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T H E  I N F L U E N C E  O F  D I E T A R Y  P R O T E I N  ON 

T H E  I N C O R P O R A T I O N  O F  14C-GLYCINE A N D  3~p I N T O  T H E  

R I B O N U C L E I C  A C I D  O F  R A T  L I V E R  

c. M. CLARK, D. J. NAISMITH AND H. N. MUNRO 

Department o/Biochemistry, The University, Glasgow (Scotland) 

Two die tary  factors influence the course of ribonucleic acid (RNA) metabol ism in the 
liver. Pro te in  in take  plays a dominan t  role in  de termining  the amoun t  of R N A  in the 
liver 1, 2, whereas energy in take  affects its rate of synthesis as measured by  3~p incor- 
pora t ion 2, The influence which protein  in take  exerts over the a m o u n t  of R N A  in the 
liver does not  appear  to involve changes in the rate of RNA format ion;  thus the feed- 
ing of a protein-free diet causes a large reduct ion in the amoun t  of RN A  without  af- 
fecting the absolute rate of ~2p uptake  by  RNA  3. An al ternat ive  way in which the 
d ie tary  supply of protein  could influence the amoun t  of RNA in the liver is by  regulat-  
ing its rate of breakdown.  In  the course of s tudying the influence of energy in take  on 
14C-glycine incorporat ion into RNA, we obta ined  evidence strongly suggesting tha t  
the rate of RNA breakdown diminishes after a meal  conta in ing protein.  This evidence 
emerged when we used rats which were t ra ined  to eat prote in-conta in ing or protein- 
free diets at fixed t imes each day;  in consequence, it  was possible to know with certain- 
ty  whether the animals  were in the post-absorptive state or were act ively absorbing 
nut r ien ts  at  the t ime of inject ion with isotopes. When  the animals  were fasting after 
meals conta in ing protein,  there was evidence of a considerable breakdown of RNA. 
After feeding protein,  the picture rapidly changed to one which we have in terpre ted as 
indica t ing  cessation of breakdown. These findings have led us to conclude t ha t  the 
in tens i ty  of protein  synthesis determines the s tabi l i ty  of liver RNA. This ma y  have 
some bear ing on the role of RNA in protein  synthesis. A pre l iminary  account  of these 
experiments  has already appeared 3. 
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EXPERIMENTAL METHODS 

Animals and diets. Young adult  male albino rats  were fasted overnight  and those weighing 18o- 
2oo g were selected and housed individually under  thermosta t ic  conditions. The rats were fed on 
synthetic diets 4, either containing adequate amounts  of protein or free from protein, for a period 
of 1 1 days before the isotopes were injected. The feeding routine was similar to tha t  used previous- 
ly 4. During the first 7 days (preliminary period) both  diets were fed at  an energy level of 12oo cal./ 
sq .m body surface area/day. Then for the remaining 4 days the carbohydrate  content  of each diet 
was varied to provide animals in different groups with either 8oo cal. or 16oo cal . /sq.m/day (low 
energy and high energy groups). In  this way 4 dietary groups, two energy groups at each protein 
level, were obtained. Throughout  the feeding period, the diets were given in two portions, the 
vi tamins,  minerals and most  of the carbohydrate  at 9 a.m., the rest (including any protein in the 
diet) at  5 p.m. The animals soon learned to consume these meals rapidly, so tha t  on the morning 
after the last day of feeding they were all in the post-absorpt ive state. All of the rats  on the protein- 
free diets and most  of the rats on the protein-containing diets were then injected with 14C-glycine 
and 32p and remained fasting until  killed. In  addition, some of the rats which had been on the 
protein-containing diet were fed 2.5 g casein solubilized with o.15 g NaHCO,~ one hour  prior to in- 
jection wi th  the isotopes. In  this way rats actively absorbing amino acids from the gut  could be 
compared with animals in the post-absorpt ive state. 

Administration o/ isotopes and removal o/liver. Each rat  was injected at 9 a.m. with aep (IO 
/~c inorganic phospha te / ioo  g body weight) and 14C-2-glycine (io #c / ioo  g body weight), one in- 
jection into each thigh. They were killed by exsanguinat ion at 3, 6 or 9 h thereafter.  The s tomachs 
of the casein-fed rats  were found to contain food at 3 and 6 h and often at 9 h after isotope injec- 
tion, thereby ensuring a continuous supply of dietary amino acids th roughout  most  of the labelling 
period. After perfusion with 0.9 o//o saline, the liver was excised and homogenized in a Nelco blendor 
with about  5 vol. ice-cold IO % (w/v) trichloroacetic acid (TCA) for 3 minutes.  The precipitate was 
separated by  centrifuging, washed twice with chilled io % TCA and then extracted with lipid 
solvents as described by  MUNRO AND NAISMITH 4. The dry lipid-extracted powder  was used for 
quant i ta t ive  determinat ions of protein N, ribonucleic acid (RNA) phosphorus,  deoxyribonucleic 
acid (DNA) phosphorus,  and for measuring the specific activities of 32p in RNA, and of 14C in pro- 
tein and RNA. The TCA-soluble fraction of the liver was examined for specific activity of inorganic 
phosphorus  and of glycine present  in the free amino acid pool (free glycine), In  some experiments  
in which the specific activity of 14C in the acid-soluble adenine and guanine compounds  was deter- 
mined, perchloric acid (PCA) was used as a protein precipitant;  2 vol. N PCA were added to the 
liver and, after  homogenizing, the residue was washed twice with 0. 7 N PCA. 

