat ion into rat  tissues both  i n  vivo and  
iJz vilro. In most cases the incorporat ion was considerably smaller than  that  of pyr imi-  
dine nucteosides and orotic acid (see e.g. ref. 4). Using large amounts  of uracil however, 
C.aNELL.\KIS 6 has recently demonst ra ted  that  rat  liver slices used this pyr imidine  as 
well as orotic acid for polynucleotide synthesis. A much bet ter  ut i l izat ion of uracil, 
even at moderate dose levels, has been demonst ra ted  with mouse tissues and especially 
with the Ehrlich ascites turnout  v. 

In  a previous invest igat ion we have studied the enzymic formation of ur id ine  
monophost~hate (UMP)** from uracil in extracts of the Ehrl ich ascites tumour .  
The work of HURLIa~:RT _\NI) POTTER s and OCHO.X 9 indicates tha t  ur idine phosphates 
are closely involved in the synthesis of polynucleotides ; UMP formation was therefore 
considered to be the first step in the t ransformat ion of free uracil to polynucleot ide  
pyrimidines.  We could demonstra te  the following two reactions in the t u m o u r  
extracts  TM : 

pyrimidine nucleoside 
Uracil + ribose-l-phosphate phosphorylase ~ Uridine + phosphate (l) 

uridine 
Uridine + ATP --l~iOnas~e -- > UMP + (ADP) (2) 

Under  our experimental  condit ions only very small  amounts  of UMP were formed 
from uracil in extracts  from rat  liver or mouse liver, even though it is known tha t  
both nucleoside phosphorylase n,  ~ und  uridine kinase 6, ~a are present in extracts  from 
mammal i an  liver. In  the present invest igat ion we have tried to clarify the reasons 
for these variat ions in uracil  ut i l izat ion by  determining the amounts  of the two 
enzymes in the different tissues. A comparison was also made of the capaci ty  of the 
tissues to degrade uracil, since C~\NELL:\KIS 6 has suggested that  the catabolism of 
uracil might be par t ly  responsible for its low incorporat ion into polynucleotides by  
rat liver. 

* This paper was presented at the meeting of the Scandinavian Biochemical Societies in Copen- 
hagen, l)enmark, June 3--4, 1957 (Acla Chem. Sca~*d., i i  (I957) 1o48.) 

* * The following ahbreviations are used in this paper: UMP, 1.11)1' and UTI' for uridine-5-mono- 
di and triphosphatt,, rcspcctivcl?,'. .\MI', .\IH' and .\TP for adenosine 5'-mono , di-and tri- 
phosphate, respectively. CMI', cytidinc-5'-immoph~st)hatc; IX;A, 3-phosphoglyccric acid; PC.k, 
perchloric acid ; Tris, tris(hydroxymethyl)aminomethanc; TPN, triphosphot)yridine nm:leotide; 
TPNH, reduced TPN ; RNA, ribosenucleic acid. 

ICe/erellces l b. 385. 
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EXPERIMENTAL 
21~laterials 

U r a c i l - e J 4 C  w a s  S y n t h e s i z e d  a c c o r d i n g  to  JOHNSON AND FLINT 14. U r i d i n e - 2 J 4 C  was  p r e p a r e d  
f r o m  o r o t i c  acid-2-14C v i a  U M P  as  d e s c r i b e d  b y  HURLBERT AND REICHARD 13. [ '~ [P  ,,','as de-  
p h o s p h o r y l a t e d  w i t h  s n a k e  v e n o m  p h o s p h a t a s e  (Crotalus adamanteus). T h e  u r i d i n e  o b t a i n e d  in 
t h i s  w a y  w a s  p u r i f i e d  b y  s t a r c h  c h r o m a t o g r a p h y  15. 

N o n l a b e l l e d  ur id ine  was  a gift  f rom Dr. U. LAGERKVIST and had  been  prepared  according  to 
BREDERtgCK 16, T P N  and  A T P  w e r e  c o m m e r c i a l  sample s  ( S i g m a  Chemica l  C o m p a n y ) .  

Preparation o/extracts 
T h e  E h r l i c h  a s c i t e s  t u m o u r  ce l l s  w e r e  o b t a i n e d  t h r o u g h  t h e  c o u r t e s y  of Dr.  A. FORSSBERG, 

I n s t i t u t e  of R a d i o p h y s i c s ,  K a r o l i n s k a  I n s t i t u t e r ,  S t o c k h o l m ,  S w e d e n .  ~Fhe p r e p a r a t i o n  of t h e  
a c e t o n e - d r i e d  p o w d e r s  f r o m  t h e  a s c i t e s  t u m o u r  ce l l s  a n d  l i v e r  h a s  b e e n  d e s c r i b e d  p r e v i o u s l y  1°, 
T h e  a c e t o n e  p o w d e r s  w e r e  s t o r e d  in  a d e s i c d a t o r  a t  0% T h e y  w e r e  e x t r a c t e d  w i t h i n  a few d a y s  a f t e r  
p r e p a r a t i o n ,  s i n c e  i t  w a s  f o u n d  t h a t  a t  l e a s t  s o m e  of t h e  e n z y m e s  s t u d i e d  d e t e r i o r a t e d  q u i t e  
rapidly .  E x t r a c t i o n  was  u s u a l l y  carr ied out  in a P o t t e r - E l v e h j e m  h o m o g e n i z e r  wi th  ~o vol. of 
o .o  5 M tris  buffer, p H  7.4, in an  ice bath.  Af ter  30 min  the  so lu t ion  was  centr i fuged  at  20,000 g 
for i o  rain at  o ° and  the  c lear  e x t r a c t  was  t h e n  i m m e d i a t e l y  used for the  e x p e r i m e n t s .  A re la t ive  
m e a s u r e  of the  a m o u n t  of pro te in  in the  e x t r a c t s  was  o b t a i n e d  by  n i t rogen  ana lys i s .  In the  case  of 
t h e  d e t e r m i n a t i o n  of nuc leos ide  p h o s p h o r y l a s e  a c t i v i t y  the  e x t r a c t  w a s  d ia lysed  for 24 hours  at  
+ 5  ° aga ins t  a t o t a l  of 4 1 of g l a s s - d i s t i l l e d  w a t e r .  

