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The biological synthesis and turnover of nucleic acids has received increasing 
attention with the ready availability of isotopes, particularly 32p, 15 N and 14C. 32p has 
been used to study turnover rates of nucleic acids, or at least the turnover rates of the 
phosphorus in nucleic acid 1, 2. 10 N and 14C have been utilized to study the possible 
precursors of nucleic acids and to a lesser extent to study nucleic acid turnover. Of the 
simpler substances, ammonia 3, glycine 4, ~, carbon dioxide and formate6, 7 have all been 
shown to be incorporated into the nucleic acid purines. Of the more complex substances, 
adenine s, and guanine 9, lo are incorporated into the nucleic acid purines but  not into 
the pyrimidines. The reported incorporation of adenine is significantly less for the C57 
male mouse than for the Sherman rat, while guanine is reported to be used more effi- 
ciently by the mouse than by the rat% 

The whole animal experiments have generally reported the utilization of adenine 
after several days of feeding, and the nucleic acids have usually been isolated from 
only a limited number of organs. The incorporation of adenine into the soluble nucle- 
otides, with the exception of those in the carcass, generally has been neglected. The 
amount of the administered adenine incorporated into the nucleotide and nucleic acid 
fractions in the various tissues has not been reported. Although studies have been made 
of the variation with time of the distribution of administered 82p 2,11-15, glycine 4,16, and 
orotic acid 1~, is in the cell fractions of the liver, no similar studies have been reported 
with adenine. 

In the studies reported here, adenine-4,6-14C has been utilized to study the turnover 
rate of the soluble nucleotides as well as the nucleic acids of C57 mice. Examination 
has been made of the soluble nucleotides for the possible presence of intermediate 
compounds in the synthesis of nucleic acids from adenine. In addition, the distribution 
of adenine-14C in the cellular components of the liver as a function of time has been 
studied. 

METHODS 

Administration o] adenine and [ractionation o/tissue 
Adul t  male  C57 mice, weight  23-26 g, age 4 -6  m o n t h s ,  were in jected in t raper i tonea l ly  w i t h  

1.2 m g  of adenine-4,6-1*C TM con ta in ing  1.7. I°~ dis/rain,  dissolved in 0.5 ml  of 0 .9% saline.  I n  t hose  

* Presen ted  a t  the  Second In t e rna t iona l  Congress  of Biochemis t ry ,  Paris ,  Ju ly ,  1952, 
** P r e s e n t  address .  
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exper iments  in which respi ra tory  CO 2 and urine samples were collected, the animals were placed 
in metabol ism cages, otherwise they  were placed in individual cages designed to prevent  contami- 
na t ion  of food and water  by  the excreta. The mice were sacrificed by  decapitation and the organs 
were quickly removed and immediately Iract ionated as described below. Generally the following 
organs were u t i l ized: the  carcass (including bone) after skinning, liver, and s tomach and intestines*. 
The da ta  represent  one to three mice at  each t ime interval.  

The entire carcass and the s tomach and intestines were homogenized in a Waring blendor with 
cold io°/o trichloroacetic acid to ext rac t  the acid soluble nucleotides2°; a Pot ter  homogenizer was 
used for the liver. To ensure complete extraction, each tissue was extracted 5 t imes with relatively 
large amoun t s  of TCA (t25 ml /ext rac t  for the carcass, 3 ° ml for the s tomach and intestines, and 
io ml for the liver). Generally only the first two extracts  were saved since they  were shown to contain 
about  97o/o of the tota l  cold TCA extractable carbon-I  4. This fraction is subsequent ly  referred to 
as the nucleotide fraction. 

Subsequent ly  tile tissue was washed with alcohol and then ether and the total  nucleic acid 
extracted from the residue with hot  lO% TCA 2°. The TCA was conveniently removed from the 
extracts  by  cont inuous extract ion for i 2 hours  wi th  ether in a suitable l iquid-liquid extractor.  

The total  amoun t  of carbon-I  4 act ivi ty in each extract  was determined by direct plat ing 
techniques.  An approximate  value for the nucleotide content  of each fraction was made by measuring 
the ul traviolet  absorpt ion at 26o m/~. 

Separation o[ liver cell components 
The differential centrifugation technique of SCHNEIDER AND HOGEBOOM ~1 in o.25 M sucrose 

was used to separate the liver cell components .  After removal  of the connective tissue, the liver 
was homogenized in io ml of sucrose in a plastic Pot ter  homogenizer, and the homogenate  centrifuged 
at  15oo r .p.m, for 15 minutes  (Spinco centrifuge, No. 4 ° rotor).  The nuclear precipitate was rehomo- 
genized and recentrifuged. The combined superna tan t s  were centrifuged at 7ooo r.p.m, for 15 minutes  
and the mitochondrial  precipitate obtained was washed by  suspension in sucrose solution and re- 
centrifugation.  The superna tan t  was centrifuged at 3o,ooo r .p.m, for 3 ° minutes  and the microsomal 
precipitate obtained was washed by  guspension in sucrose solution and recentrifugation. The cellular 
fractions obtained were extracted with cold and then  hot TCA. PNA was est imated by  the orcinol 
reaction~2, 23, and DNA was est imated by the diphenylamine reaction 24. In  addition, total  nucleic 
acid was est imated by  ultraviolet  absorpt ion at 26o m# using the factor, o.o25 density units  (vol. 
in ml X densi ty at  26o m/~)//~g nucleic acid. Good agreement  was obtained. 

