
32p INCORPORATION IN THE EARTHWORM 225 

R E F E R E N C E S  

1 ]71. ROSENBERG AND A. H .  ENNOR, Biochem. J.,  73 (1959) 521. 
2 A. H .  ENNOR, H .  ROSENBERG, R.  J.  t{OSSlTER, I. M. BEATTY AND T. J .  GAFFNEY, Biochem. J.,  

75 (196o( 179. 
3 A. H .  ENNOR AND J.  F. MORRISON, Physiol. Rev., 38 (1958) 631. 
4 N. v.  THOAI, J.  ROCHE, Y. ROBIN AND N. V. THIEM, Compt. rend. soc. biol., 147 (1953) 167o. 

N. v.  THOAI AND Y. ROBIN, Biochim. Biophys. Acta, 14 (1954) 76. 
6 ]. M. BEATTY, D. I. MAGRATH AND A. H.  ENNOR, Nature, 183 (1959) 591 . 

S. COHEN AND H.  B. LEW'IS, J. Biol. Chem., 18o (1949) 79. 
s (;. A. LE PAGE, in  W.  \V. UMBREIT, R.  H .  BURRIS .AND J. F. STAUFFER, Manometric Techniques 

and Tissue 3letabolism, 1951, p. 185. 
o A. H .  ENNOR AND H.  ROSENBERG, Biochem. J . ,  51 (1952) 606. 

10 (~_. SCHMIDT AND S, J.  THANNHAUSER, J. Biol. Chem., 161 (1945) 83. 
11 A. H .  ENNOR AND H.  ROSENBERG, Australian J. Exptl. Biol. Med. Sci., 32 (I954)  7Ol. 
12 (;.  E.  DELORY, Biochem. J., 32 (1938) 1161. 
13 H .  ROSENBERG, A. H.  ENNOR AND J. F. MORRISON, Biochem. J.,  63 (1956) 153. 
14 ],. AYENGAR AND E.  ROBERTS, Federatio~ _Proc., 16 (1957) 147. 
15 ]{. j .  ROSSITER, T. J.  GAFFNEY, H .  ROSENBERG AND A. H .  ENNOR, Nature, 185 (~96o) 383 . 
16 1';. ROBERTS AND I. P. LOWE, J. Biol. (?hem., 2 i i  ( I954)  i .  
17 t t .  ROSENBERG, R.  J.  ROSSlTER, T. GAFFNI~;Y AND 2k. H .  ENNOR, Biochim. Biophys. Acta, 37 

(I96o) 385 . 
is 1{. PANT, Biochem. J., 73 (1959) 3 o. 

Bioehim. Biophys. Aeta, 42 (196o) 218 225 

S T U D I E S  ON T H E  I N C O R P O R A T I O N  OF T H Y M I D I N E  INTO D N A  

BY RAT-LIVER HOMOGENATES I N  VITRO 

J.  H .  S C H N E I D E R ,  R.  C A S S I R  AND F. C H O R D I K I A N  

Department o/Biological Chemistry, ,4 merican University o/Beirut ,  Beirul (Lebanon) 

(Received January  I 9 t h ,  196o) 

S U M M A R Y  

[3I-t]thymidine is incorporated into DNA by homogenates of normal and 24 h re- 
generating liver. Regenerating liver homogenates are somewhat more active than 
normal liver homogenates. The incorporation of thymidine is not inhibited by 
ethionine, p-fluorophenylalanine, or fl-2-thienylalanine when these compounds are 
added to incubation flasks in solid form. However, chloramphenicol inhibits incorpo- 
ration by 19 to 91% at concentrations ranging from o.38 mM to 6.2I mM. 

The ability of both normal and regenerating liver homogenates to incorporate 
thymidine into DNA is markedly inhibited by the injection of ethionine 8-14 h before 
the liver is excised. This suggests that the injected ethionine prevents the synthesis 
of an enzyme necessary for thymidine incorporation, or inhibits its activity. 

INTRODUCTION 

It has been demonstrated that the incorporation of E3H~thymidine into regenerating 
rat liver DNA in vivo can be strongly inhibited by the intraperitoneal injection of 

Abbrev ia t ion:  D N A ,  deoxyr ibonuc le ic  acid. 
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ethionine, ethionine hydrochloride, p-fluorophenylalanine, and fi-2-thienylalanine 
hydrochloridO. Chloramphenicol also inhibits incorporation under certain conditions. 
It was therefore desirable to examine the action of these compounds in more detail 
by using an in vitro system. 