S o m e  e x p e r i m e n t s  w e r e  a l so  c a r r i e d  o u t  w i t h  t h e  " s u p e r n a t a n t  f r a c t i o n s "  of t i s s u e  h n m n g e -  
h a t e s  w i t h o u t  t h e  p r e p a r a t i o n  of a c e t o n e  p o w d e r s .  Fo r  t h i s  p u r p o s e  t h e  l i v e r s  `.`.'ere h o m o g e n i z e d  
in  4 vol .  of o .o  5 3 I  t r i s  buffer ,  p H  7.4, c o n t a i n i n g  o.I  r M KC1. T h e  a s c i t e s  t u m o u r  was  h o m o g e n i z e d  
b y  t r e a t m e n t  in  a R a y t h e o n  1o-kc m a g n e t o s t r i c t i o n  o s c i l l a t o r  for 7 -8  rain.  T h e  s u p e r n a t a n t  
o b t a i n e d  a f t e r  c e n t r i f u g a t i o n  a t  i o o , o o o  g (30 min )  i n  a S p i n c o  c e n t r i f u g e  w a s  d i r e c t h '  u sed  for 
t h e  e x p e r i m e n t s .  

Determinatim~ o/enzyme activities 

Nucleoside phosphorylase. T h e  s p e c t r o p h o t o m e t r i c  n l e t h o d  d e v i s e d  b y  FR~EDKIN .aND 
ROBERTS 17 for  t h y m i d i n e  p h o s p h o r y l a s e  w a s  a d a p t e d  to  o u r  p u r p o s e .  In  t h i s  m e t h o d  t h e  l i g h t  
a b s o r p t i o n  a t  3oo m p  a t  p H  [ 3 - i 4  is m e a s u r e d .  W h e n  c o r r e c t e d  b v  m e a n s  of a n  a p p r o p r i a t e  b l a n k  
t h e  a b s o r p t i o n  a t  t h i s  w a v e l e n g t h  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f o r m a t i o n  of u r a c i l  f r o m  u r i d i n e .  

U r i d i n e  (5 ° / ,moles )  a n d  i oo  / m m l e s  of p h o s p h a t e  buffer ,  p H  7-4, w e r e  i n c u b a t e d  t o g e t h e r  
w i t h  t h e  d i a l y s e d  e n z y m e  in a f inal  v o l u m e  of 2.0 ml  a t  37 °. : i t  d i f f e r e n t  t i m e  i n t e r v a l s  0.3 m l  of 
t h e  r e a c t i o n  m i x t u r e  w a s  w i t h d r a w n  a n d  t h e  p r o t e i n s  w e r e  p r e c i p i t a t e d  b y  t h e  a d d i t i o n  of o. i m l  
of 4 N p e r e h l o r i c  a c i d  + o.(i m l  of ` . r a t e r . . \ f t e r  s t a n d i n g  in  an  ice  b a t h  for  a t  l e a s t  one  h o u r  t h e  
s o l u t i o n  w a s  c e n t r i f u g e d .  To  o.9 nil of t h e  s u p e r n a t a n t  w a s  a d d e d  o,2 ml  of 4 N K O H  a n d  t h e  l i g h t  
a b s o r p t i o n  of t h e  a l k a l i n e  s o l u t i o n  a t  3oo rot,  w a s  m e a s u r e d  a g a i n s t  a b l a n k ,  w h i c h  c o n s i s t e d  of 
p h o s p h a t e  buf fe r  + e u z y m e  a n d  h a d  b e e n  t r e a t e d  in e x a c t l y  t h e  s a m e  w a y  as  t h e  s a m p l e .  U n d e r  
t h e s e  c o n d i t i o n s  u r ac i l  h a d  a m o l a r  e x t i n c t i o n  coeff ic ien t  of t .43-  Ioa. F r o m  t h i s  v a l u e  t h e  a m o u n t  
of u r a c i l  f o r m e d  d u r i n g  t h e  i n c u b a t i o n  c o u l d  be  c a l c u l a t e d .  I n  a p a r a l l e l  e x p e r i m e n t  e n z y m e ,  
5 o / m m l e s  of u r i d i n e  a n d  loo  p m o l e s  of t r i s  buffer ,  p H  7.4, w e r e  t r e a t e d  in  t h e  s a m e  w a y .  U n d e r  
t h e s e  c o n d i t i o n s  (in t h e  a b s e n c e  of a d d e d  t ) hospha t e )  t h e  i n c r e a s e s  in l i g h t  a b s o r p t i o n  a t  30o m/~ 
w e r e  much s m a l l e r ,  i n d i c a t i n g  t h a t  a t r m '  phost)hor<flysis  of u r i d i n e  was  b e i n g  m e a s u r e d  (see Fig. I). 