Determination o/specific activity o[ nucleotide and nucleic acid adenine 
I ml aliquots of the nucleotide fraction containing 25-5o #g  of adenine as nucleotides were 

allowed to s tand 2-3 days at room tempera ture  with a slight excess of calcium hydroxide to hydrolyze 
ADP and ATP to 5-adenylic acid ~5. Subsequent ly  the mononucleotides were precipitated by  the 
addition of 2 volumes of ethanol. The precipitate was dissolved in a small amoun t  of dilute acetic 
acid and chromatographed  two-dimensional ly on W h a t m a n  No. I filter paper,  first in 4 ° % butanol-  
25% propionic acid-35 % water  (wt. %), and subsequent ly  in 60% propanol-3o % a mmon ium 
hydroxide- Io  % water  (vol. %). The main spot, of 5-adenylic acid, was located with ul traviolet  light 
and eluted wi th  o.1% formic acid. Several less intense and smaller spots  were f requent ly  observed 
nearer the origin and were eluted in a similar manner  bu t  they  usually contained less t han  5 % of 
the activity. The specific act ivi ty of the 5-adenylic acid was determined after es t imation of the 
quan t i ty  of material  present  with 5-adenylic acid deaminase 26. 

Adenine in the hot  TCA extracted nucleic acids was isolated by  hydrolyzing the adenylic and 
guanylic acids with I M HC1 at 9 o°, and subsequent ly  chromatograph ing  on W h a t m a n  No. I filter 
paper,  first in p ropanol -ammonia-water  and then in butanol-propionic acid-water. Adenine and 
guanine were separately eluted wi th  o .1% formic acid. The concentrat ion of adenine was determined 
spectrophotometr ical ly  at 305 m#  with xanth ine  oxidase 27, and the carbon-i  4 in a separate aliquot 
of the eluate was determined. 

The free adenine-14C in the nucleotide extracts  of mice at several time intervals after  injection 
was determined by  carrier ch roma tog raphy  on W h a t m a n  No. i filter paper.  The adenine spot  was 
eluted and the act ivi ty present  in the original extract  calculated from the percentage of carrier 
adenine recovered and the carbon- i  4 present  in the eluate. 

Counting procedures 
Direct plat ing techniques were used for the TCA extracted fractions and for compounds  eluted 

after chromatography.  Generally duplicate samples were counted. Suitable self-absorption corrections 
were applied. Respira tory  CO 2 was determined by collection of the CO~ in sodium hydroxide and 
precipitat ion as bar ium carbonate  by  s tandard  techniques.  The radioact ivi ty measurements  were 

* The s tomach and intestine fraction also includes the spleen, pancreas,  and gonads. 
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made with a proportional counter (Nucleometer, Radiation Counter Laboratories, Chicago) (counting 
efficiency o o,, 4 ,,o, background equivalent to ioo dis/min) or a GM counter (Brfiel and Kjaer, Copen- 
hagen) (counting efficiency 16 %, background equivalent to 3 ° dis/rain). 

RESULTS 

"°/  of total  injected" in the The distribution of carbon-I 4 activity expressed as ,'o 
nucleotide and nucleic acid fractions 2 hours and 24 hours after injection of 1.2 mg of 
adenine-4,6-14C into male C57 mice is shown in Table I. In addition, the percentage 
remaining as free adenine in the nucleotide fraction is indicated. About 5o% of the 
administered adenine has been converted into compounds which are not rapidly ex- 
creted. Table I I  indicates the rate of excretion of radioactive respiratory CO S during 
the first 24 hours following the administration of adenine-4,6-14C. 

TABLE I 

DISTRIBUTION OF CARBON-I 4 AFTER INJECTION OF ADENINE-4,6-14C INTO MALE C57 MICE 

(% of adenine injected) 

2 Hours after injection 2 4 Hours after injection 
Tissue 

Cold TCA extract ttot TCA extract Free ad2nine Cold TCA extract Hot TCA extrac~ Free adenine 

Carcass 14 1.9 o.3 12.2 4.4 
Liver IO o.6 i .o 5.7 2.2 
Stomach and 

intestines 18 5.o o.7 7.8 7.3 
Kidney 9 o. i 8. i o. 5 
Spleen o.6 o. I o.4 o. 5 
Lungs o. 4 o.04 
Heart o.i o.oi 

Total. 52 7.8 2.0 34 14.9 

Breath 2. t 16 
Urine 4 ° 3 ° 

Total. 