Fig. i summarizes  the various est imations carried out on the liver and given in detail below. 
Total protein N and R N A P .  These were est imated by  the methods described by MUNRO AND 

NAISMITH 4 and the amounts  were expressed as mg/l iver / ioo g initial body weight. 
Specific activity o/ inorganic phosphate and o / R N A P .  The activity of the inorganic phosphate  

was obtained by  precipitation of Mg(NHa)PO~ ~. The specific activity of R N A P  was obtained by  
the ionophoretic procedure of DAVlOSON AND SMELLIE 6, each ribonucleotide being eluted separately 
and its radioactivity and phosphorus  content  determined. 

Radioactive carbon determinations. Glycine was isolated from liver protein, RNA adenine and 
guanine, acid-soluble adenine and guanine, and the free amino acid pool as the dinitrophenyl 
(I)NP) derivative, using the procedure of CAMPBELL ANn WORK 7 and of KROL s, in which mixtures  
of DNP-amino  acids can be separated on a Celite column with CHCla-butanol as the solvent, fol- 
lowed by purification on a Celite column developed wi th  ether. The samples were counted on 
nickel planchettes  under  an end-window counter. The DNP-glycine was then dissolved off the 
planchet te  with CHCla-butanol and the DNP-glycine extracted with i % (w/v)NaHCO 3 for colori- 
metric estimation. The specific activity of the glycine was expressed as counts /min / ioo /~g  glycine. 
Self-absorption curves were obtained by  plating out  various thicknesses of a single sample of 14C- 
labelled DNP-glycine. The pur i ty  of samples of DNP-glycine was periodically checked by  paper  
chromatography,  using the solvent of BLACKBURN and LOWTHBR9; spots eluted from these chroma- 
tograms  and counted gave specific activities similar to those of the specimens before paper  chroma- 
tography.  Since a2p was also administered, the DNP-samples  prepared from all sources were period- 
ically checked for a2p contaminat ion by interposing a th in  plate of copper foil between the sample 
and the end-window counter.  Al though the foil was permeable to radiat ion from 32p, none was  
ever found in any of the DNP-samples .  

Specific activity o/[ree glycine in liver. About  1/a of the TCA-supernatant  fu id  from the liver 
was taken and the TCA removed by repeated ether extract ion until  the aqueous phase was p H  
4-5. After evaporat ion to dryness, the residue was reacted wi th  fluorodinitrobenzene and DNP-  
glycine isolated. 

Specific activity o/liver protein glycine. About  ioo mg of the lipid-extracted TCA precipitate 
was hydrolyzed with 20 ml 6 N HC1 for 14 h by  refluxing on an oil bath.  After removal of HC1, the 
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p roduc t  was  reac ted  wi th  f luorodin i t robenzene  and  DNP-g lyc ine  isolated.  In  some  ins tances ,  t h e  
l iver res idue was  first t r ea ted  wi th  5 % TCA at  IOO ° for 3 ° rain in order  to r emove  nucleic  ac ids  
(SCHNEIDER10), since these  m i g h t  be a possible source of glycine by  hydro lys i s  of pur ine  bases.  
Compar i son  of the  rad ioac t iv i ty  of glycine f rom samples  so t rea ted ,  wi th  glycine f rom the  u n t r e a t e d  
powder  indica ted  a negligible difference in r ad ioac t iv i ty  if nucleic ac ids  were no t  r emoved .  Conse- 
quen t ly ,  hea t i ng  of t he  liver powder  wi th  TCA was  no t  rou t ine ly  carr ied out .  This  was  fu r t he r  
just i f ied by  sub jec t ing  a m i x t u r e  of adenine  and  guan ine  to the  ac t ion  of 6 N HC1 for 14 h a t  i i o  °. 
The  yield of DNP-glyc ine ,  measu red  q u a n t i t a t i v e l y  by  the  procedure  of KROL s r ep resen ted  break-  
down of only  5.I % of the  pur ine  m i x t u r e  to glycine.  

Specific activity o/purine glycine. Since t he  presence of glycine der ived f rom pro te in  would  
inva l ida te  m e a s u r e m e n t s  of specific ac t iv i ty  of lac in R N A  samples ,  it  was essent ia l  to ensure  
comple te  r emova l  of pro te in  before isolat ing the  bases.  This  was  carr ied ou t  us ing  t he  dodecyl  
su lpha te  procedure  of KAY AND DOUNCE 11, in which  the  sample  is first s t i r red wi th  dodecyl  su lpha t e  
in t he  presence of 0.9 % NaC1. The  pro te in  can  be p rec ip i t a ted  by  m a k i n g  the  solut ion mola r  wi th  
respect  to NaC1, and  the  crude nucleic acids  are t h e n  prec ip i ta ted  f rom the  s u p e r n a t a n t  fluid by  
add i t ion  of e thanol .  The  nucleic acid prec ip i ta te  is t aken  up  in wa te r  and  aga in  t r ea ted  wi th  dodecyl  
su lphate ,  followed by  prec ip i ta t ion  of protein.  A th i rd  t r e a t m e n t  wi th  dodecyl  su lpha te  is t h e n  
carr ied ou t  and  the  nucleic acids  isolated.  The  las t  t races  of pro te in  are r emoved  by  dissolving 
the  nucleic acids  in o.14 % NaC1 and  a d j u s t i n g  t he  p H  to 4.5, the  prec ip i ta ted  p ro te ins  be ing  
r emoved  by  cent r i fuga t ion .  The  yield of R N A  by  th i s  procedure  was r a the r  poor,  and,  in accordance  
wi th  t he  sugges t ion  of DORNER AND KNIGHT 12, t he  dry, l ip id-ext rac ted  powder  was first ex t r ac t ed  
twice wi th  the  solut ion of dodecyl  su l pha t e  in iV/ NaC1 for io m in  a t  IOO ° before c o m m e n c i n g  
to ca r ry  ou t  t he  s teps  as r e c o m m e n d e d  by  KAY AND DOUNCE. This  gave  a h igher  yield. 