UridiJ*e IdJmse. T h e  m e t h o d s  d e s c r i b e d  t ) r ev ious ly  1° w e r e  used  in  m o s t  ca se s  for t h e  d e t e r m i -  
n a t i o u  of t h i s  cnz \ ' l ne .  The  (~M 1)-2 -1 |(" for lned  w a s  c h r o m a t o g r a p h e d  on  I ) n w e x - 2 - f o r l n a t e  a l ld  
i t s  t o t a l  r a d i o a c t i \ i t v  w a s  t a k e n  as  n m e a s u r e  o( t h e  e r l z v m e  r e a c t i o n .  

In  an  a l t e r n a t i £ ' e  m e t h o d  p a p e r  c h r o n m t g g r a p h y  was  used  for t h e  s e p a r a t i o n  of t he  p r o d u c t s  
of t h e  r e a c t i o n .  T h i s  p r o c e d u r e  w a s  s o l n e t i l n e s  u s e d  w h e n  t h e  i n f l uence  of t h e  c o n c e n t r a t i o n  of 
u r i d i n e  on t h e  r e a c t i o n  r a t e  was  b e i n g  s t u d i e d .  For  t h i s  p u r p o s e  7.5 / , m o l e s  of MgSO s, 1.5 / , m o l e s  
of . \TP ,  4.5 /~moles  of l ' ( ; . \  a n d  e u z v m e  w e r e  i n c u l m t e d  a t  37 fl~r 15 ra in  in a f inal  v o l u m e  of 
o .3o ml  t o g e t h e r  w i t h  d i f f e r e n t  a m o u n t s  of ur id ine-_ , -u(  ". The  r e a c t i o n  was  s t o p p e d  by  t h e  add i t i~m 
of o. Jo ml ~f 4 N PC. \ .  

A f t e r c e n t r i f u g a t i o n  t h e s u p e r n a t a n t  w a s  h e a t e ( l a t  Ioo  f{~r Jo m i n t o  b r e a k p y r o p h o s l ) h a t e  
b o n d s .  T h e  coo led  s o l u t i o n  w a s  n e u t r a l i z e d  t o p H  5 7 w i t h  4 X" K O H  a n d  t h e  K( ' IO~ f o r m e d  w a s  
a l l o w e d  to  p r e c i p i t a t e  in a n  ice  b a t h . . \ l i q u o t s  of t h e s u p e r n a t a n t  (o.oc 5 o.o 3 ml)  w e r e  s u b j e c t e d  
t o  d e s c e n d i n g  p a p e r  c h r o m a t o g r a t ~ h y  on \ V h a t m a n  No. J f i l t e r  p a p e r .  T h e  s o l v e n t  u sed  was  a 
m o d i f i c a t i o n  of t h a t  u sed  b y  I}I. ESNP'R TM (2()  nil i)f 5 .1/ Hlnln( l l l i l l ln  a c e t a t e ,  p t t  9, r 8o ml of 
s a t u r a t e d  s o d i u m  t e t r a b o r a t e  + x 8o ml of e t h a n o l  { o. 5 ml of o. 5 31 ve r sene) .  C o m p l e t e  s e p a r a t i o n  
of u r i d i n e - 5 ' - p h o s t ) h a t e  (le~., ca. o. ,,S), u r i d i n e - 3 ' - t ) l m s t ) h a t e  (le~. --  ca. o.4o),  u r i d i n e  (RF = ca. 
o.48 ), a u d  u rac i l  (1¢1: = ca. o.71 ) w a s  a c h i e v e d .  The  a r ens  c<>rrest><mding to  each  s p o t  w e r e  e l u t e d  
w i t h  w a t e r  a n d  1 * ( ' - d e t e r m i n a t i o n s  p e r f n r m e d  un a l i q u o t s  of t h e  e luau t  ill  a T r a c e r l a b  Sc-18 
w i n d o w l e s s  f low c o u n t e r .  

Refere,ces D. 385 • 
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Assuming a IOO % recovery of the total radioactivity in the chromatogram the amounts of 
uracil and UMP formed could be calculated from the radioactivity in each fraction. 

Catabolism of uracil. The work of CANELLAKIS 19 and FEITZSON 2° has clearly demonstrated 
that  the formation of dihydrouracil is the rate-limiting step in the degradation of uracil to CO 2, 
lXlH 3 and /~-alanine. The formation of 14CO s from uracil-2-14C could, therefore, conveniently be 
taken as a measure of the capacity of the different enzyme preparations to degrade uracil. 

In our experiments i /*mole of uracil-2-14C, 0.67/*moles of TPIXI, 15/*moles of isocitrate and 
different amounts of enzyme, pH 7.4, were incubated for 15 min at 37 ° in a final volume of 3 ml. 
Separate experiments showed that  the amount of isocitrate dehydrogenase in the crude enzyme 
extracts was sufficient to maintain a satisfactory level of TPNH during the experiments. The 
incubations were carried out in stoppered 25 ml Warburg vessels containing 4 N KOH in the 
center well. At the end of the experiment IOO/*moles of NaHCO 3 was added as carrier and 4 N PCA 
was t ipped in from the side arm. CO s was collected in the center well, precipitated as BaCO 3 and 
counted at  infinite thickness in an end-window Geiger counter 'as described by SMITH AND 
REICHARD sl. The amount of radioactive CO s liberated from uracil during the reaction could be 
calculated from the 14C-activity of the BaCO a by means of an experimentally determined con- 
version factor. 