~ O . I  

< 0.03 

< 0.o5 

0 .2  

1°4 97 

TABLE II 

~o OF ADMINISTERED ADENINE-4,6-14C RADIOACTIVITY IN RESPIRATORY C O  2 

Time after injection Time after injection 
(hours) % Activity in C02 (hours) % Activity in CO~ 

o- i  0.6 8- io  1.4 
1--2 1.6 10--12 I '3 
2- 4 2.2 12-16 2. 3 
4-6 1.8 16-24 3.1 
6-8 I. 7 

Total. o-24 16.o 

P a p e r  c h r o m a t o g r a p h y  of t h e  u r ine  fo l lowed  b y  r a d i o a u t o g r a p h y  h a s  i n d i c a t e d  4 

to  6 r a d i o a c t i v e  c o m p o u n d s  to  be  p r e s e n t ,  i n c l u d i n g  a l l an to in ,  p r o b a b l y  ur ic  acid ,  a n d  

in s o m e  e x p e r i m e n t s  a d e n i n e  a n d  h y p o x a n t h i n e .  P r e s u m a b l y  t h e  r a d i o a c t i v e  r e s p i r a t o r y  

CO 2 r e p r e s e n t s  t h e  6 p o s i t i o n  of t h e  a d e n i n e  w h i c h  is c o n v e r t e d  to  a l l a n t o i n  2s. G u a n i n e -  

4-14C is k n o w n  to  be  c o n v e r t e d  to  a l l a n t o i n  b u t  to  y i e ld  no  r a d i o a c t i v e  r e s p i r a t o r y  COz 29. 
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The total carbon-I4 activity of the nucleotide fraction of the stomach and intestines 
from ½ hour to 16 days after administration of the adenine is shown in Fig. I. The 
specific activity of the 5-adenylic acid obtained upon treatment of this fraction with 
calcium hydroxide is also presented. Similar data for the specific activity of the carcass 
5-adenylic acid and the liver 5-adenylic acid is presented in Table I IL Estimation by 

ultraviolet absorption of the quanti ty of 5- 

. 4ooc~ I~ 2~6 ~ O x ~  
c 6dOOOl:Fi " " '~ '~_ AID' °t /Z7-3.0xtO 

20 x106~, 

'~ ~t~ N ~'~, ~ 4.72 8xI0~ 
- ~ ouu[j~ \'~ ~ 3 . 5 4  -6xlO ~ (3 
~'~ 4o0 "~ ~ ~" 

.~ \ .  ~ 0 ° 

~ . , ,  s°ti "4"'.  ~ _ 

._~ ~ ,  ~ct. Iyaff life 3.5 days 
~: O5~ i~s  3 7 days 'ce ' '  : " ' - "  t6 

rime a f t e r  injection 

Fig. I. To ta l  ca rbon- I  4 a c t i v i t y  of the  
nnc leo t ides  i so la ted  by  e x t r a c t i o n  w i t h  cold 
TCA from the  s t omach  and  in tes t ines  of mice 
from o. 5 hours  to  16 days  af ter  admin i s t r a -  

t ion  of adenine-4,6-14C X - - - - X  

Specific a c t i v i t y  of the  5-adenyl ic  acid iso- 
l a ted  from the  same source O - - - - O  

adenylic acid derivatives extracted from the 
stomach and intestines, carcass, and liver 
gave average values of 3.o mg, IO mg, and 
1.2 mg (expressed as adenine) respectively. 
Enzymatic assay of the extracts by muscle 
5-adenylic acid deaminase and potato apyrase 
or by intestinal adenosine deaminase and 
alkaline phosphatase, nucleoside phosphor- 
ylase and xanthine oxidase 26, 30 indicated that 
the extract of stomach and intestines contain- 
ed about 5o% of the ultraviolet absorbing 
material at 26o m/z as 5-adenylic acid com- 
pounds. About 4o% of the nucleotides was 
5-adenylic acid and the remainder was ADP 
and ATP. The corresponding figures for the 
carcass nucleotide fraction were 75-85% 
"pure"  with 5% as AMP and 95% as 
ADP-ATP and for the liver 55-6o% "pure"  
with 7o% as AMP and the remainder as 
ADP-ATP.  

T A B L E  I I I  

S P E C I F I C  A C T I V I T Y  A N D  H A L F - L I F E  OF N U C L E I C  A C I D  A D E N I N E  A N D  

5 - A D E N Y L I C  A C I D  I N  V A R I O U S  T I S S U E S  

(dis/min/Fg Adenine) 

Liver Stomach and intestines Carcass 
Time after injection 

5-Advnylic acid Nucleic acid* 5-Adenylic acid** Nucleic acid Nucleic acid 5-Adenylic acid 

~4 hour  74 ° 95 800 35-5 74 16.8 
2 hours  lO8O 88 193o 205 19o lO6 

173o 65 2300 25 ° 235 142 
24 hours  800 - -  790 265 166 178 
74 hours  428 34 ° 290 188 144 116 

7 days  148 290 126 79 113 78 
16 days  - -  91 23.6 13 68 39 

13 hours  
HMf-life (days) 2.2-2. 5 7-8 3.5 3.5 12 8 

* The  specific a c t i v i t y  of the  l iver  nucleic acid was  ca lcu la t ed  from the  P N A  ana lys i s  of the  
l iver  fract ions.  I t  was  assumed  t h a t  aden ine  represen ted  io  % of the  nucleic acid (by weight) ,  and  
the  ra t io  of a c t i v i t y  in the  adenine  to  t h a t  in the  guan ine  was  3 / I .  

