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S U M M A R Y  

3 H - D i b u t y r y l  c A M P  ( D B c A M P )  w h e n  e x p o s e d  to H e L a  c u l t u r e s  p r o v -  
ed r a t h e r  r e s i s t a n t  to e x t r a c e l l u l a r  d e g r a d a t i o n .  It w a s  taken  up by  the 
cel ls  and led to an accumula t ion  of monobu ty ry l  c A M P  ( M B c A M P ) ,  
wh ich  - in c o n t r a s t  to D B e A M P  - s h o w e d  a high affinity to Gi lmants  
(1) c A M P - b i n d l n g  p r o t e i n ,  c A M P  and D B c A M P  w e r e  not a ccumula t ed  
in the cel ls  to a c o m p a r a b l e  d e g r e e  u n d e r  t h e s e  condi t ions .  

O t h e r  than D B e A M P ,  c A M P  w a s  rap id ly  d e g r a d e d  e x t r a c e l l u t a r y  to 
v a r i o u s  metabol i tes  including adenos ine  which  w a s  taken up by the ce l ls  
and c o n v e r t e d  to pu r lne  nuc l eo t ides .  Only  at high e x t r a c e l l u l a r  c o n c e n t -  
r a t i ons  c A M P  could p e r m e a t e  the cel ls  and lead to a t r a n s i e n t  r i s e  in 
in t r aee l lu l a r  c A M P  l eve l s .  T h e s e  l eve l s ,  h o w e v e r ,  n e v e r  r e a c h e d  the 
s teadi ly  i n c r e a s i n g  c o n c e n t r a t i o n s  of p ro te in  k l n a s e - b i n d i n g  s u b s t a n c e s  
( M B c A M P  + c A M P )  w h e n  s imi la r  c o n c e n t r a t i o n s  of D B e A M P  w e r e  
added  to c u l t u r e s .  

T h e s e  r e s u l t s  indicate that the su s t a ined  h o r m o n e - l i k e  ac t ions  of 
D B e A M P  c o m e  about  mainly by a high r e s i s t a n c e  to e x t r a c e l l u l a r  and 
in t r ace l lu l a r  p h o s p h o d i e s t e r a s e  as  well  as  by the e n z y m i c  c o n v e r s i o n  
to M B c A M P  accumula t ing  in the ce l l s .  

I N T R O D U C T I O N  

It is g e n e r a l l y  a s s u m e d  that the h i g h e r  eff iciency of D B c A M P  in m a n y  

cAMP-responding systems is due to the better permeation into cel ls  of 

the l e s s  p o l a r  d ibutyryl  de r iva t ive  c o m p a r e d  to c A M P  itself, o r  to a 

h i g h e r  r e s i s t a n c e  to p h o s p h o d i e s t e r a s e  (2,  3 ) .  To o u r  k n o w l e d g e  t h e r e  

ex i s t s  no c o m p a r a t i v e  s tudy  on the p e r m e a t i o n  of the two s u b s t a n c e s  

and the i r  eventua l  accumula t ion  within the ce l l s .  We t h e r e f o r e  s y n t h e s -  

ized 3H-DBoAMP and analyzed the kinetics of the uptake of 3H-label- 
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ed cAMP and D B c A M P  by H e L a  S3 cel ls .  During these  studies it 

was  o b s e r v e d  that p ronounced  metabolic al terat ions of the compounds  

inside and outside the cells o c c u r r e d  which,  h o w e v e r ,  w e r e  quite 

cha r ac t e r i s t i c  fo r  each nucleotlde,  and which may explain the opposite 

effects of cAMP and its dibutyryl der ivat ive  on va r ious  metabolic paPa-  

me t e r s  in H e L a  cells (4,  5 ) .  

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

H e L a  $3 cells we re  propagated in modified Joklik medium ( F - 1 3 ,  

G r a n d  Island Biological Co.~ as d e s c r i b e d  p rev ious ly  (6 ) .  Cyclic  

nucleotides w e r e  obtained f rom B o e h r i n g e r ,  Mannheim. 3 H - c A M P  was  

p u r c h a s e d  f rom the Radiochemlca l  C e n t e r ,  A m e r s h a m ,  England.  

3 H - D B c A M P  and 3H-MtBcAMP w e r e  syn thes ized  f rom labeled cAMP 

by slight modifications of the method of P o s t e r n a k  et el.  ( 3 ) .  Cyclic  

nucleot ides ,  eventually af ter  alkaline hyd ro lys i s ,  w e r e  de termined  acc .  

to Gilman ( 1 ) .  