The  purified nucleic acids were i ncuba t ed  in 0. 5 N K O H ,  the  D]NA prec ip i ta ted  by  reducing 
t he  p H  and  the  s u p e r n a t a n t  fluid ad j u s t ed  to p H  3.5. F r o m  th i s  the  r ibonucleot ides  were isolated 
by  ionophoresis  (DAvlDSON AND SMELLIE6). Since pep t ides  have  been described in f i l ter-paper,  
the  papers  used  for ionophoresis  were first washed  by  the  m e t h o d  of HANES, HIRD AND ISHER- 
WOOD 13. The  effectiveness of th is  procedure  was verified by  s u b m i t t i n g  samples  of  the  washed  
s t r ips  to ionophoresis ,  e lu t ing  t he  a reas  t h a t  would cor respond to adenyl ic  and  guanyl ic  acids, and  
af te r  hydro lys i s  in 6 N HC1 at  IiO ° for 18 h, e x a m i n i n g  for amino  acids  by  paper  c h r o m a t o g r a p h y .  
After  ionophoresis  of the  r ibonucleot ides ,  adenyl ic  and  guanyl ic  acids were e luted sepa ra t e ly  and  
the  bases  separa ted  f rom p h o s p h o r u s  us ing  Dowex-5o resin co lumns  14. The  bases  were t h e n  de- 
g raded  to glycine a t  200 ° in I I  N HC1 for 18 h 15 and  DNP-g lyc ine  prepared  f rom the  product .  In  
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Fig. i .  Scheme of f rac t iona t ion  for t he  s t u d y  of incorpora t ion  of 32p and  14C-2-glycine into the  
protein,  R N A  and  acid-soluble c o m p o u n d s  of r a t  liver. 
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order  to assure  ourselves t h a t  the  RN A  prepa ra t ion  was  free from protein,  the  e lua tes  from the  
Dowex  resin columns  were hydro lyzed  for I8 h in 6 N HC1 a t  t to  °. On paper  c h r o m a t o g r a p h y  of 
the  product ,  only glycine, der ived from pa r t i a l  deg rada t ion  of the pur ines  of RNA,  was isolated.  
A tes t  for pep t ides  TM was also carr ied  out  on the  ionophore t ic  s t r ips  af ter  deve lopment ,  wi th  nega- 
t ive  results.  

Specific activity o/glycine in acid-soluble purines. In  order to separa te  these, the  pro te ins  and  
nucleic acids of the  l iver  were p rec ip i t a t ed  w i t h  2 vol. N perchlor ic  acid (PCA) and the  p rec ip i t a t e  
twice  washed  wi th  0. 7 N PCA as r ap id ly  as possible a t  o °. The pH of the s u p e r n a t a n t  fluid was 
a d j u s t e d  to  7 wi th  KOH,  and  the  p rec ip i t a t ed  perchlora te  removed.  The s u p e r n a t a n t  por t ion  was 
t h e n  dried and d iges ted  wi th  72 % P( 'A  for I h a t  IOO ° to yield pur ine  and py r imid ine  bases. The 
PCA was neu t ra l i zed  wi th  K O H  and the  p rec ip i t a t e  removed.  In  order to separa te  the  bases from 
brown degrada t ion  p roduc t s  of digest ion,  the  p roduc t  was  ex t r ac t ed  8 t imes  wi th  2 voh b u t a n o l -  
w a t e r  (86:14), which we have  found to  e x t r a c t  pur ine  bases  q u a n t i t a t i v e l y .  After  separa t ion ,  the  
bu t ano l  was evapo ra t ed  to dryness  and  the  residue t a k e n  up in wa te r  and  appl ied  to \ ¥ h a t m a n  
3MM paper  for 2-d imensional  ch roma tog raphy ,  the first so lvent  being the  5% Na2HPOa-is°amyl- 
alcohol  (Light  and  Co., Technica l  grade) devised by  CARTER 17 ; the  second so lvent  was the bu tano l  : 
formic acid : wa te r  (77 : IO : 13) sy s t em of MARKHAM AND SMITH TM. The R F values  ob ta ined  agreed 
wi th  these au thors '  findings, excep t  t h a t  guanine  moved  in the  first so lvent  wi th  all  R F value  of 0.45, 
whereas  CARTER found a va lue  of 0.02; this  m a y  be associa ted wi th  impur i t i e s  in the  isoamyl- 
alcohol. The adenine  spots  were e luted in o . i  N HC1 a t  37 ° for i8  h, and  the  guanine  spots  in 1.6 N 
HCI. After  evapo ra t i on  to  dryness,  the  residues were hydro lyzed  to glycine in I T N HC1, as before, 
and  the  DNP-g lyc ine  p repared  from the  product .  

Differential fractionation o/liver. In  some expe r imen t s  the  specific a c t i v i t y  of the  r ibonucleo-  
t ides  was  measured  in different  f rac t ions  of the  l iver  cells 6 h af ter  in ject ion of a2p. The methods  of 
p repa r ing  the  nuclei  (citric acid procedure) and  cy top la smic  f ract ions  were s imi lar  to those used 
in a previous  studyX9. 