** Two "ha l f - l ives"  are represen ted  in  the  decay  r a t e  of t he  nuc leo t ide  f rac t ion  of the  s t o m a c h  
and  in tes t ines .  
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Tile radioactive compounds in the nucleotide fraction of the stomach and intestines, 
and ttle liver 2 hours after administration of the adenine were investigated by paper 
chromatograt)hy followed by radioautography. As shown in Fig. 2, two radioactiw~ 
zones identified as 5-adenylic acid and ADP (ATP ?) account for over 8o °o of the radio- 
activity present as determined by elution and subsequent carbon-I 4 determination. The 
radioactive 5-adenylic acid also coincided with carrier 5-adenylic acid upon two-di- 
mensional chromatography followed by radioautography. Spot Xx accounting for Io % 
of the activity is believed to be uric acid, spot X 2 is probably allantoin, and spot X 3 
corresponds with a radioactive compound also found in the urine but as yet unidentified. 

ATP? ATP? ADP 5-AMP X~ X2 X~ 

Fig. 2. Radioautographs of chromatographed cold TCA extracts of viscera (lower) and liver (upper) 
obtained two hours after injection of adenine-4,6A4C into C57 mice. X 1, X 2 and X a not identified. 

Treatment of the nucleotide fraction of the stomach and intestines and the liver 
obtained two hours after administration of adenine with muscle deaminase and crude 
potato apyrase containing adenosine deaminase and phosphatase yielded inosine as the 
main radioactive compound as shown by chromatography in propanol-ammonia-water 
and subsequent radioautography. This spot was eluted and rechromatographed two- 
dimensionally with carrier inosine, adenosine, and adenine. The radioactivity was 
associated only with the inosine. 

The specific activity of the nucleic acid adenine of the stomach and intestines* is 
shown in Fig. 3. The decrease of specific activity of the adenine in the nucleic acid of 
the stomach and intestines follows a first order reaction rate after 24 hours and from 
the data obtained a "half-life" or "turnover rate" of the nucleic acid can be calculated. 
Similar data for the specific activity of the carcass and liver nucleic acid adenine is 
presented in Table I II .  The values for the liver nucleic acid adenine were calculated 
from the specific activity of the PNA as 

~ ': 
~o 

determined by the orcinol reaction. It  was 
assumed that the adenine represented zo % 
of the nucleic acid and the ratio of activity 
in the adenine to that in the guanine was 
3/1. Approximately this ratio was obtained 
in the carcass and the stomach and in- 
testines. Table I I I  also compares the spe- 
cific activity of the nucleotide adenine 
with that of the nucleic acid adenine. 

The "half-lives" of the adenine in the 
nucleotides and nucleic acid of the liver, 
stomach and intestines, and carcass have 
been calculated from the data for I day to 
16 days and are presented in Table I I I .  

* See footnote, page 488. 

~ ~ .'~ 

Time after" injection 
hrs 

Fig. 3. Carbon-I4 activity of the nucleic acid 
adenine isolated from the stomach and in- 
testines of male C57 mice from ~6 h to 16 day~, 

after injection of adenine-4,6-14C. 
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The distribution of radioactivity in the cellular components of the liver as obtained 
by fractionation in o.25 M sucrose at several time intervals after administration of 
adenine-14C is shown in Table IV. As isolated, the cytoplasmic supernatant fraction 
contained approximately 9 o% oI the nucleotide activity at all time intervals, the mito- 
chondrial fraction contained IO%, and the nuclear and microsomal fractions contained 
no more than I 2 °o of the nucleotide carbon-I4 activity. To what extent this represents 
the distribution of nucleotides in the normal cell, or to what extent it represents an 
artefact of the isolation method is not known. 

As shown in Table IV, there is a rapid increase in the radioactivity associated with 
the liver nuclear nucleic acid while the increase is least rapid in the mierosomal fraction. 
After three days, the specific activity of the nucleic acid is similar in all cell fractions. 
Qualitatively, the result is similar even when expressed on a total nucleic acid basis, 
i.e., if it is assumed that the DNA is incorporating the adenine to the same extent as 
the PNA. 

T A B L E  1V 

SPECIFIC ACTIVITY OF PNA IN C57 MOUSE LIVER CELL FRACTIONS 
AFTER INJECTION OF ADENINE-4,6-14C 

( d i s / m i n / / i g  I)NA) 

o of total I 'NA 
Source . f  I 'NA '°~n fractzon 

Time after injection 

0. 5 h 2 h 3 days 7 days z6 days 

N u c l e a r  7 4 .6 4 t -7 43 .0  38 .9  9 .5  
M i t o c h o n  d r i a l  19 i .  2 7.3 46  . o 39.2  14. o 
M i c r o s o m a l  5o o .4  2.7 42 .5  38.2  i 1.2 
S u p e r n a t a n t  24 2 .6  14.8  52 .0  41 .4  12.0  

A v .  d i s / m i n / / , g  t . 24  8 .7  45 .0  39.2  11.9  

el * T h e  t o t a l  a m o u n t  of n u c l e i c  a c i d  a v e r a g e d  12. 5 r a g / l i v e r .  2 9 %  w a s  p r e s e n t  a s  D N A ,  71 ,o as  
1)NA. I t  is a s s u m e d  t h a t  a l l  of  t h e  c a r b o n - i  4 a c t i v i t y  is in t h e  P N A .  A t  0. 5 a n d  2 h t h i s  is u n d o u b t e d l y  
t r u e ;  a t  s u b s e q u e n t  t i m e s  i t  is p o s s i b l e  t h e  D N A  m a y  c o n t a i n  a s i g n i f i c a n t  f r a c t i o n  of t h e  a c t i v i t y .  