R E S U L T S  

Ex t r ace l l u l a r  de.qrada.tion of. 3 H - l a b e l e d  c A M P ,  MBoAMP and DBcA.MP 

in H e L a  cu l tu r e s .  

When 3H-labe led  cAMP and its butyryl  der iva t ives  w e r e  exposed  to 

H e L a  cells in suspens ion  cul ture (fig. 1) ,  by f a r  the most radioactivity 

was  taken up by the cells which w e r e  exposed  to 3 H - c A M P ,  while 

3 H - D B c A M P  led to v e r y  low ce l l - a s soc ia t ed  radioact ivi ty.  3 H - M B c A M P  

showed  intermediate  uptake.  At f i rs t  sight, these  resu l t s  w e r e  s u r p r i s -  

ing. T h e y  do, h o w e v e r ,  not demons t ra te  be t te r  cell permeabi l i ty  fop 

cAMP c o m p a r e d  to D B c A M P :  

As shown in fig. 2A, 3 H - c A M P  (10 -5 M) is rapidly and nea r l y  com-  

pletely deg raded  in the medium via AMP and IMP to adenos ine ,  inosine,  

and the c o r r e s p o n d i n g  b a s e s  (mainly hypoxanthine)  . D B o A M P  (fig. 2B) 

p r o v e d  to be quite res i s tan t  to the ex t race l lu la r  and mernb rane -aceoa i a t -  

ed e n z y m e s .  Only 13% w e r e  degraded  to M B c A M P ,  1-2% to c A M P ,  

and 5% to fu r t he r  degradat ion p roduc t s  during a 2 hour  incubation pe r i od .  

T h e  high tritium activity in the cells af ter  e x p o s u r e  to 3 H - c A M P  (fig. 1) 

i s  p robab ly  taken up in the fo rm of 3H-adenos ine  (fig. 3) :  Cold AMP 
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fi,q. i :  Uptake  of 3 H - r a d i o a c t i v i t y  f r o m  labeled  cyc l i c  
nuc leo t ides  into H e L a  cel ls  

A s u s p e n s i o n  of H e L a  cel ls  ( 6 x  i0 7 ee l l s /ml  medium)  w a s  incubated  
at 37°C with tr i t ium labeled  cyc l i c  nua leo t ides  at a final c o n c e n t r a t i o n  
of 1 x 10 -5  M and 0 . 6  ,uCi /ml .  Af t e r  incubat ion cel ls  w e r e  cen t r i fuged  
and w a s h e d  twice  with med ium.  T h e  pellet w a s  e x t r a c t e d  with 500 ~l 
of i c e - c o l d  4~0 H C I O  4.  Rad ioac t iv i ty  of the e x t r a c t  w a s  quantified by 
liquid scintillation count ing .  
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fig.  2: E x t r a c e l l u l a r  d e g r a d a t i o n  of c A M P  (A)  and D B e A M P  ( B )  
in H e L a  s u s p e n s i o n  c u l t u r e s  

Condi t ions  a r e  identical  to t h o s e  d e s c r i b e d  in the l egend  to fig.  1. 
T C A  w a s  e x t r a c t e d  f r o m  the s u p e r n a t a n t  by w a t e r - s a t u r a t e d  die thyl -  
e t h e r ,  r e s i d u a l  e t h e r  r e m o v e d  by  heat ing s a m p l e s  to 9 5 ° C  fo r  3 rain. 
S e p a r a t i o n  of r a d i o a c t i v e  split p r o d u c t s  w a s  p e r f o r m e d  by  p a p e r  c h r o -  
m a t o g r a p h y  ( p a p e r :  S c h l e i c h e r  & SchLill, 2043 bM; so lven t  s y s t e m ( 8 ) :  
1 M a m m o n i u m  ace ta te  pH=7.5/ethanol=3/7.5 ( v / v ) )  af ter  addition of 
c a r r i e r  c A M P ,  M B c A M P ,  D B c A M P ,  A M P  and AIR. U V - a b s o r b i n g  
spo t s  w e r e  cut  out ,  eluted with 0 . 1  N H C I ,  and a n a l y z e d  fop r a d i o -  
activity (500 .ul + 15 ml d l o x a n e - o m n i f l u o r  scintillation mix ture  ) .  T h e  
g r a p h i c  s y m b o l s  in fig.  2B c o r r e s p o n d  to t h o s e  in f ig.  2 A .  (A  = aden ine ;  
A R  = a d e n o s i n e  ; I = hypoxan th ine  ; IR = inos ine )  . 
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and a d e n o s i n e  in e q u i m o l a r  a m o u n t s ,  but not a d e n i n e ,  s u p p r e s s e d  c o m -  

p le te ly  the u p t a k e  of t r i t ium by  the ce l l s  due  to t r a p p i n g  the i s o t o p e .  

