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S U M M A R Y  

Theophy l t i ne ,  papaver ine  and p ros tag land ins  E 1 and F2<  c o m p e t i t i v e l y  
i nh ib i t  the t r a n s p o r t  of  u r td ine ,  t hym id i ne ,  hypoxanthtne,  cho l ine  and 
deoxyg lucose  by cut tured Nov i ko f f  rat  hepatoma ce l ts .  The tPanspo~-t 
p rocesses  a re  m a x i m a t t y  inh ib i ted  i m m e d i a t e t y  upon add i t i on  of the 
d rugs  and the e f fec ts  a re  r e a d i l y  r e v e r s e d  by t h e i r  r e m o v a t .  

Theophy t l i ne ,  papaver ine  and amtnophy t t i ne ,  i nh tb t to rs  of  cyc t ic  A M P  

phosphodtes te rase ,  and p ros tag land tn  E 1 (PGE1) a re  f r e q u e n t l y  used atone 

or" tn comb ina t i on  w i th  d ibutyPy l  cyc l i c  A M P  to assess the physto tog ica t  

func t ions  off cyct tc  A M P  in v a r i o u s  c e l l u l a r  p rocesses ,  tnctudtng the 

t r a n s p o r t  of  nu t r i en ts  in to the ce l l  (1-7) .  Our" pr'esent study, however~ 

ind ica tes  that  caut ion must  be e x e r c i s e d  in the t a t t e r  s tud ies  because these 

substances themse tves ,  c o m p e t t t i v e t y  i nh ib i t  the t r a n s p o r t  of a w ide  v a r i e t y  

off p r e c u r s o r s  in to the cert .  

M A T E R I A L S  AND M E T H O D S  

Nov i ko f f  rat  hepatoma cetts (subi tne N1 $ 1 - 6 7 ) w e r e  pr 'opagated in 

suspension cu l tu re  in S w i m ' s  m e d i u m  67 as desc r i bed  pr 'evtousty (879). 

Ce l ts  we re  harves ted  by centr ' t fugat ton f r o m  cu l t u res  in the la te exponen t ia l  

phase of  g rowth  and suspended to 2 x 106 c e l t s / m r  of  v a r i o u s  basat med ia  

(see tegends to F i g s . ) .  Samp les  of the suspensions we re  supptemented 
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wi th  the v a r i o u s  agents to be studied and 3 H - l a b e l e d  p r e c u r s o r s  as ind icated 

in the a p p r o p r i a t e  e x p e r i m e n t s  and m o n i t o r e d  fop the i n c o r p o r a t i o n  of 

r a d i o a c t i v i t y  in to to ta l  ce l l  m a t e r i a l  (acid so lub le  plus a c i d - i n s o l u b l e )  

and r a d i o a c t i v i t y  in a c i d - i n s o l u b l e  m a t e r i a l  as desc r ibed  p r e v i o u s l y  (10-14) .  

R E S U L T S  AND D ISCUSSION 

F ig .  1A i l l u s t r a t e s  the i nh i b i t i on  of u r i d i n e  i n c o r p o r a t i o n  in to  to ta l  
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F ig .  1. Ef fec ts  of papaver ine ,  t heophy l l i ne  and PGE 1 on u r td ine  
i n c o r p o r a t i o n  in to to ta l  ce l l  m a t e r i a l  and a c i d - i n s o l u b l e  m a t e r i a l  (A) and 
r e v e r s i b i l i t y  of the ef fect  (B). (A) Dup l i ca te  samp les  of suspension of  
ce l l s  in basal  med ium 42(BM42;  10) we re  supp lemented as ind ica ted w i th  
270 FM papaver ine  (Merck ,  Sharpe and Dohme)~ 550 ~M theophy l l i ne  
(Mann Res. Lab) o r  30 FM PGE 1 (0 t i m e ) .  I m m e d i a t e l y  t h e r e a f t e r ,  one 
set of  samp les  rece ived  10 FM 3 H - 5 - u r t d t n e  (80 c p m / p m o l e ;  S c h w a r z /  
Mann) and the o the r  set of samp les  a f t e r  1 .5  h r  of  incubat ion  at 37 ° C. 
A t  the ind ica ted  dup l i ca te  0 . 5 - r o t  samp les  of each suspension we re  
ana lyzed  fOP r a d i o a c t i v i t y  in to ta l  cel t  m a t e r i a l  (o-o ,  A - ~  , ~1-"7 , ~ -T~ )  
o r  in a c i d - i n s o l u b l e  m a t e r i a l  (•-¢, & - &  , ~ - ~  , ~ - ~ ) .  A l l  po in ts  rep resen t  
ave rages  of the dup l i ca te  samp les .  (B) Samp les  of a suspension of  ce l l s  in 
BM42 w e r e  supp lemented as ind ica ted  w i th  60 FM PGE 1 or" 30 FM papaver ine  
and incubated at 37 ° C fop 1 .5  he. Then one ha l f  of  each suspension was 
d i r e c t l y  supp lemented w i th  5 #M 3H-5-umid tne  (80 cpm/pmole)~  whereas  the 
o the r  ha l f  of  each suspension was cen t r i fuged  and the ce l l s  we re  mesuspended 
to the same ce i l  dens i ty  in BM42 conta in ing 3H-umid ine ( reve rsed ) .  The 
suspensions w e r e  incubated at 37 ° C and m o n i t o r e d  f o r  r a d i o a c t i v i t y  as in (A).  
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cel t  material and a c i d - i n s o l u b l e  roarer ' ta t  by p a p a v e r i n e ,  t h e o p h y l l i n e  and 