METHODS 

The conditions used for incubation are given in the legend of Table I. Methods used 
for isolation of the D N A  and the sources of the inhibitors tested have been given 
previously 1. Rats used in these experiments were either obtained from Germany 
(Tierzuchterei Brunger, Halle, Westfalen, Germany) or from a local rat colony 
originating from the German source. All regenerating livers in these experiments were 
excised 2 4 h after partial hepatectomy. 

T A B L E  f 

T H E  E F F E C T  O F  C H L O R A M P H E N I C O L  ON T H E  I N C O R P O R A T I O N  O F  T H Y ' M I D I N E  I N T O  I )NA 

The  i ncuba t i on  m e d i u m  con ta ined  the  following c o m p o n e n t s  a t  the  final concen t ra t ions  indica ted  : 
G l u t a m a t e ,  lo m M ;  succina te ,  3 mzl/ ;  py ruva t e ,  lo m~']l; m a g n e s i u m  cbloride, 3 raM;  ATP, 
0. 4 r aM;  fructose,  6 iraqi; p h o s p h a t e  buffer,  p i t  7.4, lo  m 3 I  and  sufficient  sucrose to m a k e  the  
m e d i u m  o,25 M sucrose  before tile add i t ion  of the  honlogena te .  The  final concen t ra t ion  of the  
pooled r egene ra t ing  l iver  h o m o g e n a t c  (24 h a f te r  par t ia l  hepa t ec tomy)  from two male  ra t s  (Beirut) 
in o.25. M sucrose was io O/,o. E a c h  25-ml E r l e n m e y e r  incuba t ion  flask also con ta ined  4 #tC of 
LaH~thymidine (Schwartz  Labora tor ies ;  specific ac t iv i ty  36o mC/mmole )  in a final vo lume  of 4 ml,  
Ch lo ramphen ico l  was  weighed out  into d ry  f lasks before o ther  addi t ions ,  and  concen t ra t ions  given 
are  those  which  would be p re sen t  if all t he  ch lo ramphen ico l  had  dissolved. I ncuba t i on  was  for 
45 rain a t  37 °. The  specific ac t iv i t ies  of DNA f rom th ree  f lasks i ncuba t ed  w i thou t  ch lo ramphen ico l  

were 3oio,  2830, and  2790, or an  average  of 2880. 

Chloramphcnicol (M × i~J a) Counts/ruth/rag DNA % Inhibition 

0.00 2880 o 
0.38 2340 19 
o.70 ] 82o 37 

1.25 19oo 34 
1.03 1620 44 
1-97 1560 46 

2.-' 7 i38o 52 
". 73 62 t 78 
3.17 49 ° 83 

3. 8(, 397 86 
4-71 319 89 
0.21 247 91 

RESULTS AND DISCUSSION 

W h e n  r a t - l i v e r  h o m o g e n a t e s  w e r e  i n c u b a t e d  w i t h  a m i x t u r e  of  c o f a c t o r s ,  s u b s t r a t e s ,  

a n d  [ a H l t h y m i d i n e  , t i l e  t h y m i d i n e  w a s  i n c o r p o r a t e d  i n t o  D N A .  I n c o r p o r a t i o n  % l -  

l o w e d  a d e f i n i t e  t i m e  c o u r s e .  I n  o n e  e x p e r i m e n t ,  f o r  e x a m p l e ,  t h e  spec i f i c  a c t i v i t y  of  

t h e  D N A  a f t e r  o, 15, 3o ,  a n d  6o  r a i n  o f  i n c u b a t i o n  w a s  5, 34o ,  95o ,  a n d  1235  c o u n t s /  

m i n / m g  D N A  r e s p e c t i v e l y .  N o  s i g n i f i c a n t  r a d i o a c t i v i t y  w a s  o b s e r v e d  in  D N A  i s o l a t e d  
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from flasks that were identical to the others except that they were not incubated. 
This result indicates that the isolation method completely removes all trace of acid- 
soluble compounds such as the radioactive thymidine and its phosphorylated de- 
rivatives. 