A d e n o s i n e ,  wh ich  is t aken  up by  the ce l l s  r a t h e r  r a p i d l y ,  s h o w s  a 

V b r e a k - t h r o u g l 4  of the i so tope  a f t e r  3 h o u r s  of i ncuba t ion .  Pa r t {a l  

s u p p r e s s i o n  of 3 H - u p t a k e  a l so  o c c u r r e d  in the  p r e s e n c e  of IMP and - 

to a s m a l l e r  d e g r e e  - of inoMne,  wh ich  m a y  incida~e t ha t  p a r t  of c A M P  

w a s  d e g r a d e d  v ia  A M P -  I M P -  i n o s i n e .  

i0 + aden{he . ~  

3 6 hours 

f ig .  3: S u p p r e s s i o n  of t r i t ium up take  by  ce l l s  f r o m  e x o g e n o u s  
3}- I -cAMP by  e x o g e n o u s  un l abe l ed  A M P  and a d e n o s i n e  

M o n o l a y e r  c u l t u r e s  (2 x 106 c e l l s / f l a s k ;  24 h a f t e r  s e e d i n g )  w e r e  in-  
c u b a t e d  with  3 H - c A M P  ( l x l 0 - 4 M ;  680 n C i / 1 0  ml m e d i u m ) .  A M P ,  
a d e n o s i n e ,  and  aden ine  w e r e  a d d e d  at e q u i m o l a r  c o n c e n t r a t i o n s .  A f t e r  
incuba t ion ,  m o n o l a y e r s  w e r e  r i n s e d  tw ice  with i c e - c o l d  m e d i u m ,  and  
ce l l s  h a r v e s t e d  with the  aid of a p o l i c e m a n .  Cel l  n u m b e r  w a s  d e t e r -  
mined  with a C o u l t e r - c o u n t e r .  T h e  cell s u s p e n s i o n  w a s  c e n t r i f u g e d  
f o r  5 min at 3000 r p m .  T h e  pe l le t  w a s  e x t r a c t e d  with 500 ~ul 4% 
H C 1 0  4 and  the  a c i d - s o l u b l e  f r a c t i o n  w a s  a n a l y z e d  f o r  r ad ioac t i v i t y  
a s  d e s c r i b e d  in the  l egend  to f ig .  2.  

T h e  e x p e r i m e n t s  p r e s e n t e d  in f ig.  4 a l so  point  to split  p r o d u c t s  of 

3 H - c A M P  a s  the  f o r m  in wh ich  3}4 f r o m  l abe l ed  c A M P  is t a k e n  up by  

the c e l l s .  T h e o p h y l l i n e  a s  an inhibi tor  of the e x t r a c e l l u l a r  p h o s p h o d i -  

e s t e r a s e  s t r o n g l y  r e t a r d e d  t r i t ium u p t a k e  f r o m  3 H - c A M P .  It h a d ,  

h o w e v e r ,  no inf luence  on the up take  of 3 } 4 - D B c A M P  b y  the I--IeLa 

suspension c u l t u r e s .  

In c o n t r a s t  to D B c A M P  the m o n o b u t y r y l  d e r i v a t i v e  s e e m e d  to be  c o n -  

s i d e r a b l y  l e s s  r e s i s t a n t  to e x t r a c e l l u l a r  spl i t t ing.  

A c c u m u l a t i o n  of M B c A M P  in c e ! l s  e x p o s e d  to D B c A M P  
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f ig .  4: Influence of theophyl l ine  on the uptake of tritium 
by H e L a  cells from labeled cyclic nucleotides 

Condi t ions  w e r e  the same as  in f ig .  1. T h e  c o n c e n t r a t i o n s  of c A M P  
and D B c A M P  w e r e  l x  10 - 3 M ,  and of theophyl l ine 2 x  10 - 3 M .  Z e r o  
v a l u e s  f r o m  the n o n - w a s h e d  ce l l s  ( identical in all four  c a s e s )  w e r e  sub-  
t r a c t e d .  Other  details  a r e  d e s c r i b e d  in the l egend  to f ig .  1.  
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f ig .  5: Labe l ing  pattern of intracel lu lar  d e r i v a t i v e s  after incubation 
with 3 H - c A M P  ( A )  and 3 H - D B c A M P  ( B )  

Incubation condit ions  and extract ion of a c i d - s o l u b l e  material  are  d e s c r i b e d  
in the l egend  to f ig.  1, with a final c A M P  o r  D B c A M P  concentrat ion  of 
1 x 10 -5  M and 0 . 6  ~uCi/ml .  A n  aliquot of the a c i d - s o l u b l e  fraction w a s  
neutra l i zed  with K H C O 3 ,  and c h r o m a t o g r a p h e d  ( s e e  f ig .  2 ) .  