PGE 1 . The  i n h i b i t i o n  of  u r i d i n e  i n c o r p o r a t i o n  in to  a c i d - i n s o l u b l e  m a t e r i a l  

was  d i r e c t l y  p r o p o r t i o n a l  to  the i n h i b i t i o n  o f  i t s  i n c o r p o r a t i o n  in to  t o t a l  

ce l l  m a t e r i a l  and the e f fec ts  w e r e  about the same w h e t h e r  the c e l l s  w e r e  

l abe led  i m m e d i a t e l y  a f t e r  add i t i on  off the d r u g s  o r  affter p r e t n c u b a t i o n  of  

the c e l l s  w i t h  the d r u g s  f o r  1 .5  h r .  PGF2~ ~ had a s i m i l a r  e f f ec t ,  The 

e f fec t s  of  the i n h i b i t o r s  on u r i d i n e  i n c o r p o r a t i o n  in to  both to ta l  ce l l  m a t e r i a l  

o r  a c i d - i n s o l u b l e  m a t e r i a l  w e r e  r e a d i l y  abo l i shed  by c o l l e c t i n g  the c e l l s  

by cen tP i fuga t ton  and suspend ing  t h e m  tn f r e s h  m e d i u m  ( F i g .  1B). 

O h r o m a t o g r a p h t c  ana l yses  of a c i d - e x t r a c t s  p r e p a r e d  f r o m  labe led  c e i l s  

(15) showed tha t  m o s t  of  the r a d i o a c t i v i t y  in the a c i d - s o l u b l e  pool  was  

assoc ia ted  w i t h  U T P  and U D P - s u g a r s  w h e t h e r  or- not the c e i l s  w e r e  labe led  

in the p resence  of  the t h r e e  d r u g s .  The  u r i d i n e  k inase  a c t i v i t y  of c e l l - f r e e  

p r e p a r a t i o n s  o f  N o v i k o f f  c e l l s  (16) was  not a f fec ted  by  5 m M  t h e o p h y l l i n e ,  

300 FtM papavep ine  o r 3 0 0  ~M PGE 1 . These  r e s u l t s  i nd i ca te  tha t  the i n h i b i t i o n  

of  umidine i n c o r p o r a t i o n  o c c u r r e d  at the l eve l  o f  t r a n s p o r t  in to  the ce i l ,  

r a t h e r  than at the l eve l  o f  phosphopy la t i on  o r  n u c l e i c  ac id  syn thes i s  (see a lso  

Refs .  10 and 11). 

U r i d i n e  t r a n s p o r t  was  i n h i b i t e d  by p a p a v e r i n e ,  t h e o p h y l l i n e  and the 

p r o s t a g l a n d i n s  in an a p p a r e n t  c o m p e t i t i v e  m a n n e r  ( F i g .  2).  The appa ren t  

K i va lues  f o r  the i n h i b i t i o n  by  POE 1 (35 kLM) and p a p a v e r i n e  (10 ~M) w e r e  

s i m i l a r  to  the appa ren t  K m f o r  up id ine  t r a n s p o r t  (about 15 FtM). PGF2o < 

w a s  a l ess  e f f i c i e n t  i n h i b i t o r  than PGE 1 and t h e o p h y l l i n e  had a r e l a t i v e l y  

l o w  a f f i n i t y  f o r  the u r i d i n e  t r a n s p o r t  s y s t e m .  Because t r a n s p o r t  i s  the 

r a t e - l i m i t i n g  s tep in the i n i t i a l  ra te  of  i n c o r p o r a t i o n  of  u r i d i n e  in to  nuc le i c  