When analogs of amino acids were added directly to flasks containing fortified 
homogenates of 24 h regenerating rat liver and incubated for 45 min, it was shown 
th~,t chloramphenicol produced an inhibition of approximately 75 %. Ethionine, 
p-fluoro-phenylalanine and fl-2-thienylalanine did not show any significant inhibition. 
In each case, 4 mg of the analog was added in solid form to flasks prepared as de- 
scribed in Table I. The failure to observe inhibition with analogs other than chlor- 
amphenicol may be due to the fact that these compounds are not very soluble in 
water. Another possible explanation is that these compounds have no direct inhibitory 
effect on the enzymes concerned with thymidine incorporation, but that inhibition 
observed i n  vivo I is due to some other action, such as inhibition of enzyme syn- 
thesis. 

The inhibition of thymidine incorporation by chloramphenicol was examined in 
more detail by correlating the concentration of chloramphenicol with the per cent 
inhibition as shown in Table I. I t  may be seen that inhibition ranging from 19 to 91% 
can be obtained with chloramphenicol at concentrations of o.38 to 6.2I raM. The 
only definitely established primary effect of chloramphenicol at a metabolic level is 
the inhibition of protein synthesis although the effect on other reactions has been 
rather extensively investigated 2,3. It is known that in some cases chloramphenicol 
inhibits the uptake of precursors into nucleic acids 4-8 while in other cases nucleic 
acid synthesis is stimulated or not affected 9-13. It has not been established that the 
effect on nucleic acid synthesis (when it is observed) is due only to the inhibition of 
protein synthesis. 

The specific activities of DNA obtained after incubation of [aHJthymidine with 
normal and regenerating rat-liver homogenates are presented in Table I I  as the 
"control" values. It  may be seen that there is a wide variation in the ability of 
homogenates to incorporate thymidine into DNA, but that the regenerating liver 
homogenates appear to be approximately twice as active as the homogenates of 
normal liver, if mean values are compared. 

The reason for variation from rat to rat and from experiment to experiment 
has not yet been determined. The values presented in Table I I  are the average of 
results from duplicate or triplicate flasks containing aliquots of the same homogenate. 
Values for these duplicate analyses rarely varied more than ~ 8 % from the average, 
indicating that the variation observed is not due to errors of incubation, isolation of 
DNA or determination of specific activity. The extent of homogenization within wide 
limits does not have a significant effect on the incorporation. In addition, aging the 
homogenate for I h in an ice bath produces only a very slight increase in incorpo- 
ration. A more significant stimulation (6o %) is obtained by aging the homogenate 
for 4 h. 

The incubation medium used in these experiments is one that was found to be 
satisfactory for the incorporation of orotic acid into RNA 14. BOLLrJM AND POTTER t5 
have also published a note on the incorporation of thymidine into normal and re- 
generating liver homogenates using a sucrose system that differs in several respects 
from the one used in this work. In their experiment, BOLLUS.I AND POTTER observed 
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t h a t  a r e g e n e r a t i n g  r a t - l i v e r  h o m o g e n a t e  s h o w e d  44 t i m e s  as m u c h  a c t i v i t y  as a 

n o r m a l  r a t - l i v e r  h o m o g e n a t e .  I t  is n o t  y e t  k n o w n  w h y  s l i gh t  d i f f e rences  in  t h e  i ncu -  

b a t i o n  c o n d i t i o n s  p r o d u c e  t h i s  d i f fe rence  in resu l t s .  

TABLE t i  

T H E  EFFI~CT OF E T H I O N I N E  I N J E C T I O N  ON T H E  I N C O R P O R A T I O N  OF T H Y M I D 1 N E  INTO ])~N~':\ OF 

N O R M A L  A N D  R E G E N E R A T I N G  R A T - L I V E R  H O M O G E N A T E S  

Rats in the "control"  columns received no injection. Rats in the "ethionine" columns received 
one intraperi toneal  injection of ethionine (o.5 mg/g body weight) at  t imes ranging from 8 14 h 
before the t ime of sacrifice. One ra t  with a regenerating liver (specific act ivi ty of 155 ) received 
an injection of i mg of ethionine hydrochloride/g body weight. The conditions of incubation 
are given in Table 1. Each value represents the results obtained with a homogenate fronl one rat, 
except for one value (specific act ivi ty of z58 ) where a pooled homogenate was used. In most 
cases, the value is the average specific act ivi ty of DNA obtained from duplicate or triplicate 
flasks containing the same homogenate. These data represent the results of 9 experiments in 
which both  males and female rats over a wide weight were used. Although the feniales tended 
to give DNA with a lower specific activity, this trend was not clear cut, and the data were not 
strictly comparable since male and female rats  were never tested in the same experiment under 
exactly identical conditions. Incubation was for 45 rain at  37 ° for most experiments,  but  in 

several cases, 6o min incubation times (indicated by parantheses in the Table) were used. 