RESULTS 

Pyrimidine nucleoside phosphorylase 

I n  p r e l i m i n a r y  e x p e r i m e n t s  u r i d i n e  was  f o r m e d  f r o m  urac i l  + inos ine  in  t h e  

p r e s e n c e  of p h o s p h a t e  a c c o r d i n g  to  t h e  fo l lowing  r e a c t i o n s :  

purine nucleoside 
Inosine + phosphate phosphorylase ÷ ribose-I-phosphate + hypoxanthine (3) 

Ribose-i-phosphate + uracil pyrimidine nucleoside ~ nridine + phosphate (4) 
phosphorylase 

R e a c t i o n s  (3) a n d  (4) are  in all  p r o b a b i l i t y  c a t a l y s e d  b y  t w o  d i f f e r en t  e n z y m e s  2~, 17 

a n d  t h e  r e su l t s  g i v e n  in  T a b l e  I, a re  t h e r e f o r e ,  a m e a s u r e  of t h e  r a t e - l i m i t i n g  s t e p  in  

t h e  t w o  r eac t ions .  N e v e r t h e l e s s ,  i t  w a s  f o u n d  t h a t  u r i d i n e  was  f o r m e d  in  all  t h r e e  

t i s sues  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  a n d  t h a t  t h e  r e a c t i o n  p r o c e e d e d  m u c h  

s lower  in  t h e  m o u s e  l iver  e x t r a c t .  

T h e  s p e c t r o p h o t o m e t r i c  a s s a y  p e r m i t t e d  a d i r ec t  c o m p a r i s o n  of t h e  r a t e  of reac~ 

t i o n  (4) in t h e  d i f f e r en t  e x t r a c t s  (Fig. I).  I n  t h e  a b s e n c e  of p h o s p h a t e  l i t t l e  u rac i l  was  

f o r m e d .  T h e  r a t e  of t h e  r e a c t i o n  in t h e  p r e s e n c e  of p h o s p h a t e  was  l inea r  o n l y  w h e n  

v e r y  sma l l  a m o u n t s  of u rac i l  we re  f o r m e d .  T h i s  t y p e  of b e h a v i o u r  has  b e e n  f o u n d  b y  

FRIEDKII~ AND ROBERTS 17 in  t h e  case  of t h e  p h o s p h o r y l y s i s  of t h y m i d i n e  And was  

s h o w n  to  be  due  to  a m a r k e d  p r o d u c t  i n h i b i t i o n  of t h e  r eac t i on .  T h e  a s s a y  is t h e r e f o r e  

o n l y  s e m i q u a n t i t a t i v e .  F r o m  t h e  c u r v e s  one  c a n  c a l c u l a t e  t h a t  a f t e r  30 m i n u t e s  t h e  

TABLE I 

F O R M A T I O N  O F  U R I D I N E - l a C  F R O M  U R A C I L - 1 4 C  A N D  I N O S I N E  T H E  P R E S E N C E  O F  P H O S P H A T E  

A scites tumou~ R a t  liver M o u s e  liver 

/*moles uridine formed 1.18 o.7o o.I 7 
/,moles uracil recovered 15.o I I. I I 1.9 
% conversion 7-3 6.3 1.4 
% recovery of total 14C 81 59 60 

In each experiment 5 ° /*moles of inosine, 20 #moles of uracil-2-14C (80,000 counts/min//*mole), 
25o /*moles of phosphate buffer, pH 7.4, and enzyme from 500 mg of acetone powder were in- 
cubated in a volume of 6. 4 ml at 37 ° for 3 ° min. After deproteinization and precipitation of 
KC104, the sample was deionized by passage through a Dowex-2 formate and a Dowex-5o H + 
column. The solution was evaporated in vacuo and subjected to starch chromatography 15. 

References p. 385. 
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Fig.  i .  P h o s p h o r y l y t i c  c l eavage  of ur id ine .  - - × - - × - -  ~ e x t r a c t  f rom 3 ° mg  ace tone  powde r ;  
- - A - - A - - =  e x t r a c t  f rom 50 mg  ace tone  p owde r ;  - - C ) - - C ) - - =  e x t r a c t  f rom Ioo  m g  
ace tone  powder .  A = asc i tes  t u m o u r ;  R ~ r a t  l iver ;  M = mouse  l iver.  B roken  l ines = e x p e r i m e n t s  

w i t h o u t  phospha te .  For  f u r t he r  e x p l a n a t i o n  see EXPERIMENWAL. 

following amounts of uracil (/zmoles) were formed per mg of enzyme nitrogen* in the 
different extracts: ascites tumor: 2.2 (2.6, 2.2, 1.7); rat liver: 0.30 (0.45, 0.22, 0.22); 
mouse liver: o.04 (0.06, 0.03, 0.03). In each case the first value given is the mean of 
the three values at different (increasing) enzyme concentrations given in the paren- 
theses. The large differences between the various tissues were consistently observed 
in several other experiments. 

U r i d i n e  k i n a s e *  * 

In preliminary experiments using method 2 of our earlier paper TM it was found 
that the kinase activity was about 5-1o times greater in acetone powder extracts of 
the ascites turnout than in those of rat liver. Mouse-liver extracts were 2-4 times 
more active than rat liver. The same general results were obtained when the "super- 
natant fractions" from homogenates of the tissues were used rather than acetone 
powder extracts. In the case of the supernatant fractions all activities were about 
2-3 times higher on a nitrogen basis than in acetone powder extracts. 

Figs. 2 and 3 represent an experiment analysed by method I of our previous 
paper 1°. Uridine and uracil were isolated from the first peak of Fig. 2 as described in 
the text to Table I. 