Collection of urine and estimation o/ alla~toin and creatinine. In  some exper iments ,  u r ine  was 
col lected for 24 h, us ing the  me thod  of sepa ra t ing  ur ine  from faeces described by  THOMSON AND 
MUNRO i°. The me thod  of a l l an to in  e s t ima t ion  was based on t h a t  of YOUNG AND CONWAY 21, as 
modified by  FRIEDMAN, BYERS AND ABRAM 22. In  the  modif ica t ion  of FRIEDX~AN et al., HC1 hydro-  
lysis  of a l lan to ic  acid to  g lyoxyl ic  acid and urea  is carr ied out  before fo rmat ion  of the  phenyl -  
hydrazone  by  add ing  pheny lhydraz ine .  I t  was found t h a t  the  former s tep had  to be prolonged to  
a t  least  5 rain in the  w a t e r b a t h  in order to ob ta in  comple te  conversion.  In  the me thod  of FRIED - 
MAN et at., the  add i t ion  of phe ny lhyd ra z ine  HC1 and the  final colour deve lopmen t  wi th  fer r icyanide  
are  carr ied  out  a t  i0  ° w i th  add i t ion  of chil led reagents ,  bu t  we found i t  more sa t i s fac tory  to 
per form these a t  20 ° in a w a t e r - b a t h  and to use reagents  a t  room tempera tu re .  S t anda rds  were 
run  wi th  each ba t ch  of es t imat ions .  A l inear  ca l ib ra t ion  curve  was obta ined,  and  i t  was confirmed 
t h a t  the  colour fades on s tanding .  Ur ina ry  c rea t in ine  was e s t ima ted  by  the  me thod  descr ibed by 
VARLEY 23. 

R E S U L T S  

The influence o/dietary protein on the metabolism o/liver RNA 

The data on which we can base conclusions about liver protein and RNA metabolism 
in the present experiments consist of the total amount of protein and RNA per liver, 
the specific activity of the glycine in the protein, RNA purine bases and free amino 
acid pool of the liver, and the specific activity of 3,p in the ribonucleotides and the 
inorganic phosphate of the liver (Fig. I). From these we can compute the specific 
activity of 14C-glycine in the liver protein and the purine bases as a percentage of the 
specific activity of glycine in the free amino acid pool of the liver; similarly, the spe- 
cific activity of 32p in the ribonucleotides can be related to that of inorganic phosphate. 
These relative specific activities allow for differences in the activities of the precursor 
pools of different animals, and permit us to compare the proportion of atoms renewed 
in the liver protein or RNA in the different nutritional groups. In order to complete 
the picture, it is necessary to allow for the total amount of protein and RNA in which 
incorporation is taking place; thus an animal with a high relative specific activity 
and a small amount of R N A  may not be synthesizing a greater number of new mole- 

Re/erences p. 599. 



VOL. 23 (1957) DIETARY PROTEIN AND ISOTOPE UPTAKE BY RNA 591 

cules than an animal with a low relative specific activity but with a larger amount of 
RNA in its liver. As a measure of the absolute rate of replacement per liver, the relative 
specific activity has therefore been multiplied by the total amount of protein N or 
RNA P in the liver expressed as mg/Ioo g initial body weight. This is referred to as 
"total relative activity". 2.. 

At the time of injection with the isotopes, the rats were nutritionally in one of 
three conditions. One group had been fasting overnight after a few days feeding on a 
protein-free diet, and a second group were fasting after a diet containing protein. In 
addition, some animals on the protein-containing diet were fed more casein just prior 
to injection. Thus we have two groups in the post-absorptive state after diets of dif- 
ferent protein content, and one group actively absorbing amino acids from dietary 
protein. Animals from each group were killed at 3, 6 and 9 h after injection. The whole 
experiment was replicated three times using rats fed on diets of low energy content 
and three times with rats on high energy diets (see experimental section). Consistent 
effects of protein intake on RNA metabolism were obtained in all six replications, ir- 
respective of whether the animals had been fed at the low or the high level of energy 
intake. The results obtained at each energy level are therefore combined in Fig. 2. 

Glycine incorporation into liver protein under these different nutritional condi- 
tions will be considered more fully elsewhere ~5. At present, it is sufficient to note (Fig. 
2) that  the total amount of glycine incorporated into liver protein was of similar 
magnitude in the two fasted groups, irrespective of the protein content of the preceding 
diet. However, the rats fed protein at the time of isotope injection exhibited much 
enhanced uptake of glycine. This agrees with nutritional evidence that utilization of 
dietary protein is confined to a short period after its ingestion, since omission of an 
essential amino acid from the diet cannot be compensated for by feeding the missing 
amino acid a few hours later ~s. 

4C 
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Protein RNA Guonine RNA Adenine 
0 .5  

I "  
x I 

/ /I/11 • .4  
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Fig. 2. Incorporation of 14C-2-glycine into liver protein and of a2p and l*C-2-glycine into RNA 
under various nutritional circumstances. Uptake is expressed in units of total relative activity 
(see text for method of calculation). The data are the means of six replications of the experiment. 
©--© Fasting after protein-free diet. 0 - - 0  Fasting after protein-containing diet. × - - ×  Fed 

protein after protein-containing diet. 

Incorporation of labelled precursors into RNA was affected by protein intake in 
quite a different manner (Fig. 2). The animals fasting after the protein-containing 
diet showed about half the uptake of 3,p obtained with the rats fasting after the 
protein-free diet. When protein was fed to the animals at the time of isotope injection, 
uptake of 32p into RNA rose to about the level found in the groups receiving the 
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protein-free diet. Incorporation of 14C-glycine into RNA shows the same picture, ex- 
cept that  the changes are more striking. The group fasted after the protein-containing 
diet had an uptake of 14C into adenine which was about one-third of that  exhibited by 
the group on the protein-free diet, and uptake of 14C by guanine was even lower, 
averaging about one-tenth of the uptake on the protein-free diet. On re-feeding pro- 
tein, incorporation into guanine rose to about the level obtained with the protein-free 
diet and incorporation into adenine to a somewhat higher level. I t  should be em- 
phasized tha t  these dramatic changes in glycine uptake are not artefacts due to the 
method of calculating total relative activity, but  can be seen in the specific activities 
of the purine bases without reference to the act ivi ty of the precursor pool of glycine. 
For example, at 6 h after injection of labelled glycine, the specific activities of the 
glycine isolated from adenine and from guanine were ioo and 156 respectively for the 
group fasted after the protein-free diet, 15 and 5 for the group fasted after the protein- 
containing diet, and 63 and 62 for the group fed protein just prior to injection of the 
isotope. 

