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SUMMARY 

Treatment of LIZ10 mouse leukemia cells with 10-6M [3H]5-fluoro-Z'-deoxy- 
uridine resulted in the incorporation of radioactivity into DNA. The DNA hydrolysate 
was shown to contain [~H]5-fluoro-Z'-deoxyuridylic acid by an unequivocal assay 
involving the formation of a tightly-bound complex with thymidylate synthetase in the 
presence of 5,10~methylenetetrahydrofolate. The extent of ~ncorporation was esti- 
mated to be 1 molecule of 5-fluoro-Z'-deoxyuridylic acid per l0 w DNA nucleotides. 

INTRODUCTION 

1 
The fluorinated pyrimidines (FUra, FdUrd, and FUrd) are widely used in the 

treatment of disseminated human cancers, especially of the gastrointestinal tract (I). 

It is, therefore, important for the maximal development of cancer chemotherapy with 

these drugs to understand in detail their biochemical mechanisms of cytotoxicity. 

Treatment with fluorinated pyrimidines produces two major effects in cells: I) 

inhibition of DNA synthesis vi_aa a powerful inhibition of dTMP synthetase (EC 2.1.1.45) 

by FdUMP (2,3), and Z) alteration of the processing and function of some types of RNA 

because of extensive incorporation of FUra in place of Ura (3,4). Recent controversy 

1 Abbreviations used are: FdUrd, 5-fluoro-Z'-deoxyuridine; FUra, 5-fluorouracil; 
FUrd, 5-fluorouridine; FdUMP, 5-fluoro-2'-deoxyuridylic acid; dTMP, thymidylic acid; 
Ura, uracil; FUMP, 5-fluorouridylic acid; 5,10-CHzH.folate , 5,10-methylenetetra- 

! t 4 hydrofolate; FdUTP, 5-fluoro-Z-deoxyuridine-5-triptiosphate; dUTP, Z-deoxyuridine- 
5'-triphosphate; dUMP, Z'-deoxyuridylic acid. 
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has  swi r l ed  over  the  ques t i on  of which  of t h e s e  two e f f e c t s  a c c o u n t s  for  the  m a j o r i t y  of 

t he  in  vivo a n t i - t u m o r  a c t i v i t y  of t h e s e  drugs.  A t h i r d  poss ib le  m e c h a n i s m  of 

c y t o t o x i c  a c t i on ,  i n c o r p o r a t i o n  in to  DNA, has  no t  r e c e i v e d  ser ious  c o n s i d e r a t i o n  

b e c a u s e  un t i l  now none  has  b e e n  d e t e c t e d  (3~5)~ e x c e p t  in t h e  ca se  of a b a c t e r i o p h a g e  

t h a t  n o r m a l l y  has  U r a  in p lace  of Thy in i t s  DNA (6). The d i s cove ry  by Goul i an  et  al. 

(7) t h a t  U r a  can  be  m i s i n c o r p o r a t e d  i n to  DNA of whole  cells ,  and the  a v a i l a b i l i t y  of 

r a d i o l a b e l e d  [6-3H] F d U r d  of h igh s p e c i f i c  a c t i v i t y ,  s u g g e s t e d  to  us t h a t  the  e x t e n t  of 

i n c o r p o r a t i o n  of f l u o r i n a t e d  p y r i m i d i n e s  i n t o  DNA could now be  d e t e r m i n e d  in 

m a m m a l i a n  cel ls .  

MATERIALS AND METHODS 

[3H] F d U r d  (spec i f ic  a c t i v i t y  18 C . / m m o l )  was  o b t a i n e d  f rom Moravek  Bio- 
chemicals~ C i t y  of Indus t ry ,  Ca l i f o r n i a .  Feltal  ca l f  s e rum and  RPMI-1640 m e d i u m  was 
o b t a i n e d  f rom GIBCO. dTMP s y n t h e t a s e  was p u r i f i e d  to h o m o g e n e i t y  f rom m e t h o -  
t r e x a t e - r e s i s t a n t  L. case i  as d e s c r i b e d  p rev ious ly  (8). 5 ~ 1 0 - C H T H . f o l a t e  was e n z y m -  
a t i c a l l y  p r e p a r e d  as d-escribed p rev ious ly  (9). R N a s e  w a s - o b t a i n e d  f rom S igma  
C h e m i c a l  C o ,  St. Louis~ Missouri~ and snake  venom p h o s p h o d i e s t e r a s e  and bov ine  
p a n c r e a t i c  DNase  f rom W o r t h i n g t o n  Biochemica ls~  Freehold~ New J e r s e y .  