The total amount of uridine phosphates synthesized was 8 times greater in the 
ascites tumour than in rat liver, while mouse liver occupied an intermediate position. 
In the ascites tumour most of the uridine phosphates were present as UTP, whereas 
in the liver extracts a large part was present as UMP. A high level of triphosphates in 

* In  all  t h r ee  t i s sues  ioo  mg of ace tone  powder  cor respond  to  ca. 2.5 mg  enzyme-n i t rogen  in 
the  ex t r ac t .  

** Ur id ine  was  no t  p h o s p h o r y l a t e d  when  AMP, UMP, CMP or p h e n y l  p h o s p h a t e  was  s u b s t i t u t e d  
for ATP, shov ing  t he  non2 ihvo lvement  of nucleos ide  phospho t r ans fe ra se  (G. BRAWERMAN AND 
E. CHARGAFF, Biochim. Biophys. Acta, 15 (1954) 549). O p t i m a l  r e su l t s  were  ob t a ined  when  ATP 
was  con t i nous ly  r egene ra t ed  f rom PGA, i n d i c a t i n g  the  ac t ion  of a k inase .  
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t umour  ex t rac t s  has prev ious ly  been found b y  SCHMITZ et al. 2a. The ATP level was well 
m a i n t a i n e d  in all three  exper imen t s  (Fig. 2). 

A s u m m a r y  crf the amoun t s  of all r ad ioac t ive  compounds  is given in Fig. 3- In  
all three  exper iments  there  was some ur id ine  left a t  the  end of the  incubat ion.  

E260 AD¢ ATP • 
150 10 

AMP ADP ATP 

.EE ~00 R .c_ .S 
Fig. 2. Format ion  of uridine phosphates  ~ 50 

I k ,  m .  , , from uridine. In  each exper iment  20 / ,moles  "6 
of ATP, 5 ° /~moles of PGA, ioo /*moles of oo 
MgCl 2, 3.o4 /,moles of uridine-2J4C, I5o 
/,moles of tris buffer p H  7.4 and enzyme from 
300 mg of acetone powder  were incubated in 
a volume of 4.2 ml at 37 ° for 15 min. Analysis 
according to method ] 1°. Continuous curve 

= E300. Stepped curve = counts /min/ml .  

. _ AMP ADP ATP 

100 0.5 bl 

50 

J • 
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% o f  14C 

100 

50 4~5 

2%2 

~ P  
~UMP UDP 

R 66,8 

~1.6 1.8 1.2 0.? 

UTP 

62.0 M 

L 6.8 

UDPX UTP ~ ~c~ ~UMP UI~ o 

Froction No. 

Fig. 3. Distributio.n of different uracil compounds  from Fig. z. For  explanat ion of UDP-X,  see rcf. s. 

When  the fo rmat ion  of ur id ine  phospha tes  was s tud ied  at  increasing ur id ine  con- 
cen t ra t ions  the  resul ts  given in Fig.  4 were obta ined .  In  these exper iments  me thod  
2 was used 1°, in which all ur id ine  phospha tes  formed are ana lysed  as UMP. In a 
s imilar  exper iment  the  fo rmat ion  of CMP from cy t id ine  was s tud ied  in ascites t u m o u r  
ext rac ts .  Sa tu ra t ion  of the  enzyme requi red  high concent ra t ions  of ur id ine  (ca. IO -2 
M), but  was achieved at  much lower concent ra t ions  of cy t id ine  (less than  5" IO 4 M).  

I t  was possible tha t  a t  low ur idine concent ra t ions  all subs t r a t e  was conver ted  
to uracil  by  the  ac t ion of py r imid ine  nucleoside phosphorylase .  Therefore,  the  amounts  
of uracil  and  UMP formed at  different  ur id ine  concent ra t ions  were de te rmined  with 
the  paper  ch romatograph ic  m e t h o d  descr ibed in the  exper iment  par t .  Fig. 5 shows 
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t h a t  t h e  n e e d  for  a h i g h  u r i d i n e  c o n c e n t r a t i o n  for  o p t i m a l  U M P  s y n t h e s i s  w a s  n o t  d u e  

to  t h e  r a p i d  d i s a p p e a r a n c e  of u r i d i n e .  T h e  c u r v e s  a g a i n  a lso  d e m o n s t r a t e  t h e  g r e a t  

d i f f e r e n c e  in  b o t h  k i n a s e  a n d  p h o s p h o r y l a s e  a c t i v i t i e s  of  t h e  t h r e e  e x t r a c t s .  

F r o m  Fig .  5 t h e  fo l l owing  v a l u e s  c o u l d  be  c a l c u l a t e d .  Uridine  kinase ( / ,mo le s  o f  

U M P  f o r m e d  d u r i n g  15 m i n  p e r  m g  e n z y m e  n i t r o g e n ) :  a s c i t e s  t u m o u r :  3 .5 ;  r a t  l i ve r :  

p M  Ci~lP uM UMP 

/ O 
X 

o A 
0.3 .,.s ,'~'--'F - A  . ~ - - -  o 

0.2 1.0 

o.1 3.5 

o L ""-'--" A R 

I I I I 

5 10 15 20 
M.lO 3 uridine (cytidine) 

Fig. 4. Dependence of UMP and CMP formation on substrate  concentration. UMP-/ormalion: 
Exper imenta l  conditions as in Fig. 2 though extracts  from 200 mg of rat liver powder and 5 ° mg of 
ascites t umour  powder respectively were used at different uridine concentration. CMP-/ormalion : 
The paper-chromatographic method described in the experimental  par t  was used. Absolute 
amoun t s  of UMP and CMP formed are not comparable since different preparations of ascites 
t u m o u r  extracts  were used. - - A -  A -  and - - O - - O - -  = UMP formation; - - x -  × -  ~ C MP 

formation. 