From these data it is apparent  that  rats which had been receiving no dietary 
protein for several days incorporated as much ~2p and, in the case of guanine, as much 
x4C-glycine into liver RNA as did rats which had been on the protein-containing diet 
and were eating protein at the time of injection with the isotopes. This lack of associa- 
tion between dietary protein supply and RNA metabolism agrees with the results of 
previous experiments ~ carried out on rats receiving/ood during the period o/labelling; 
in these earlier studies the rate of 32p uptake by  liver RNA was found to be independ- 
ent of the amount of protein in the diet. In contrast to this, the protein content of 
the diet has a profound effect on incorporation of both 3~p and 14C-glycine when the 
rats are in the post-absorptive state throughout the period o/labelling; thus uptake of 
isotopes by animals fasting after the protein-containing diet was much inferior to 
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Fig. 3. Changes  in t he  a m o u n t  of R N A  per  l iver dur ing  fas t ing  af ter  a p ro te in -con ta in ing  diet  
(upper  line) and  af te r  a protein-free  diet (lower line). T he  d a t a  are t he  m e a n s  of th ree  e x p e r i m e n t s  
carr ied ou t  wi th  diets  low in energy  con t en t ;  s imilar  resu l t s  were ob ta ined  wi th  diets  of h igher  
ene rgy  conten t .  The  combined  d a t a  a t  low and  h igh  energy  levels indicate  t h a t  t he  p ro te in  con ten t  
of  t he  preced ing  diet  ha s  a s ta t i s t i ca l ly  s ignif icant  effect on t he  loss of R N A  f rom the  l iver du r ing  

fas t ing.  © - - O  F a s t i n g  af te r  protein-free  diet.  Q - - Q  F a s t i n g  af ter  p ro te in -con ta in ing  diet.  

Fig. 4. Scheme i l lus t ra t ing  t he  effect of IRNA b r e a k d o w n  on the  pools of precursor  compounds .  

Re]erences p. 599. 



VOL. 23 (1957) DIETARY PROTEIN AND ISOTOPE UPTAKE BY R N A  593  

uptake by the group fasting after the protein-free diet (Fig. 2). I t  is possible to ex- 
plain these effects of protein intake on incorporation of isotopes by considering the 
way in which the amount of RNA in the liver is affected by fasting after each type of 
diet, Fig. 3 shows that the rats fed on the protein-containing diet started the fast with 
more RNA per liver than did the rats fed on the protein-free diet, and moreover there 
was a significant fall during the 9-h period elapsing after injection of the isotopes. 
On the other hand, the rats on the protein-free diet started fasting with less RNA per 
liver but the amount was not further reduced by fasting for the 9-h period. This pic- 
ture has been confirmed in a separate experiment in which the period of fasting was 
extended to 24 h (Table I) ; it is also in agreement with the findings of KOSTERLITZ 27 
for change s in the total nucleic acid content of the liver during fasting after diets of 
differing protein content. From this evidence we may conclude that  fasting after a 
protein-containing diet results in an accelerated breakdown of RNA, and thus the 
most likely explanation for the low uptake of isotopes by RNA in such animals is that 
the labelled RNA precursors become diluted by the breakdown products entering the 
same pool (Fig. 4). When rats from the same dietary group were fed protein just prior 
to injection with the isotopes, uptake of 3zp and 14C-glycine rose rapidly to the levels 
obtained with rats on the protein-free diet, and in such animals liver RNA did not fall 
significantly (Table I). This suggests that,  as soon as amino acids start to be absorbed 
from the gut, RNA breakdown is halted with consequent cessation of dilution of the 
labelled RNA precursors. In other words, protein intake influences the amount of 
RNA in the liver by regulating its rate of breakdown. 

T A B L E  I 

CHANGES IN THE AMOUNT OF R N A  IN THE LIVERS OF RATS FASTED OR F~D 
PROTEIN DURING A 24-H PERIOD FOLLOWING DIFFERENT DIETS 

(The d a t a  are  the  means  of th ree  rep l ica t ions  of the  expe r imen t .  S t a t i s t i ca l  ana lys i s  shows t h a t  
only  the  group fas ted a f te r  the  p ro te in -con ta in ing  d ie t  lost  a s ignif icant  a m o u n t  of RNA.)  

Preceding diet Fed during mg RNAP,,±oo g 
period ot initial body weight 

observation Energy level Protein content o h 2 4 h Difference 

High  
Prote in-f ree  Nil  2.33 2.63 + 0 . 3 0  
Pro te in -con t  a id ing  Nil  3. o6 2.52 - - o .  54 
Prote in-co n t a i n i n g  P ro te in  3. o6 3. o i - - o .  o 5 

Low 
Protein-free  Nil  2.37 2.1o - - 0 . 2 7  
Pro te in -con ta in ing  Nil  2.62 ' I  .78 - -0 .84  
P ro te in -con ta in ing  Pro te in  2.62 2.52 - - o .  io  

In support of this interpretation of the data, we have examined the effects of diet 
on labelling in the precursor pools, on the uptake of 32p by the RNA of different 
fractions of the liver cell and on allantoin excretion. 

uptake o] 14C-glycine by RNA precursors 
If the low uptake of isotopes by RNA in animals fasted after a protein-containing diet 
is in fact due to dilution with breakdown products, one would expect to find evidence 
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of such dilution effects among the precursors of RNA. As a first approximation to the 
necessary data, we examined glycine uptake by the pooled adenine and guanine com- 
pounds of the perchloric acid soluble fraction of liver. It has been shown by BENNETT 
AND KRUECKEL 2s that most of the acid-soluble adenine is present in the form of 
adenosine mono-, di- and triphosphates, and that guanine takes corresponding forms 
almost exclusively. After administration of labelled adenine, they observed that the 
pools of adenosine compounds rapidly reached equilibrium, and similarly for the 
guanosine derivatives. Examination of the total adenine and total guanine of the per- 
chloric-acid soluble fraction of liver will therefore provide a reasonable approximation 
to the general state of the acid-soluble adenine and guanine precursors of RNA, if we 
accept adenosine and guanosine phosphates as likely precursors. 