The extracellular degradation of 3H-cAMP to 3H-adenosine and the 

uptake of 31-{ in this form followed by intracellular phosphorylation is 

also reflected by the intracellular distribution of the label (fig. 5A). 

When exposed to 10-SM cyclic nucleotide, tritium was found during 

the first 2 hours nearly exclusively in purine nucleotides. The cAMP 

fraction contained less than 0.5% of total acld-soluble radioactivity taken 
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up by the ce l l s .  Quite different  dis tr ibut ion w a s  o b s e r v e d  in the c a s e  

of 3 H - D B c A M P  (which  y ie lded  a much  l o w e r  level of total t r i t ium) 

(fig. 5 B ) .  3 H - a d e n o s l n e  p h o s p h a t e s  c o m p r i s e d  l e s s  than half of the 

a c l d - s o l u b l e  ce l lu la r  r ad ioac t iv i ty .  T h e  in te res t ing  point,  h o w e v e r ,  is 

the fact  that ne i the r  D B c A M P  n o r  c A M P  s h o w e d  a signiflcan~ i n c r e a s e  

w h e r e a s  M B c A M P  accumula t ed  ins ide the cel ls  ~o substant ia l  v a l u e s ,  

even  at t he se  low (10 . 5  M) e x o g e n o u s  D B c A M P  c o n c e n t r a t i o n s .  

% 

v 
m 

u 

A 
D B c A M P  • 

I 

.A" 

ll" 

~5 9~ mln 

- 0 . 5  

g ~ o A M P  

m 

~'~ 9'o m ~  

fiq. 6: A l t e r a t i ons  of i n t r ace l lu l a r  levels  of cyc l ic  nuc leo t ides  
in the p r e s e n c e  of 1 x 10 . 5  M c A M P  o r  D B c A M P  

A)  L e v e l s  of p ro te in  k inase -b ind in9  mate r ia l  
B )  In t r ace l lu l a r  dis tr ibut ion of c A M P  d e r i v a t i v e s  

dur ing  incubat ion with D B c A M P  

T h e  e x p e r i m e n t s  in fig.  6A w e r e  p e r f o r m e d  u n d e r  condi t ions  d e s -  
c r i b e d  in fig.  1. De te rmina t ion  of p ro te in  k i n a s e - b i n d l n g  mater ia l  w a s  
p e r f o r m e d  in T C A  e x t r a c t s  (cf .  f i s .  2) a c c .  to Gi lman ( 1 ) .  
]Fig. 6Bo In t r ace l lu l a r  dis tr ibut ion of cyc l i c  nuc leo t ides  w a s  a n a l y z e d  
by c h r o m a t o g r a p h i c  s e p a r a t i o n  of labeled D B c A M P  and de r i va t i ve s  
as  d e s c r i b e d  in the l egend  to fig.  2. 

A p p a r e n t l y ,  D B c A M P  w a s  h y d r o l y z e d  - p r e s u m a b l y  by  an in t r ace l lu l a r  

e s t e r a s e  (7) - to M B c A M P  at an a p p r e c i a b l e  r a t e .  

When in t r ace l lu l a r  l eve l s  of cyc l i c  nuc leo t ides  w e r e  a n a l y z e d  by the 

Gilman method (binding to m u s c l e  pro te in  k lnase  ( 1 ) )  (fig. 6 A ) ,  again 

no signif icant  i n c r e a s e  in i n t r ace l lu l a r  c A M P  o c c u r r e d  in the p r e s e n c e  

of 10 -5  M e x o g e n o u s  c A M P .  In c o n t r a s t ,  a definite r i s e  (3-fold)  in 

M n a s e - b i n d l n g  mater ia l  w a s  de tec ted  in the p r e s e n c e  of D B c A M P .  