D I S C U S S I O N  

The experiments indicate that the utilization of adenine by the C57 male mouse 
after intraperitoneal injection is rapid and extensive. One half hour after administration, 
• 0 o~ 3 ,,o of the adenine remained as free adenine while at 2 hours only 2 O/,o of the adenine 
remained. This utilization is not unique to the C57 mouse; normal and sarcoma bearing 
A strain mice use adenine to a similar degree 29. Extensive utilization of adenine to form 
nucleotides and nucleic acid has also been demonstrated in feeding experiments with 
chickens al and in perfused rabbit and cat livers 32 and pigeon liver homogenates a3. In 
24 hours, 15 % of the adenine has been incorporated into the nucleic acid of the mouse. 
It has been reported 9 that the utilization of dietary adenine by C57 mice is smaller by 
a factor of 5 than that which occurs in the Sherman rat. If an extrapolation can be 
made from injected to dietary adenine, this would indicate that 75°."o of the adenine 
would be incorporated into the nucleic acid of the rat. This value would appear to be 
much too high. 

The results obtained with the C57 mouse for the incorporation of adenine into the 
soluble nucleotides (AMP, ADP, and ATP) are in marked contrast to those which have 
been reported for the rat after dietary administration of adenine 3~ and 15N ammonia 85, 

]~e /erences  p .  4 9 6 .  
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In the mouse, the incorporation into the uucleotide fraction has been extensive; on a 
specific activitv basis, the soluble nucleotides in the liver and stomach and intestines 
are IO 2o times more active than the PNA adenine 2 to 24 hours after injection of the 
adenine. The carcass ratio is approximately unity, depending on the time chosen for com- 
parison. One experiment has indicated that the major adenine incorporation in the car- 
cass nucleic acid has occurred into the bone marrow rather than the muscle nucleic acid. 

Several explanations may be offered for the apparent discrepancy in the utilization 
of adenine for nucleotide and nucleic acid formation in the mouse and rat:  I. the 
difference may be a species difference; 2. in the experiments reported with mice, the 
entire carcass including bone marrow was used; and 3. the relative incorporation into 
nucleic acid and nucleotides may depend on the amount or concentration of adenine 
administered. However, radioactive nncleotides were shown to be in the muscle of the 
carcass in a 24 hr experiment in which the muscle and bone were separated before the 
extraction. The specific activity of the nucleotide fraction of the muscle was similar to 
the total carcass value at the same time. There is some evidence that large doses of 
adenine are incorporated relatively more into the nucleotides of the carcass a4. The 
amount of adenine administered to the mice in the experiments reported here was 
comparable to the lower daily dose fed to rats but it was administered intraperitoneally 
at one time instead of by feeding. A recent preliminary note a~ describing experiments 
in which adenine-8-14C was injected intraperitoneally into male rats at a dose level 
comparable to that used in the above experiments indicates that adenine was extensively 
incorporated into soluble nucleotides of the liver and viscera. The ratios of injected 
specific activity of the adenine to the specific activity of the soluble nucleotides and 
nucleic acid adenine are similar to those found in the mouse. 

The extensive incorporation of the adenine into the nucleotides and nucleic acid 
of the mouse has made it possible to calculate the "half-life" of the adenine component 
in these fractions in the liver, stomach and intestines, and carcass from the data shown 
in Table I I I  as shown in Figs. I and 3. From the values obtained, "half-lives" of 2.5 days 
and 12 days have been calculated for the nucleotides of liver and carcass. Two com- 
ponents are indicated for the metabolism of adenine in the nucleotide fraction of the 
stomach and intestines; one with a half life of 13 h; the other 3.5 days. This may be 
due only to the diversity of tissue represented. Similarly, values of 8 days, 3.5 days and 
8 clays have been calculated for the nucleic acid adenine of the same tissues. Since the 
PNA and DNA were not separated in the stomach and intestines and the carcass, the 
nucleic acid value probably represents an average value for the two types of nucleic 
acid in these tissues*. The adenine/guanine specific activity ratio appeared to be about 
3/z for all tissues and for all time intervals; however a careful study of this ratio has 
not been made. 

The values obtained for the biological "half-life" represent the formation of the 
nucleotides and the adenine (and probably guanine) of the nucleic acid from non-radio- 
active, presumably exogenous, material. The actual turnover of nucleic acid in the 
carcass may be more rapid than determined above if the carcass utilized radioactive 
compounds from the liver or stomach and intestines. 