Since the action of dietary protein on RNA metabolism was not found to differ 
appreciably at low and high caloric intakes, the study of changes in labelling in the 
precursor pools with variations in protein intake was made at an intermediate caloric 
intake, namely 12oo cal/sq.m/day. The total amounts of adenine and guanine in the 
acid-soluble fraction were not measured; consequently the results are expressed, not 
as total relative activities, but as the specific activity of glycine isolated by hydrolysis 
from these purines relative to the specific activity of free glycine. In the case of rats 
fasted after the protein-containing diet, the uptake of glycine by the adenine and gua- 
nine of the acid-soluble pool was much less than in the case of rats fasted after the 
protein-free diet (Fig. 5). On feeding protein just prior to injection, incorporation of 
glycine was markedly stimulated. The changes observed in RNA labelling are thus, 
in the main at least, reflections of corresponding changes in the precursor pools of 
adenine and guanine compounds. 
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Fig. 5. The effect of diet on the uptake  z 
of 14C-2-glycine by the total  guanine and 

3O adenine of the acid-soluble fraction of rat  
liver. The data are the specific activities 
of purine glyeine as percentages of the 2o 
specific activity of free glycine at each 
t ime interval. O - - - - O  Fast ing after 
protein-free diet. • - 0  Fast ing after lo 
protein-containing diet. × . . . .  × Fed 

protein after protein-containing diet. 
0 

A c i d - s o l u b l e  
g u o n i n e  

t / ×  

/ 
x / 

......--.o 

X 
A c l d -  s o l u b l e  / /  

oden ine  / 

/ / 
/ 

/ '  
/ 

/ 
/," 

/ /  
/ , '  

• o, 
3 6.~ ; ; ~ '  

The hypothesis of variations in RNA breakdown receives further support when 
we consider the relative effects which dilution with RNA breakdown products would 
have on the acid-soluble adenine and guanine compounds. The pool of adenine com- 
pounds is much larger than that of guanine compounds (¢/. Fig. 4), whereas liver RNA 
contains slightly more guanine than adenine ~9. Breakdown of RNA would therefore 
have a greater diluent effect on the pool of guanine compounds. Examination of the 
relative uptakes of radioactive glycine into guanine and into adenine of the acid- 
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TABLE II 

THE EFFECT OF D I F F E R E N T  NUTRITIONAL CONDITIONS ON THE RELATIVE UPTAKE OF 14C-GLYCINE 
BY THE PURINE BASES AND OF 32p BY THE P U R I N E  RIBONUCLEOTIDES OF RAT LIVER 

Statist ical  analys is  shows  that  the  guanine/adenine  ratio for 14C uptake  was  signif icantly affected 
b y  diet in the  case of the  acid-soluble purines and the  purines of R N A  ; diet  had no significant effect 
on the  pattern of 82p uptake.  (The data  for the  acid-soluble purines are taken from the  exper iment  
recorded in F i g .  5 ;  the  data  for 14C-glycine and 32p uptake  b y  R N A  are from the exper iments  
described in F i g .  2. The  ratios obtained at different t imes  after isotope injection followed essent ial ly  

the  same pattern and have  been averaged.)  

Uptake o/l*C-glycine Uptake ol 32p by 
RNA 

Previous diet Fed alter isotope injected Acid-soluble gua- RNA guanine/' Guanylic,'adenflic 
nine/adenine adenine ratio acid ratio 

ratio 

Protein-free Nil  ~. 15 1 . 4 i  o . 9 4  
Prote in-containing Nil  0 . 2 6  0 . 4 8  0 . 9 6  
Prote in-containing Protein o . 4 7  o . 9 6  o . 9 2  

soluble fraction and of RNA (Table II) shows that this prediction has been fulfilled in 
the present experiments. Fasting after the protein-containing diet reduced the uptake 
of glycine into guanine much more severely than into adenine, as evidenced by a fall 
in the guanine/adenine ratio. The ratio rose again when protein was fed, i.e., when 
dilution from RNA breakdown products was held in check. It is of interest to note 
that uptake of s2p was of the same order of magnitude in all four nucleotides of RNA, 
irrespective of changes in the total amount of z2p incorporated in response to different 
nutritional conditions. Table II shows the absence of a dietary effect on the guanylic/ 
adenylic acid ratio, which is representative of the picture obtained with 3,p incorpora- 
tion into the other nucleotides. 

Isotope uptake by digerent liver cell/ractions 
Rats fasting after a protein-containing diet exhibit a low uptake of isotopes into liver 
RNA (Fig. 2). If this is due to dilution of RNA precursors by RNA breakdown prod- 
ucts, it is likely that precursors of RNA in all parts of the liver cell will be affected. 
For this reason, we examined incorporation of 3,p into the RNA of different cell frac- 
tions under various dietary conditions (Table III). In the case of rats fasting after the 
protein-containing diet, the RNA in all cell fractions exhibited a low uptake of the 

T A B L E  I I I  

INCORPORATION OF 32p INTO THE RIBONUCLEIC ACID OF D I F F E R E N T  FRACTIONS OF 
THE LIVERS OF RATS RECEIVING VARIOUS DIETS AND KILLED 6 H 

AFTER INJECTION OF 50  jL~C OF 3*p 

The data  are the  mean  specific act ivit ies  of the  ribonucleotides  in each fraction relative to the 
specific ac t iv i ty  of l iver inorganic phosphate;  each dietary group consisted of 3 rats. 