Ce l l  C u l t u r e .  L1Z10 cel ls  were  t h a w e d  f rom m y c o p l a s m a - f r e e  s tocks  and g rown in 
suspens ion  9culture in RPMI  1640 m e d i u m  s u p p l e m e n t e d  w i t h  10% f e t a l  ca l f  s e rum.  A 
t o t a l  of 10 ce l l s  in  l a t e  l o g a r i t h m i c  g r o w t h  ~ e r e  h a r v e s t e d  by  c e n t r i f u g a ~ o n  at  1000 
rpm,  and  p l a c e d  in 5 ml  of s t e r i l e  PBS. [~H] F d U r d  was added  to 10-UM and the  
m i x t u r e  i n c u b a t e d  a t  37°C for  4 hr.  The  ce l l s  were  t h e n  w a s h e d  wi th  3 x 10 ml of PBS 
and  i m m e d i a t e l y  p roces sed .  

I so la t ion  of DNA. The i so la t ion  and p u r i f i c a t i o n  of DNA, inc lud ing  R N a s e  t r e a t m e n t s ~  
was c a r r i e d  ou t  e x a c t l y  acco rd ing  to M a r m u r  (10). This  p r o c e d u r e  was fo l lowed  by 6 
d e p r o t e i n i z a t i o n s  wi th  c h l o r o f o r m - i s o a m y l  aleohol~ 5 p r e c i p i t a t i o n s  w i th  e thano l ,  and  1 
w i th  i sop ropano l  un t i l  r a d i o a c t i v i t y  in t he  s u p e r n a t a n t  was i n d i s t i n g u i s h a b l e  f rom 
background .  Hydro lys i s  of the  DNA to n u c l e o t i d e s  was c a r r i e d  out  w i th  bov ine  
p a n c r e a t i c  DNase  and snake  venom p h o s p h o d i e s t e r a s e  a c c o r d i n g  to t he  m e t h o d  of 
S inger  (11). 

Binding to dTMP S y n t h e t a s e .  Al iquo t s  of the  DNA h y d r o l y s a t e  were  added  to a 
so lu t ion  c o n t a i n i n g  1.2 nmol  of dTMP s y n t h e t a s e ,  0.1 mM 5 , 1 0 - C H z H . f o l a t e  , Z0 mM 9-  
m e r c a p t o e t h a n o l  in Tr i s  buffer~ pH 7.5~ to  give a t o t a l  vo lume  of 41.1 ml .  A f t e r  an 
• . . O . . . 

i n c u b a t i o n  p e r i o d  of 2 hr  a t  3Z C~ 1 ml of a c h a r c o a l  suspens ion  c o n t a i n i n g  0.1g of 
c h a r c o a l ,  Z.5 m g / m l  of bov ine  se rum a lbumin ,  and  0.1 m g / m l  of h igh m o l e c u l a r  we igh t  
d e x t r a n  in 0.1 N HC1 was added.  The  m i x t u r e s  were  c e n t r i f u g e d  for  Z0 min  a t  4400 x 
g, and  1.5 ml  of the  s u p e r n a t a n t  was r e m o v e d  for  coun t ing .  