~l ~ 
o.  

~o.~ S7- 
0.2 ~ g / 

I I I I 

4 8 4 8 I, 8 

uridine com. before incub. 
H . 1 0 3  

Fig. 5- Pyrimidine nucleosidc phosphorylase and kinasc activity at different uridme concentrations. 
The substra te  composition was tha t  described under EXPEItI~U,:x'rAL (paper-chromatographic 
method);  the enzyme extracts  were from 25 mg of rat liver and mouse liver acet(me powder, 
respectively and from 3.4 mg of ascites tumour  acetone powder. O O -- uridin'c: 

- - X - - x - -  = UMP; - - A - - A - -  = uracil. 
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0.08; mouse l iver :  o.I6.  Pyrimidine nucleoside phosphorylase (~moles of uraci l  formed 
dur ing  15 min  per  mg  enzyme nitrogen) : asci tes t u m o u r :  1.9; r a t  l iver :  o.13 ; mouse 
l iver :  0.06. All  values  are ca lcu la ted  at  op t ima l  ur id ine  concentra t ions .  

Catabolism o/uracil 

CANELLAKIS TM and  GRISOLIA et al. 24 have  shown t h a t  the  fo rmat ion  of d ihydro-  
uraci l  from uraci l  (the first s tep  in the  ca tabo l i sm of uracil) is dependen t  on the  
presence of T P N H .  In  conf i rmat ion of the  resul ts  of these  au thors  we found t h a t  
the  add i t ion  of a T P N H - r e g e n e r a t i n g  sys tem to a crude non-d ia lysed  ex t rac t  of ra t -  
l iver  acetone powder  increased the  fo rmat ion  of ~4CO~ from uracil-2-~4C about  7 
t imes.  W h e n  compar ing  the  enzyme a c t i v i t y  of different  ex t rac t s  i t  was, therefore,  

% TPNH 

100~ 

80 

60 

I I I 
2~1 T T I" 2o 2 ~  1 I 
TPN fsoc. TPN 37 ° Tl~'q Iso~ 37 ° 

0.1LpM E2pM a07~ 007/~ 3.1~ 

1,0 21oi ~ t ~ ? 0 rninutes 
TPN Isoc. Isoc. TPN aOTluM 3.1~H 3.1pM ~OV~M 

Fig .  6. M a i n t e n a n c e  o f  T P N H  level .  F r o m  t h e  b e g i n n i n g  e a c h  B e c k m a n  cel l  c o n t a i n e d  I /*mole  
of  u r a c i l ,  o .35  / , m o l e  of  T P N ,  15 l ,  m o l e s  o f  i s o c i t r a t e ,  i o o  # m o l e s  of  MgClo  a n d  ca. 1.5 m g  of  
e n z y m e  n i t r o g e n  ( " s u p e r n a t a n t  fraction", p H  7.4)- I n c u b a t i o n  a n d  a d d i t i o n s  a s  i n d i c a t e d  in  t h e  
f i gu re .  R e a 2 i n g s  a t  34 ° m/z w e r e  t a k e n  a g a i n s t  a b l a n k  w i t h o u t  T P N .  i o o  % T P N H  w a s  c a l c u l a t e d  
f r o m  t h e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  of  T P N H  a t  34 ° m #  = 6 .2 .  I o  3. - - q ) - - @ - -  = a s c i t e s  

t u m o u r ;  - - - A - - / ~  = r a t  l i v e r ;  . . . .  x - -  x ~ m o u s e  l ive r .  

of the  u tmos t  impor tance  to ensure adequa te  T P N H  levels in all cases s tudied.  In  
our exper iments  this  was achieved b y  the  add i t i on  of i soc i t ra te  + T P N  to the  ex- 
t racts .  The  l ight  absorp t ion  at  34 ° mt~ was t aken  as a measure  of the  amoun t  of 
T P N H  present  in the  sys tem (Fig. 6). Comparab le  resul ts  were ob ta ined  in all the  
three  t issue ex t rac t s  s tudied.  

In  Table  I I  a compar ison  is given of the  b r eakdown  of uraci l  in ex t rac t s  from the 
three  tissues. Both  acetone powder  ex t rac t s  and  supe rna t an t s  from tissue homogena tes  
were used.  In  these and in several  o ther  exper iments  no a c t i v i t y  could be d e m o n s t r a t e d  
in the  ascites tumour .  R a t  l iver  was more ac t ive  than  mouse liver. In  conf i rmat ion of 
C.,~-NI~LLAV.IS' resul ts  TM we found tha t  the  ac t i v i t y  of the  supe rna t an t  f ract ion from l iver  
homogena tes  was cons iderab ly  higher  than  tha t  of acetone powder  ex t rac t s  from 
whole liver. 
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T A B L E  I I  

FCRMATION OF 14CO2 FROM URACIL-2-14C 

383 

Counts~rain (BauCOa at infinite thickness) 

Ascites turnout Rat liver Mouse liver 

Acetone ml Enzyme ApowderCaOne Supematant ApowderCetone Supernatant powder  Supernatant 

0.5 5 o 80 186 33 52 
i .o z o 146 364 59 147 
1. 5 - o i73 483 7 ° 288 

Conditions as described under  EXPERIMENTAL. One ml of enzyme solution contained (mg protein 
ni trogen):  Ascites t u m o u r :  5.8 (acetone powder) and 0-55 ( superna tan t  fraction); ra t  liver: 6. 5 
(acetone powder) and 3.0 ( superna tan t  fraction);  mouse liver: 7.9 (acetone powder) and 2.1 
( superna tan t  fraction). 