The "half-life" for the nucleic acid adenine of mouse liver is similar to that in rat 

* More recent experiments have shown that an appreciable incorporation of adenine into the 
DNA of the carcass and intestines occurs. The turnover of the incorporated adenine in the DNA 
is being determined. 
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liveraL I t  is also similar to tha t  calculated from the renewal of nucleic acid in rabbit  
bone marrow in vitro ~. The value of I3.7% obtained for the renewal of PNA in the 
internal organs of the rat  after feeding adenine for 3 days 8 can only be a very minimal 
value for the turnover of nucleic acid adenine, since no estimate can be made of the 
adenine incorporated into the nucleic acid from other precursors, i.e. formate, glycine, 
etc. which are normally used for nucleic acid synthesis. If, in the rat, as in the mouse, 
the adenine is rapidly metabolized to other compounds, it will not be present long after 
administration, and, subsequently, the nucleic acid will be formed from other precursors. 
The low incorporation of adenine into DNA of non-regenerating tissue, i.e., liver, does 
not necessarily indicate that  DNA has a much slower renewal rate than PNA; it may 
indicate that  adenine is not efficiently utilized in non-regenerating tissue for DNA 
synthesis. The relative specific activities of DNA and PNA show wide variation de- 
pending upon the nature of the radioactive compound administered, the time after 
administration, and the tissue 6,1~,39. This is further indication that  the calculation of 
" turnover  ra te"  from incorporation is not valid. 

From the experimentally determined renewal rates of the nucleic acid, the expected 
turnover of PNA in 2 h would be o.7% in the liver; and for total  nucleic acid, o.7°/o 
in the carcass and 1.6% in the stomach and intestines. From the renewal rate the 
minimum expected dilution of the incorporated adenine at 2 hours can be calculated. 
I t  is found that  the observed dilution of the adenine incorporated into the nucleic acid 
is actually slightly less than calculated for a "direct"  incorporation. This indicates that,  
unless the turnover of nucleic acid adenine is greatly accelerated by  the presence of 
relatively large amount of adenine, the adenine is being incorporated by means which 
are either direct or which involve intermediates which dilute the adenine only slightly. 
Although the 5-adenylic acid of the stomach and intestines and the liver is much more 
radioactive than the nucleic acid adenine, it is probably not an intermediate in nucleic 
acid synthesis inasmuch as a turnover of lO-2O% of the nucleic acid in 2 hours would 
be necessary to obtain the observed activity whereas the calculated turnover in this 
period is o.7-1. 7 % in the several tissues. One must not overlook the possibility that  the 
5-adenylic acid in different cell fractions or cell sites, i.e. the nuclei, might have a 
different carbon-I4 activity than the total  or average 5-adenylic acid and be a direct 
intermediate. 

The specific act ivi ty of PNA isolated in liver cell components fractionated in 
sucrose by the differential centrifugation method indicated the most rapid utilization 
of adenine in the "nuclear PNA" fraction and the least rapid in the microsomal fraction. 
Similar results have been reported for a2p, glycine, and orotic acid 1, is, 17, is. The "decay 
curves" for the total  activity of the various cellular fractions indicate that  the rate of 
disappearance of activity in the nuclear fraction from 3 to 16 days is comparable to 
that  in the other cellular fractions. Two explanations may be offered for this: I. either 
the est imated activity of the nuclear PNA at 7 to 16 days is too high due to the relatively 
increased amount of activity in the DNA (although the adenine is incorporated to a 
much smaller extent, its turnover is certainly slower), or 2. the "nuclear" PNA as 
isolated contains two types of PNA, one of which is a rapidly metabolized PNA as 
suggested by the data obtained with adenine for 1/2 and 2 hours and by a2p and orotic 
acid for short t ime intervals. The extent of "contaminat ion"  of the nuclear fraction by 
mitochondrial or other PNA is not known, but it must be small since our figure of 8 % 
of the total  PNA present in the nuclei is in agreement with the amount reported when 
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ci t r ic  acid  is used to sepa ra te  the  nuclei  ~. The con tamina t ion  b y  mi tochondr i a  can also 
be e s t ima ted  to be less than  IO%, of the  mi tochondr i a l  f rac t ion f rom the to ta l  a c t i v i t y  
found  in the  cold TCA fract ion.  

The  "hal f - l i fe"  of 8 days  ca lcu la ted  for the  l iver  nucleic acid adenine  agrees well 
wi th  the  7 day  va lue  ob ta ined  from the d a t a  TM for the  specific a c t i v i t y  of the  s u p e r n a t a n t  
P N A  (including microsomes) af ter  admin i s t r a t ion  of orot ic  acid  to the  rat .  The rap id  
increase in labe led  P N A  in the  nuclei  appears  to e l iminate  the  poss ib i l i ty  of a "nuc lea r  
m e m b r a n e "  impermeab le  to p re fo rmed  pur ines  except  dur ing  g rowth  as has been offered 
as a t e n t a t i v e  suggest ion to expla in  the  re la t ive  non-u t i l i za t ion  of adenine  in D N A  
synthes i s  dur ing  this  per iod  ~°. 