RESULTS AND DISCUSSION 

Exposure  of l o g a r i t h m i c a l l y - g r o w i n g  L1Z10 m o u s e  l e u k e m i a  cel ls  to 10 -6 M [3H] 

F d U r d  c o n t i n u o u s l y  for  4 hr  r e s u l t e d  in t h e  i n c o r p o r a t i o n  of 749 dpm of t r i t i u m  pe r  m g  
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Fig. 1. The binding of radioactive material  to _c~TM~ synthetase (L.casei) from a 
hydrolysate of DNA from L1Z10 cells exposed to 10 VM [~H] FdUrd for 4 hr. at 37°C. 

of DNA. T r e a t m e n t  of the  h y d r o l y s a t e  of h ighly  pu r i f i ed  DNA f rom t h e s e  ce l l s  wi th  

exces s  dTMP s y n t h e t a s e  and 5~10-CHzH4fo la t e  r e s u l t e d  in t he  b inding  of 87% of t h e  

t o t a l  r a d i o a c t i v i t y  found in the  h y d r o l y s a t e  to the  p r o t e i n  (Fig. 1). This  c o n s t i t u t e s  an 

u n e q u i v o c a l  i d e n t i f i c a t i o n  of t he  ma jo r  p o r t i o n  of t h e  r a d i o a c t i v i t y  i s o l a t e d  f rom t h e  

DNA h y d r o l y s a t e  as FdUMP.  Using  dTMP s y n t h e t a s e  as a b ind ing  p r o t e i n  is t he  mos t  

spec i f i c  a s say  poss ib le  fo r  FdUMP~ s ince  th i s  e n z y m e  does not  f o rm  a t i g h t l y - b o u n d  

c o m p l e x  w i th  any  o t h e r  known F U r a  d e r i v a t i v e  t h a t  would b e  f o r m e d  as a p r o d u c t  of 

ce l lu la r  m e t a b o l i s m .  The s t o i c h i o m e t r i c  i n t e r a c t i o n  b e t w e e n  F d U M P  and dTMP 

s y n t h e t a s e  f o r m s  t h e  bas i s  for  r e c e n t l y  d e v e l o p e d  u l t r a s e n s i t i v e  m e t h o d s  for  t he  

d e t e r m i n a t i o n  of F d U M P  in t u m o r  t i ssue  s a m p l e s  (1Z). We d e l i b e r a t e l y  avo ided  

c h r o m a t o g r a p h i c  m e t h o d s  of i d e n t i f i c a t i o n  in th i s  s tudy b e c a u s e  of t he  c h a n c e  of co -  

m i g r a t i o n  of  one or more  m e t a b o l i t e s  of F d U r d  w i t h  FdUMP.  For  example~ d i f f i c u l t i e s  

have  b e e n  n o t e d  in t he  s e p a r a t i o n  of F d U M P  and FUMP~ even  by  HPLC m e t h o d s  (13). 

Thus,  a smal l  a m o u n t  of an RNA c o n t a m i n a n t  (e.g., as in  a p r i m e r  s egmen t )  m i g h t  

r e su l t  in an i n c o r r e c t  i d e n t i f i c a t i o n  of F U M P  as FdUMP~ or a t  best~ give an a p p a r e n t  

va lue  for  the  d e g r e e  of i n c o r p o r a t i o n  m u c h  h ighe r  t h a n  the  a c t u a l  a m o u n t  of F U r a  in 

t h e  DNA. 

The leve l  of i n c o r p o r a t i o n  t h a t  we found a m o u n t s  to 6.1 x 10 .9  moles  of F d U M P  

pe r  mole  of DNA  p h o s p h a t e .  This  is e q u i v a l e n t  to 1 m o l e c u l e  of F d U M P  per  1.6 x 108 
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nuc leo t ides .  Assuming  101Z da l tons  of DNA per  cel l  and 3 x 10 9 n u c l e o t i d e s  per  

genome ,  t h e r e  were  19 FUra  mo lecu l e s  per  mouse  cel l  g en o me ,  or about  1 F U r a  for  

e v e r y  Z c h r o m o s o m e s .  