I t  has been reported that the addition of ATP increases the formation of CO s 
from uracil sS, but we could not observe such an effect under our experimental con- 
ditions. 

From the data of Table I I  (lowest enzyme concentrations) and an experimentally 
determined conversion factor it can be calculated that the following amounts of CO s 
were formed per mg of protein nitrogen during 15 minutes: Rat liver: 0.0037/~moles 
(acetone powder) and o.o18 /zmoles ("supernatant fraction"); mouse liver: o.ooi3 
/~moles (acetone powder) and 0.o074/~moles ("supernatant fraction"). 

DISCUSSION 

The aim of our investigation was to compare the amount of enzymes, involved in 
uracil catabolism and anabolism, present in some tissues that showed large differences 
in their capacity to utilize uracil for polynucleotide synthesis in vivo. The two extremes 
chosen were rat liver, which incorporates labelled uracil to a very limited extent 1, 
and the Ehdich ascites turnout, which utilizes labelled uracil about as well as orotic 
acid 7. Mouse liver, which occupies an intermediate position, was also included in our 
investigation. We should like to emphasize that in this investigation we did not intend 
to compare a cancerous tissue with its homologous normal counterpart; the ascites 
tumour originated as a mammary cancer, 

Our determinations of enzyme concentrations in extracts of rat liver and ascites 
tumour clearly demonstrate the large difference between the two tissues as regards 
the amounts of enzymes involved in both the catabolic and anabolic metabolism of 
uracil. In agreement with earlier workers TM, 25, we found that uracil-2-14C was degraded 
to 14CO s by the liver preparations. No such activity was found in the tumour extracts. 
The levels of both uridine phosphorylase and uridine kinase, however, were con- 
siderably higher in tumour extracts than in rat liver extracts. This was especially 
pronounced for uridine kinase, which on a protein basis consistently showed 5-30 
times higher activity in the tumour. On the whole, this enzyme pattern is more 
favourable to UMP synthesis in the ascites tumour than in rat liver. 

It was, furthermore, evident from our data that the limiting enzyme reaction 
influencing UMP synthesis in rat liver was uridine kinase. The breakdown of uracil 
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was a relatively slow process and, therefore, influenced uracil metabolism only to a 
small extent ' .  

It is also interesting that the affinity of the uridine kinase for uridine is quite low, 
saturation being achieved at approximately o.oi :'1I concentration. This explains the 
greatly increased incorporation of labelled uracil and uridine*" into RNA with in- 
creasing precursor concentrations, which has been observed, previously, both in the 
rat i n  vivo 4 and in rat liver slices 6. The fact that optimal nucleotide formation was 
obtained at a much lower concentration of cytidine, at least partly explains why in 
earlier work labelled cytidine was a much more effective precursor for RNA pyrimi- 
(lines than uridine, when the two nucleosides were administered ill equimolar amounts 
to rats 2~. 

] l o u s e  l iver showed a somewhat smaller capacity to degrade uracil than did rat 
liver. The level of uridine kinase was intermediate between these of the tumour and 
in rat liver. Uridine phosphorylase activity was considerably lower than in the other 
two tissues investigated and probably represented the limiting reaction in UMP 
formation. 

It is clear that the pattern of the enzymes involved in uracil metabolism in the 
Ehrlich ascites tuinour favours anabolic reactions. Possibly this represents an enzymic 
adaptation of the tumour, correlated with the much increased rate of polynucleotide 
synthesis that occurs in this rapidly growing tissue. \Ve found that the ascitic serum 
surrounding the tumour cells contained uracil"*" (ca. 2 3 tmloles/Ioo ml). This uracil 
might originate from host tissues and be utilized bv the tumour for nucleotide 
synthesis. 

According to our point of view uracil is re-utilized for polynucleotide synthesis 
and not synthesized de t~oz, o from small molecules. FIN1< et al. 2~, GRISOI.IA et al. ~ ,  

C.\NH.L.\KIS TM and FRITZSON 2° have established a series of reactions by which CO> 
NH a and /3-alanine are formed from uracil via dihydrouracil and fi-ureidoprot)ionic 
acid. I;'RITZSON 2° has demonstrated that the conversion of uracil to dihydrouracil is 
not reversible itz vi tro and that the final hydrolytic cleavage of fi-ureidopropionic acid 
is irreversible 21. The original evidence for the formation of /3-ureidopropionic acid 
from/?-alanine ~- carbamyl phosphate seems now to be of doubtful significance§. 

Furthermore, the earlier experiments of I~.\(;F~RKVIST CI al. 7 demonstrated that 
labelled/3-alanine, fi-ureidoi~ropionic acid or dihydrouracil were not utilized for poly- 
nucleotide synthesis by the Ehrlich ascites tumour. I)ilution experiments with tile 
same non-labelled conlpounds or non-labelled uracil and 15NH,CI also gave negative 
results. In conclusion all tile evidence cited above speaks against the concept of a 
de ~wvo synthesis of free uracil. 