Counts/rain/rag DNA 

NormM liver Regeneratin~ liver 

Control + Ethioninc C~mlrol {. Ethionine 

296 33 (295) 75 
345 41 (47 ° ) 83 
378 48 673 131 
392 55 695 155 
425 73 895 2 l 2 

{48o) Io,o 258 
(548) 1020 28~> 
035 ([~ 520) * 

(785[} I58O 
9i l  ]660 

(lO6O) (2530) 
(124o) 288o 
(I 79 o) 387 o 

548** 48** 1o2o** 155"* 

* One value of 408 has been omitted since the colorimetric determinat ion of DNA in duplicate 
samples gave values which were unaccountably low, indicating a procedural error. 

** Mean values for the column. 

I t  is k n o w n  t h a t  t h e  i n t r a p e r i t o n e a l  i n j e c t i o n  of e t h i o n i n e  a t  a l eve l  of 0. 5 m g / g  

b o d y  w e i g h t  i n h i b i t s  t h e  i n c o r p o r a t i o n  of f a H l t h y m i d i n e  i n t o  D N A  b y  97 %1. T h i s  
i n h i b i t i o n  w a s  e x a m i n e d  in  m o r e  d e t a i l  b y  i n c u b a t i n g  [ a H ] t h y m i d i n e  w i t h  l i ve r  

h o m o g e n a t e s  o b t a i n e d  f r o m  r a t s  i n j e c t e d  w i t h  e t h i o n i n e  (see T a b l e  I I ) .  I f  t h e  m e a n  

v a l u e s  of i n j e c t e d  a n d  u n i n j e c t e d  r a t s  a re  c o m p a r e d ,  i t  m a y  b e  seen  t h a t  t h e  e t h i o n i n e  

i n j e c t i o n  h a s  i n h i b i t e d  t h e  t h y m i d i n e  i n c o r p o r a t i o n  in n o r m a l  a n d  r e g e n e r a t i n g  l i ve r  

h o m o g e n a t e s  b y  91 a n d  8 4 %,  r e s p e c t i v e l y .  

T h i s  m a r k e d  i n h i b i t i o n  of t h e  a b i l i t y  of b o t h  n o r m a l  a n d  r e g e n e r a t i n g  l i ve r  
h o m o g e n a t e s  to  i n c o r p o r a t e  [ a H ] t h y m i d i n e  i n t o  D N A  i n d i c a t e s  t h a t  e t h i o n i n e  h a s  

p r e v e n t e d  t h e  s y n t h e s i s  or  i n h i b i t e d  t i le  a c t i v i t y  of some  e n z y m e  r e q u i r e d  for  

Biochim. Biophys. Acht, 42 (196o) 225-2-'9 
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thymidine incorporation. It should be of interest to determine whether it is the 
enzymes that phosphorylate thymidine, or the enzyme that polymerizes the deoxy- 
nucleotides to DNA, (or both) which are less active or lacking in homogenates as 
a result of the ethionine injection. 

Deoxynucleotides other than thymidine are required as co-substrates for 
thymidine incorporation if a true DNA molecule is being synthesized. The possibility 
that ethionine might inhibit thymidine incorporation by lowering the level of these 
co-substrates was tested by adding deoxynucleotides of cytosine, adenine and guanine 
to flasks simultaneously at levels of o. 4 mg/flask in one set of four flasks and at 
levels of 4 mg/flask in a second series of four flasks. These flasks contained the usual 
incubation medium as well as normal liver homogenates from rats that had been 
injected with saline or with ethionine. In no case was significant stimulation of in- 
corporation observed. Instead, in three out of four flasks at the 4 mg level, the specific 
activity of D N A  was lower than control values by 52, 69, and 8i  °/o. These results 
indicate that the injection of ethionine has not lowered the tissue levels of deoxy- 
nucleotides. Thus, the reason why injection of ethionine inhibits the incorporation of 
tritium-labeled thymidine into D N A  in vitro still remains to be elucidated. 
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