acids~ the l a t t e r  p r o c e s s  a l so  f o l l o w s  n o r m a l  M i c h a e l i s - M e n t e n  k i n e t i c s  and 
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F ig .  2. Compe t i t i ve  i nh ib i t i on  o f  u r i d i n e  t r a n s p o r t  by theophy t l i ne ,  
PGF2~ , PGE 1 and papaver ine .  Samp les  of  a suspension of ce l l s  in BM42 
w e r e  supplemented w i th  the tnh tb i to rs  as ind ica ted .  Then samp les  of an 
un t rea ted  suspension and the t rea ted  suspensions we re  supplemented wi th  
5, 7 .5 ,  10, 15, 25, o r  40 p~M 3 H - u r i d i n e  (33 c p m / p m o l e )  o r  110 FM (14 
c p m / p m o t e ) .  The i n i t i a l  ra tes  of u r td ine  t r a n s p o r t  we re  es t ima ted  by 
ana lyz ing  dup l i ca te  1-mr samp les  f o r  r a d i o a c t i v i t y  in  to ta l  ce l l  m a t e r i a l  
a f t e r  5 T i n  of incubat ion  at 37 ° C (10, 11). 

the apparent  K m is  about the same as that f o r  u r id tne  t r a n s p o r t  (10, 11). The 

i nh i b i t i ons  of u r id tne  i n c o r p o r a t i o n  in to  RNA by papaver ine ,  theophy t l ine  

and PGE 1 we re  a lso of the compe t i t i ve  type and the apparent  K. va lues  we re  
t 

s i m i l a r  to those f o r  the inhtb t t ton of u r td tne  t r a n s p o r t  (Tab le  1). T h i s  

f i nd ing  is the same as w i th  o the r  t n h i b i t o r s  of u r i d i n e  t r a n s p o r t ,  Persan t tn  

(10, 11) and Cytochatastn B (17, 18), and o the r  r t bo -  o r  deoxyr tbonue teos tdes  

(11, 14). 

The data in F ig .  3 i l l u s t r a t e  that  the th ree  drugs a lso inh ib i ted  the 

i n c o r p o r a t i o n  of hypoxanth ine,  chol ine and deoxyg lucose in to  to ta l  ce l l  

m a t e r i a l .  The i n c o r p o r a t i o n  of  a l l  t h ree  p r e c u r s o r s  as we l l  as of u r td ine  

and thymid tne  w e r e  inh ib i ted  to a s i m i l a r  extent  by the d rugs .  The 

i n c o r p o r a t i o n  o fhypoxanth tne ,  cho l ine (F ig .  3) and t h y m i d i n e  into m a c r o -  

mo lecu les  was inh ib i ted  to about the same extent  as t h e i r  i n c o r p o r a t i o n  

into total cell material, whereas the tntracellular phosphorytation of 
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ble 1. Appa ren t  K ine t i c  Constants f o r  the Inh ib i t i on  of the T r a n s p o r t  of 
V a r i o u s  P r e c u r s o r s  and t h e i r  I n c o r p o r a t i o n  in to M a c r o m o t e c u t e s  

by Papaver ine ,  T h e o p h y t l i n e  and PGE 1 

ecursoP K m K i f o r  Compe t i t i ve  Inh ib i t i on  (FM) 
-F ranspo rE Incorp .  in to M a c r o m o l e c u l e  

(F~M) Papa-  T h e o p h y l -  Papa-  T h e o p h y l -  
r ep ine  l i ne  PGE 1 v e r i n e  l i ne  P®E 1 

idtne 10-15 10 1,300 35 7 1,400 43 
y m i d t n e  0 . 4 - 0 . 6  20 1,600 45 24 1,000 40 
poxantht  ne 3 - 5  12 400 9 17 800 10 
oxyg lueose  1,400 85 4 ,000  >600 . . . . . .  
o l i ne  4 -8  4 6 ,000  >600 11 >6,000 >600 

t ls  w e r e  suspended in BM42 For m e a s u r i n g  u r i d i ne ,  thymtd tne  and hypoxanth ine 
; o r p o r a t i o n  and in g l u c o s e - f r e e  BM42 (13) o r  cho l ine -Free  BM42 (12) f o r  
.,asuring deoxygtucose and cho l ine  i n c o r p o r a t i o n ,  r e s p e c t i v e l y .  The k ine t i c  
a lyses we re  conducted e s s e n t i a l l y  as desc r ibed  in the legend to F ig .  2. 
m p l e s  of  ce l l  suspens ions we re  supp lemented  w i th  1.1 m M  theophy t l i ne ,  
FM PGE 1 o r  30 FM papave r i ne .  The k ine t i cs  of the t r a n s p o r t  r eac t i ons  

d o f  the i n c o r p o r a t i o n  of  the p r e c u r s o r s  in to m a c r o m o l e c u t e s  and of 
;Jr i n h i b i t i o n s  w e r e  d e t e r m i n e d  as desc r ibed  e l sewhere :  t h y m i d i n e  (14), 
3xyg lucose (13), cho l ine  (12), and hypoxanthtne (Zy l ka  and P lagemann,  
preparation). 

none of  the p r e c u r s o r s  was af fected by any of  the drugs  (not shown).  Thus,  

as w i th  u r i d i n e ,  the i n h i b i t i o n s  w e r e  at the leve l  of  t r a n s p o r t  in to  the ce l t .  