Previous diet Fed alter isotope Nuclei Mitochondria Miorosomes Cell sap 
injected 

Protein-free Nil  3 3 . o  4 .7  6 . 7  9 . 4  
Protein-containing Nil  18.3  2 .7  3. o 5 .9  
Protein-containing Protein 3 8.2  8 .5  9 . 4  i 2 .4  
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isotope. On feeding protein to such animals, 32p incorporation rose proportionately in 
the different fractions. This may be contrasted with the effect of changes in protein 
intake on the total amount of RNA in these fractions. In previous studies 19, it was 
found that  only the RNA of the microsomal fraction (sedimented at 2o,ooo g) and pos- 
sibly the nuclear RNA underwent alterations in amount when protein intake was al- 
tered. This finding is not compatible with the isotopic data given in Table I I I  if we 
believe that the increased 32p uptake observed after feeding protein is due to an in- 
creased rate of RNA synthesis; in that case, increased 3~p incorporation ought to be 
confined to the fraction changing in amount. The quantitative data and the isotopic 
evidence can, however, be reconciled if we assume that variations in dilution by 
microsomal RNA breakdown affect the labelling of a precursor pool common to all 
cell fractions. 

Diet and allantoin excretion 

Since allantoin is the principal excretory product of purine metabolism in the rat, it 
was thought that  urinary output of allantoin might reflect changes in the rate of RNA 
breakdown. Urine was collected from rats over a 24 h period of fasting following diets 
containing protein or free from protein; in addition, one group was fed protein 
throughout the 24-h period. In order to minimize variations in allantoin output re- 
sulting from incomplete voiding of urine, the results were expressed in relation to 
creatinine output, which was assumed to be unaffected by diet. Table IV shows that 
the feeding of protein reduced output significantly in comparison with the output of 
rats fasting after the protein-containing diet. This is compatible with the hypothesis 
that  RNA breakdown is diminished by feeding protein. In contrast to the findings in 
these two groups, the allantoin excretion of rats fasting after the protein-free diet was 
found to vary significantly with the energy content of the preceding diet. Energy level 
in the preceding diet did not have this effect on rate of loss of RNA from the livers of 
fasting animals (Table I), and the effect of previous energy intake on allantoin excretion 
is presumably due to other causes. 

TABLE IV 

THE URINARY OUTPUT OF ALLANTOIN BY RATS FASTED OR FED PROTEIN DURING 
A 24-H PERIOD FOLLOWING DIFFERENT DIETS 

( T h e  d a t a  a r e  t h e  m e a n s  of  s ix  r e p l i c a t i o n s  of  t h e  e x p e r i m e n t .  S t a t i s t i c a l  a n a l y s i s  s h o w s  t h a t  t h e  
f e e d i n g  o f  p r o t e i n  d u r i n g  t h e  p e r i o d  o f  c o l l e c t i o n  c a u s e d  a s i g n i f i c a n t  r e d u c t i o n  in  a l l a n t o i n  ex -  

c r e t i o n  a n d  t h a t  e n e r g y  i n t a k e  h a d  a s i g n i f i c a n t  e f fec t  o n  o u t p u t  a f t e r  t h e  p r o t e i n - f r e e  d ie t ) .  

Fed during mg A Uantoin,'mg Creatinine 

Previous diet period o/ High energy Low energy 
collection group group 

P r o t e i n - f r e e  Ni l  3 .97  5 .93  
P r o t e i n - c o n t a i n i n g  Ni l  4 .4  ° 4 .64  
P r o t e i n - c o n t a i n i n g  P r o t e i n  4 . ° 2  3 .99  

DISCUSSION 

The participation of RNA in protein synthesis was originally suspected because of the 
large amount of RNA found in cells with a high rate of protein synthesis. Nevertheless, 
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at tempts  to demonstrate a relationship between rate of protein synthesis and uptake 
of isotopes by  RNA have sometimes yielded negative results. For example, HOKIN 
AND HOKIN 3° studied 32p uptake by the RNA of pigeon pancreas and found that  
changes in the rate of amylase synthesis were not necessarily accompanied by  changes 
in isotope incorporation. Similarly, DE DEKEN-GRENSON 31 was unable to relate RNA 
synthesis to protein synthesis in the pancreas and oviduct. 

The present experiments indicate the occurrence of a similar dissociation between 
protein synthesis and RNA synthesis in the case of the liver. Comparison of rats re- 
ceiving a meal of protein at the time of isotope injection with animals fasting after 
several days on a protein-free diet revealed a considerable stimulation of 14C~glycine 
incorporation into the liver proteins of the protein-fed group (Fig. 2). Nevertheless, the 
two groups showed an essentially similar uptake of 32p and of 14C-glycine into RNA. 
This finding agrees with the results of previous studies 2 in which the animals were fed 
on protein-flee or protein-containing diets during the period of labelling. Under these 
conditions, the absolute rate of 32p uptake was found to depend on the energy content 
of the diet but  not on its protein content. However, our present experiments also show 
that  rats [asting after a diet containing protein had a much reduced uptake of isotopes 
into RNA (Fig. 2). Unlike the other two groups, the RNA content of the livers of these 
animals was diminishing rapidly during the period of labelling (Fig. 3 and Table I), and 
it has been concluded that  the low isotope uptake of this group was due to dilution of 
precursors with breakdown products. Subsequent experiments showed that  the purine 
bases of the precursor pool did in fact exhibit a low uptake of glycine under these con- 
ditions (Fig. 5), that  reduction in the labelling of adenine and guanine differed in the 
way one would anticipate from dilution (Table II),  that  changes in 32p uptake were 
spread over all subcellular fractions in a manner compatible with dilution of a common 
precursor pool (Table III) and that  allantoin excretion was greater in fasting than in 
protein-fed animals (Table IV). Since evidence of dilution was swiftly obliterated on 
feeding protein, it has been concluded that  breakdown of RNA is part ly or wholly 
suspended while the dietary amino acids are being absorbed from the gut. 