F r o m  2 hours  to 24 hours  af ter  in jec t ion  of adenine there  is a large increase (7-1o°,,o 
of the  in jec ted  adenine) in the  to ta l  amoun t  of 14C ac t i v i t y  in the  nucleic acid. Since 
at  2 hours,  there  is less t han  2% of the  in jec ted  adenine-a4C sti l l  r emain ing  free, i t  is 
imposs ib le  t ha t  the  increase can be due solely to  fu r the r  free adenine  being incorpora ted .  
Thus,  there  is evidence t ha t  o ther  r ad ioac t ive  compounds  are presen t  in the  nucleot ide  
f rac t ion  which subsequen t ly  are conver t ed  in to  nucleic acid. The r ap id  decrease in t o t a l  
a c t i v i t y  in the  l iver  and  s tomach  and  in tes t ine  nucleot ide  f rac t ions  f rom 2 hours  to 
I d a y  followed by  a slower first order  decline also indica tes  there  is a compound  or 
compounds  made  more react ive ,  e i ther  b y  v i r tue  of i ts  s t ruc ture  or loca t ion  in the  cell, 
which m a y  be ut i l ized for nucleic acid  synthesis .  By the enzymic  and  paper  ch roma to -  
graphic  me thods  descr ibed above,  no di rec t  evidence has been ob ta ined  for the  exis tance  
of an unusua l  or new nucleot ide  in these ext rac ts ,  bu t  fu r ther  work  is in progress.  A n y  
such in t e rmed ia t e  might  be expec ted  to represen t  as l i t t le  as IO-2O% of the  r ad ioac t ive  
ma te r i a l  p resen t  two hours  af ter  admin i s t r a t i on  of the  adenine,  and  a considerable  
smal ler  percentage  of the  u l t r av io le t  absorb ing  mater ia l .  

The  feas ib i l i ty  of read i ly  ob ta in ing  5-adenyl ic  acid-x4C in fa i r  y ie ld  for fur ther  
biological  exper imen t s  a f te r  admin i s t r a t i on  of adenine-X4C to mice should  also be 

po in t ed  out.  
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SUMMARY 

Intraperitoneally administered adenine-4,6-14C is rapidly and extensively incorporated into 
nucleotides and nucleic acid by C57 mice. The incorporation rate of adenine into the nucleic acid 
indicates a pathway involving little or no dilution, therefore not through the general 5-adenylic 
acid pool. The "half-life" of the nucleotide fraction was found to be 2.5 days in the liver, 13 hours 
and 3.5 days in the stomach and intestines, and 12 days in the carcass (including bone), whereas 
the PNA adenine had a "half-life" of 7-8 days in the liver and the nucleic acid adenine had a "half- 
life" of 3.5 days in the stomach and intestines, and 8 days in the carcass. The most rapid incorporation 
of adenine in the PNA of the liver occurred in the nuclear fraction and the least rapid in the micro- 
somal fraction. 

Rt~SUMt~ 

L'administration intrap6riton6ale £ des souris C57, d'ad6nine-4,6-14C est rapidement suivie de 
son incorporation dans les nucl~otides et l'acide nucl~ique. La vitesse d'incorporation de l'ad~ninc 
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dans l 'acide nucl4ique mont re  que la vote suivie ne met  en jeu que peu ou pas de dilution. I1 ne 
passe done pas par  la r4serve g6n6rale d'acide 5-addnylique. La "p6riode'" de la fraction nuci6otidique 
est de 2.5 jours dans le rote, de 13 heures et de 3.5 jours dans l 'estornac et dans les intestins, et de 
12 jours  dans  le reste du corps (y colnpris les os), tandis que l 'ad6nine du PNA a une "p6riode" 
de 7 a 8 jours  dans le foie, et l 'ad6nine de l'acide nucl6ique une "p6riode" de 3.5 jours dans l 'es tomac 
et les intestins,  et de 8 jours  dans le rcste du corps, L ' incorporat ion la plus rapide de l 'ad6nine dans 
le PNA du foie a lieu dans la fraction nuel6aire et la nloins rapide dans les mierosomes. 

ZUSAMMENFASSUNG 

[ntraperi tonal  verabreichtes Adenin 4,6-14C wird schnelI und weitgehend in die Nucleotide und 
die Nucleins/iure yon C57 MSusen eingebaut.  Die Gesehwindigkeit  des Einbaus  yon Adenin in die 
NueleinsXure zeigt, dass der Einbau auf seinem Weg nur  geringe oder keine Verz6gerung erf~ihrt, 
und daher  nicht tiber die allgemein gespeicherte 5-Adenyls/iure verlaufen kann.  Die "Halbwertszei t"  
der Nucleotidfraktion wurde zu 2.5 Tagen in der Leber, 13 S tunden  im Magen, 3.5 Tagen in den 
Eingeweiden und 12 Tagen im gesamten KOrper (einschliesslich der Knoehen) ge f undm;  w/ihrend 
PNA-Adenin eine Halbwertszei t  von 7-8 Tagen in der Leber und Nucleins~iureadenin eine Halbwer t s -  
zeit yon 3.5 Tagen im Magen und Eingeweiden und yon 8 Tagen im gesamten K6rper  zeigte. Der 
Einbau des Adenins in die PNA der Leber vollzog sieh am schnellsten in der Kernfrakt ion  und war  
an1 langsamsten in der die Mikrosomen enthal tenden Fraktion.  