T r a n s p o r t  of  a l l  subs t ra tes  was inh ib i ted  by the drugs  in a compe t i t i ve  

m a n n e r  and the apparent  K. va lues  ape s u m m a r i z e d  in Tab le  1. The 

apparen t  K. va lues  For the i n h i b i t i o n  of  u r i d i n e ,  hypoxanthtne,  cho l ine  and t 

t hym id tne  i n c o r p o r a t i o n  in to  m a c r o m o t e c u t e s  we re  s i m i l a r  to those For the 

i n h i b i t i o n  of  t h e i r  t r a n s p o r t  into the ce l l .  Resu l ts  From o the r  e x p e r i m e n t s  

have shown that  the t r a n s p o r t  of  the v a r i o u s  subs t ra tes  by secondary  

cu l t u res  of mouse e m b r y o  Ftbrob ias ts  (19) was inh ib i ted  by papave r ine  and 

PGE 1 to about  the same extent  as the t r a n s p o r t  sys tems  of  NovikofF ce i l s .  

Papavemine a lso  i nh ib i t s  c o m p e t i t i v e l y  the i n c o r p o r a t i o n  of  adenine by 

human p la te te ts  (20; Kt = 15 #M),  though i t  has not been d e t e r m i n e d  
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F ig .  3.  I n h i b i t i o n  of  hypoxanth tne  (A),  cho l ine  (B) and deoxygtucose (O) 
i n c o r p o r a t i o n  by theophy t t tne ,  papaver tne  and PGE 1 . Samp les  of suspens ions  
of ce l ts  in BM42 (A) o r  c h o l i n e - f r e e  BM42 (B) o r  g l u c o s e - f r e e  BM42  CO) we re  
supp lemented  w i t h  1.1 m M  theophy l l t ne  (:~-_rz} ~ ~ - ~  ), 150 tzM papaver tne  
(/'!-.':~ , ~ - ~  ), o r  60 FM PGE 1 ( ~ - f 7  , ~ - ~  ) o r  rema ined  un t rea ted  (o-o,  o-e)  
I m m e d i a t e l y  t h e r e a f t e r ,  the suspens ions  rece ived  (A) 2 . 5  FM 8 H - 8 -  
hypoxanth tne  (100 c p m / p m o l e ;  Schwarz /Mann )~  o r  (B) 2 .5  F~M 3 H - m e t h y l -  
cho l ine  (80 c p m / p m o l e ;  A m e r s h a m / S e a r l e ) ~  o r  (C) 50 F~M 3 H - G - 2 - d e o x y - D -  
g lucose (6 c p m / p m o l e ;  New England N u c l e a r  C o r p . ) .  A l l  suspens ions  we re  
incubated at 37 ° C and at the ind ica ted  t i m e s ,  dup l i ca te  0 . 5 - m r  samp les  
of each suspension were analyzed fop radioactivity tn total celt material or 

in acid-insoluble material. All points ape averages of the duplicate samples. 

w h e t h e r  the e f fec t  i s  one adenine t r a n s p o r t  o r  i t s  phosphory ta t ton .  

The  m o l e c u l a r  basts f o r  the i n h i b i t i o n s  of the t r a n s p o r t  sys tems  by 

papaver tne ,  theophy t t tne  and the p ros tag land tns  ts unknown.  S t r u c t u r a l l y  

these subs tances  have t i t t l e  in common oP w i t h  the subs tca tes  of the v a r i o u s  

t r a n s p o r t  sys tems  they  i n h i b i t .  We are  p r e s e n t l y  i n v e s t i g a t i n g  w h e t h e r  

the i n h i b i t i o n s  ape due to b ind ing  of these subs tances  to the t r a n s p o r t  s i tes  

f o r  subs t ra tes ,  as suggested by the k i ne t i c  ana lyses ,  o r  may  rep resen t  

i n d i r e c t  e f fec ts ,  poss ib l y  v i a  an i nc reased  c e l l u l a r  c y c l i c  A M P  leve l  (21).  
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