* So f a r  u r a c i l  c a t a b o l i s m  h a s  o n l y  b e e n  d e m o n s t r a t e d  in  m a m m a l i a n  l i ve r  a n d  m i c r o h i a l  
s y s t e m s  (P,. M. FINK, R .  E.  CLINE AND H .  M'. ( ' .  KOCH, Federalion PYoc., t 3 (1954)  2o7)  a n d  i t  
s e e m s  p o s s i b l e  t h a t  in  t h e  m a m m a l  u r a c i l  c a t a b o l i s m  is r e s t r i c t e d  t o  t h e  l ive r .  I n  r a t  i n t e s t i n e  n o  
d e g r a d a t i o n  of  u r a c i l  w a s  f o u n d  b y  CANELLAKIS 19. N e v e r t h e l e s s ,  t h e  u t i l i z a t i o n  of  u r a c i l  fo r  p o l y -  
n u c l c o t i d e  s y n t h e s i s  w a s  m u c h  s m a l l e r  t h a n  t h a t  of  o r o t i c  a c i d  in  t h i s  t i s s u e  4. U r a c i l  c a t a b o l i s m  
c o u l d  n o t  be  t h e  r e a s o n  t o r  t h i s  a n d  i t  s e e m s  m o r e  l i k e l y  t h a t  t h e  a n a b o l i c  r e a c t i o n s  i n v o l v i n g  
u r a c i l  w e r e  d e f i c i e n t .  

* * T h i s  ap t ) l ies  a l so  t o  t h e  c o r r e s p o n d i n g  e x p e r i m e n t s  w i t h  l a /ml l ed  l ' M l ' ,  s i n c e  t h e  a v a i l a b l e  
ex ' i (h ,nce i n d i c a t e s  t h a t  m o n o n u c l e o t i d e s  e n t e r  l i v e r  ce l ls  o n l y  a f t e r  d e p h o s p h o r v l a t i o n .  

* ** T h e  u r a c i l  w a s  p r e p a r e d  b v  s t a r c h  c h r o m a t o g r a p h y  of  t h e  d e p r o t e i n i z c ' d  a s e i t e s  s e r u m ,  w h i c h  
had been  d e i t m i z e d  b \ '  p a s s a g e  t h r o u g h  1 ) o w e x - 2  a n d  D o w e x  5 o. I ! r a c i l  w a s  i d e n t i f i e d  f r o m  i t s  
p~si t i~m on  t h e  s t a r c h  c h r o u l a t o g r g . t n l ,  BV p a p e r  c h r o m a t o g r a p h y  a n d  lr~)nl i t s  s p e c t r u m .  

§ N. (]I{IS()I. IA, personal c o m m u n i c a t i o n .  
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I t  s e e m s  t h a t  s e v e r a l  p u r i n e  a n d  p y r i m i d i n e  a n a l o g u e s  28-32 e x e r t  t h e i r  c a r c i n o -  

s t a t i c  a c t i o n s  b y  b e i n g  i n c o r p o r a t e d  i n t o  p o l y n u c l e o t i d e s  in  l i e u  o f  " n a t u r a l "  p u r i n e s  

o r  p y r i m i d i n e s .  A s y n t h e t i c  m e c h a n i s m  s u c h  a s  t h e  f o r m a t i o n  o f  U M P  f r o m  u r a c i l  i n  

t h i s  a s c i t e s  t u m o u r  w o u l d  s e e m  to  b e  e s p e c i a l l y  s u i t e d  fo r  t h i s  t y p e  o f  c h e m o t h e r a p e u t i c  

a t t a c k ,  s i n c e  i t  r e p r e s e n t s  n o t  t h e  o r d i n a r y  de novo p a t h w a y  o f  p y r i m i d i n e  b i o -  

s y n t h e s i s  b u t  r a t h e r  a n  a u x i l i a r y  m e c h a n i s m  w h i c h  is  u t i l i z e d  t o  a h i g h  d e g r e e  b y  t h i s  

r a p i d l y  g r o w i n g  t u m o u r .  

S U M M A R Y  

The  c o n t e n t  of e n z y m e s  invo lved  in uracil  m e t a b o l i s m  (pyr imid ine  nucleos ide  phosphory lase ,  
py r imid ine  nucleos ide  k inase  and  e n z y m e s  of uracil  ca tabol i sm)  in ex t r ac t s  f rom ra t  liver, mouse  
liver and  t he  Ehr l ich  asci tes  t u m o u r  was  s tudied .  

Much h ighe r  levels of enzv lnes  invo lved  in anabol ic  reac t ions  were found in asci tes  t un lml r  
ex t r ac t s  t h a n  in liver, whe reas  the  e n z y m e s  of uracil  c a t abo l i sm which  were p re sen t  in ra t  and  
m o u s e  liver were absen t  f rom t he  t u m o u r .  Especia l ly  the  re la t ive ly  h igh concen t r a t ion  of pyr imid ine  
nucleoside  k inase  in t he  t u m o u r  ex t r ac t s  p robab ly  exp la ins  t he  be t t e r  u t i l iza t ion  of free uracil  for 
po lynuc leo t ide  syn t he s i s  in th i s  t i s sue  as compared  to ra t  liver. 

P y r i m i d i n e  nucleos ide  k inase  needed  a h igh  concen t r a t ion  of ur id ine  (ca. o.oi 3/) for op t ima l  
s y n t h e s i s  of nucleot ides ,  while a cons iderab ly  lower concen t r a t ion  of cy t id ine  (less t h a n  o.ooo 5 M) 
was  sufficient.  This  pa r t l y  expla ins  the  m u c h  be t t e r  u t i l iza t ion  of cy t id ine  for polynucleot ide  
s y n t h e s i s  as com pa red  to uridine.  
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