R E F E R E N C E S  

1 C. l ). BARNUM AND R .  A.  HUSEBY, Arch. Biochem., 29 1195o) 7, 
2 G. HERESY, Advances in Biol. Med., I 11948 ) 4o9 . 
a F. \V. BARNES AND R. SCHOENHEIMER, J. Biol. Chem., 151 (1943) 123. 
4 A.  BERGSTRAND, i~. A.  ELIASSON, E .  HAMMARSTEN, B.  NORBERG, P .  REICHARD AND H .  VON UBISCH 

Cold Springs Harbor Symposia Quant. Biol., 13 (I948) 22. 
5 D.  SHEMIN AND D.  RITTENBERG, d r. Biol. Chem., 167 11947) 875.  
6 A.  I~I. PAVNE, L.  S. KELLY AND H .  B.  JONES, Cancer Research, 12 ( I952)  666.  
7 j .  s.  SONNE, J. IV[. BUCHANAN AND A. ME. DELLUVA, J. Biol. Chem., 173 11948) 8t. 
8 G. ]~. BROWN, ~-~. L. PETERMANN AND S. S. FURST, dr. Biol. Chem., 174 (1948) lO43. 
9 M. E. [3ALIS, D. H. IV[ARRIAN AND G. ]3. BROWN, J. Am. Chem. Soc., 73 11951) 3319. 

10 G. B. BROWN, A. BENDICH, P. M. ROLL AND K. SUGIRUA, Proc. Soc. Exptl. Biol. Med., 72 11949) 5Ol 
11 C. P .  BARNUM AND R .  A .  I-IUSEBY, Federation Proc., 8 11949) 182. 
12 j .  N. DAVlDSON, Isotopes in Biochem., Ciba Foundat ion  Conf., I75 11951). 
13 R. JEENER, Nature, 163 11949) 837. 
14 ]~. JEENER AND D.  SZAFARZ, Arch. Biochem., 26 (195o) 54. 
15 A. MARSHAK, jr. Cell. Comp. Physiol., 32 11948) 381. 
16 E. HAMMARSTI~N, Isotopes in Biochem., Ciba Foundat ion  Conf. 175 11951). 
17 R. ]3. HURLBERT AND V. R. POTTER, J. Biol. Chem., 195 11952) 257. 
18 V. R .  POTTER, R .  C. RECKNAGEL AND R .  B .  I{URLBERT, Federation Proc., io (1951) 646. 
19 E. L. BENNETT, J. Am. Chem. Soc., 74 11952) 2420. 
20 \¥ .  C. SCHNEIDER, J .  Biol. Chem., 161 11945) 293.  
21 W. C. SCHNEIDER AND G. H. HOGEBOOM, J. Biol. Chem., 183 1195o) 123. 
22 \\r. IV[EJBAUM, Z. physiol. Chem., 32 11948) 381. 
23 G. L. IV[ILLER, R. H. GOLDER AND E. L. MILLER, Anal. Chem., 6 (1951) 9o3. 
24 Z. DISCHE, Mikrochemie, 8 (193o) 4. 
25 K. LOHMANN, Biochem. Z., 233 (1931) 460. 
26 H .  IV[. KALCKAR, J .  Biol. Chem., 167 (1947) 445. 
27 H. KLENOW, Biochem. J., 5 ° 11951 ) 404 • 
2s G. B. BROWN, Cold Springs Harbor Symposia Quant. Biol., 13 11948) 43. 
.~9 E. L. BENNETT, (unpublished). 
30 H. M. KALCKAR, Jr. Biol. Chem., 167 (1947) 461. 
31 R .  RAsK-NIELSEN AND E. L. BENNETT, Acta Pathol. et ivlicrobio/. Scand. (in press). 
32 E. L. BENNETT AND H. IV[. KALCKAR, (Unpublished). 
33 E. GOLDWASSER, Nature, 171 (1953) 126. 
34 G. B. BROWN, P. 3/[. ROLL, A. A. PLENTL AND L. F. CAVALIERI, jr. Biol. Chem., 172 11948) 469. 
35 H .  1~1. ]4~ALCKAR AND D.  RITTENBERG, J .  Biol. Chem., 17o (1947) 455-  
z~ D. H. MARRIAN, Biochim. Biophys. Acta, 9 (1952) 469 . 
z7 S. S. FURST, R. M. ROLL AND G. B. BROWN, J. Biol. Chem., 183 (195 ° ) 251. 
38 R .  ABRAMS AND J. M. GOLDING]~R, Arch. Biochem., 3 ° 11951) 261 .  
39 G. A. LEPAGE AND C. HEID~LBERGER, J. Biol. Chem., 188 (1951) 593- 
40 S. S. FURST AND G. B. BROWN, J. Biol. Chem., 191 (1951) 239. 

R e c e i v e d  F e b r u a r y  l o t h ,  1953 