The absence  of d e t e c t a b l e  Ura  in DNA under  normal  cond i t ions  has been  

a t t r i b u t e d  to t he  ac t iv i ty  of dUTPase ,  which  keeps  dUTP leve ls  ve ry  low (14)~ and Ura -  

DNA glycosylase~ which spec i f i c a l l y  r e m o v e s  any Ura  re s idues  t h a t  may  have  been  

i n c o r p o r a t e d  (15,16). G r a f s t r o m  et  al. (17) p o s t u l a t e d  t h a t  the  smal l  DNA f r a g m e n t s  

obse rved  in the  p r e s e n c e  of dUTP ar i se  as a r e su l t  of the  exc is ion  and r epa i r  p r o c e s s e s  

subsequen t  to the  i nco rpo ra t i on  of dUMP. R e c e n t  s tudies  have shown t h a t  F U r a  

n u c l e o t i d e s  a re  p r o c e s s e d  in a s imi lar  manner :  FdUTP is a s u b s t r a t e  for  bo th  dUTPase  

and DNA p o l y m e r a s e  (18) 7 and F U r a  res idues  in DNA are s u b s t r a t e s  for  r emova l  by 

Ura -DNA glycosy lase  (18)~ a l though the  k ine t ic  c o n s t a n t s  are  s o m e w h a t  d i f f e r e n t  than  

fo r  the  co r respond ing  Ura  analogs.  P rov i d ed  t h a t  c o n c e n t r a t i o n s  of c o m p e t i n g  

nuc l eo t i de s  such as dTTP r ema in  constant~ the  number  of F U r a  res idues  in DNA~ a f t e r  

a shor t  in i t ia l  ve loc i ty  per iod  while t he  sy s t em c o m e s  to equilibrium~ should r e m a i n  

cons t an t  at a value which would be d e t e r m i n e d  by the  r e l a t i v e  ac t iv i t i e s  of the 

a f o r e m e n t i o n e d  enzymes .  

The ques t ion  ar i ses  as to the poss ible  b i o c h e m i c a l  e f f e c t s  of the p r e s e n c e  of 

F U r a  in DNA. Aebe r so ld  (19) showed  t h a t  t he  f r e q u e n c y  of 8 - a z a g u a n i n e - r e s i s t a n t  

m u t a n t s  of V79 Ch inese  h a m s t e r  ce l l s  was i n c r e a s e d  N 3- fo ld  by t r e a t m e n t  of the cel ls  

wi th  FdUrd .  J o n e s  e t  al. (Z0) found t h a t  F U r a  p roduced  oncogen ic  t r a n s f o r m a t i o n  in 

C3H/IOT1/Z cel ls .  It was p o s t u l a t e d  tha t  the m u t a g e n i c  e f f e c t s  of FdUrd  may  resu l t  

f rom DNA rep l i ca t i on  e r rors  p roduced  by F U r a  i n c o r p o r a t e d  in to  t he  DNA (20). Our 

da t a  show tha t  the  low level  of F U r a  i n c o r p o r a t e d  into the  DNA is in su f f i c i en t  to 

adequa t e ly  accoun t  for  the  m u t a g e n e s i s  obse rved  by Aebe r so ld  (19). However ,  FdUrd  

may  produce  p e r t u r b a t i o n s  in cel lular  deoxyr ibonuc leo t ide  pools  tha t  r educe  the 

f ide l i ty  of DNA rep l i ca t i on  (Z1). The c o n c e n t r a t i o n  of FdUrd  t h a t  we found to be the  

LD50 for  L1Z10 ce l l s  was 3 x 10-10M (unpublished data) .  At  th is  c o n c e n t r a t i o n  we 

might  e x p e c t  less  t han  0.0Z F U r a  mo lecu l e s  i n c o r p o r a t e d  per  cel l  g en o me  per  4 h r ,  or 

,~ 0.06 FUra  mo lecu l e s  i n c o r p o r a t e d  per  cel l  pe r  gene ra t i on .  Thus~ at  the LDs0 of 
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FdUrd, ) 90% of the cells would contain no FUra incorporated in their DNA even after  

undergoing a complete round of DNA replication in medium containing cytotoxic 

concentrations of FdUrd. Therefore, we conclude that it is unlikely that the low level 

of FUra incorporated into the DNA plays a significant role in the mechanisms of 

cytotoxicity of FdUrd in L1Z10 cells. 
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