A s  D B c A M P  is p r ac t i c a l l y  not bound by the c A M P - b i n d i n g  p ro te in  

while  M B c A M P  and c A M P  exhibit n e a r l y  identical  affinities ( 7 ) ,  the 

i n c r e a s e  in the p r e s e n c e  of D B c A M P  must  be due to c A M P  o r  
1016 
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I n c r e a s e  in i n t r a c e l l u l a r  cyc l i c  n u c l e o t i d e s  in c u l t u r e s  
e x p o s e d  to high c A M P  and D B c A M P  c o n c e n t r a t i o n s :  

A )  L e v e l  of p r o t e i n  k i n a s e - b i n d i n g  m a t e r i a l  
B )  I n t r a c e l l u l a r  d is t r ibut ion  of c A M P  d e r i v a t i v e s  

d u r i n g  incubat ion  with D B c A M P  

Cond i t ions  and  ana ly t ica l  de ta i l s  w e r e  the s a m e  as  d e s c r i b e d  in the  
l e g e n d  to f ig .  6, the  c o n c e n t r a t i o n s  and  r a d i o a c t i v i t i e s  of added  c A M P  
and D B c A M P  w e r e  1 x 10 . 3  M and 0 . 6  . uC i /ml  in both  c a s e s .  
D i s t r ibu t ion  of i n t r a c e l l u l a r  cyc l i c  n u c l e o t i d e s  w a s  a n a l y z e d  a f t e r  c h r o -  
m a t o g r a p h i c  s e p a r a t i o n  and  elution b y  the p r o t e i n  k i n a s e - b i n d i n g  t e s t  (1)  

M B c A M P  f o r m a t i o n .  F i g .  6B s h o w s  aga in  that  this  t l m e - d e p e n d e n t  

i n c r e a s e  in p ro t e i n  k i n a s e - b l n d i n g  m a t e r i a l  is so l e ly  c a u s e d  by  a r i s e  

in M B c A M P  u n d e r  t h e s e  cond i t i ons .  

At 10-5M c o n c e n t r a t i o n s  of cyc l i c  n u c l e o t i d e s  I - I eLa  ce l l s  s h o w  v e r y  

s l ight ,  if any  me tabo l i c  a l t e r a t i o n s .  When a d d e d  in 1 0 - 3 M  c o n c e n t r a t -  

i ons ,  s t r o n g  dev ia t ions  f r o m  n o r m a l  of v a r i o u s  p a r a m e t e r s  could b e  

o b s e r v e d  (4 ,  5 ) .  When ce l l s  w e r e  e x p o s e d  to t h e s e  h i g h e r  c o n c e n t r a t -  

ions  (f ig.  7 A ) ,  a r a p i d  initial r i s e  in i n t r a c e l l u l a r  c A M P  w a s  found 

with e x o g e n o u s  c A M P .  In the c a s e  of e x o g e n o u s  D B c A M P ,  the  in-  

c r e a s e  in k i n a s e - b i n d i n g  m a t e r i a l  in the ce l l s  is 60 t i m e s  h i g h e r  than  

n o r m a l  c A M P  l e v e l s .  U n d e r  t h e s e  high d o s e s  of e x t r a c e l l u l a r  

D B c A M P  too ,  M B c A M P  w a s  the  d e r i v a t i v e  with the  h ighes t  i n c r e a s e  

ins ide  the  ce l l s  (f ig.  7 B ) .  It s e e m s  i m p o r t a n t  to point  out ,  that  in the  

case of  exogenous c A M P  the intracellular cyclic nucleotlde concentration 

passed through an oaal:)timum and then levelled off. An increase and 

early decline of {ntracellular cAMP occurred also in monolayer cultures 

in spite of a persistence of high (2 x 10 -4 M) extrecellular cAMP con- 

centmation under these conditions (67% left afl;er 24 hours). 
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T h e  da ta  p r e s e n t e d  do ~ s u p p o r t  the  v iew that the  s u s t a i n e d  h o r m o n e -  

like ac t ions  of D B c A M P  c o m e  abou t  by  a b e t t e r  p e n e t r a t i o n  c o m p a r e d  

to c A M P .  R a t h e r ,  the s u p e r i o r i t y  of D B c A M P  in H e L a  c u l t u r e s  is 

the consequence of two metabolic characteristics: 

High resistance of DBcAMP to extracellular and {ntracellular phospho- 

diesterase(s) -- 

Deacylation w~th concomitant intracellular accumulation o{ MBcAMP 

having an a~inity to protein kinase(s) comparable to cAMP -- 

M B c A M P  s e e m s  to b e  the  t r u e  imi ta to r  of i n t r a c e l l u l a r  c A M P ,  w h e n  

D B c A M P  is a d d e d  to t i s s u e s  a s  j udged  f r o m  its a c c u m u l a t i o n  within the 

c e l l s ,  its high affinity to GilmanVs c A M P - b l n d i n g  p ro t e in  and  f r o m  the 

e a r l y  o b s e r v a t i o n s  (3)  that  M B c A M P ,  but not D B c A M P ,  s t imula ted  

p h o s p h o r y l a s e  b --:~ a c o n v e r s i o n  in cell  h o m o g e n a t e s .  
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