Presumably there is some sort of relationship between the stability of liver RNA 
and the availability of amino acids for protein synthesis, so that  a given level of amino 
acid supply confers stability on a certain quanti ty of RNA. Thus in the case of protein- 
depleted rats, the diminished amount of RNA in their livers is equilibrated with the 
reduced supply of amino acids in circulation. Similarly, the larger amount of RNA in 
the livers of rats receiving a protein-containing diet can be maintained in a stable state 
so long as the animals continue to receive protein. I t  is during transition from one 
nutritional state to another (e.g. during a short period of fasting after a diet containing 
protein) that  we observe effects dtle to imbalance between amino acid supply and 
the amount of RNA. These effects will continue to be evident until a new equilibrium 
between the amount of RNA and the supply of amino acids is achieved. This is 
brought out quite strikingly in one of our previous experiments 2 in which rats were 
transferred from a normal diet to a protein-flee diet. During the first day of protein 
deficiency, the RNA content of the liver fell sharply and thereafter became plateaued. 
Uptake of 3~p by  RNA was low during the first day of the protein-flee diet (dilution 
effect), but rose to a high level as soon as the RNA content of the liver ceased to fall. 

The picture of RNA metabolism which emerges from the present and previous 
studies" is thus one of steady synthesis of RNA in proportion to the supply of energy, 
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var ia t ions  in the  amoun t  of R N A  (in the  microsomes TM) being brought  about  by  al- 
te ra t ions  in the  ra te  of i ts b reakdown in response to changes in the  supply  of amino 
acids avai lable  for p ro te in  synthesis.  This view of the  re la t ionship  between R N A  
metabo l i sm and  pro te in  synthesis  would account  for the  fact t ha t  tissues wi th  a high 
ra te  of p ro te in  synthesis  have a large content  of RNA,  ye t  do not  exhib i t  a ra ised ra te  
of R N A  format ion 32. 

In  view of the  recent  d iscovery  33 of an enzyme sys tem which can polymerize  
nucleoside d iphospha tes  to RNA-l ike  compounds,  i t  is of in teres t  to consider whether  
our present  da t a  are compat ib le  wi th  R N A  precursors of this  type.  Table  I I  shows tha t  
the  var ious  d ie t a ry  condi t ions used in our exper iments  affected the  labell ing of ade-  
nine and of guanine  differently,  whereas the  specific ac t iv i ty  of 3~p was essent ial ly  
s imilar  in all four r ibonucleot ides  under  these different nu t r i t iona l  condit ions.  This is 
precisely wha t  one would expect  if A D P  and  G D P  are immedia te  precursors of RNA.  
The recent  s tudies  of BRUMM, POTTER AND SIEKEVITZ 34 show tha t  the  acid- labi le  a toms  
of A D P  and  GDP,  as well as those of the  other  nucleosides d iphosphates ,  are in facile 
equi l ibr ium. In consequence, even if R N A  breakdown leads to unequal  di lut ion of the 
pools of A D P  and  GDP,  the  t e rmina l  P a toms  will a t  once equi l ibra te  and  result  in 
s imilar  specific ac t iv i t ies  of 3~p. However,  the  ra te  of conversion of adenine  to guanine  
is much slower 2s, so t ha t  unequal  di lu t ion of the  bases of A D P  and  GDP dur ing R N A  
breakdown will persist .  I t  m a y  be no ted  t ha t  the  P a toms  of AMP and  GMP are not  
so read i ly  exchanged  as are the  high energy P atoms3a; consequent ly  they  are less ac- 
cep tab le  as l ikely precursors  under  our exper imenta l  condit ions.  OCHOA 33 has shown 
tha t  his enzyme sys tem is reversible,  and  can lead  to nucleoside d iphospha te  forma- 
t ion from the  R N A  polymer.  I t  is thus  possible t ha t  the  b reakdown products  respon- 
sible for the  di lut ion of R N A  precursors in our exper iments  are in fact  A D P  and  GDP 
themselves.  I f  so, we have the in teres t ing  s i tua t ion  in which the  poin t  of equi l ibr ium 
between the nucleoside d iphospha tes  and  R N A  is de te rmined  by  the supply  of amino  
acids ava i lab le  for p ro te in  synthesis .  
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SUMMARY 

I. Rats were maintained on diets either containing adequate amounts of protein or free from 
protein and, after fasting overnight, were injected with 3zp and with l*C-2-glycine. They were 
killed at 3, 6 and 9 h thereafter. A further group of rats which had received the protein-containing 
diet were fed protein at the time of injection with the isotopes. 

2. The uptake of glycine into liver protein was essentially similar in the two groups in the 
post-absorptive state, but rose considerably when protein was fed at the time of injection. 

3. Labelling of RNA with 32p and with glycine was much reduced in rats fasted overnight 
after the protein-containing diet. On feeding protein to this group, uptake of both isotopes rose 
to the level found with the protein-free diet. 
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4. I t  is suggested t ha t  the low level of labelling in the groups fasted after  the protein-contain-  
ing diet was due to breakdown of RNA as soon as the supply  of amino acids from the gut  ceased, 
the products  of breakdown causing dilution of isotopically labelled precursors of RNA in the acid- 
soluble fraction of liver. The feeding of protein, by  restraining RNA breakdown and thus  te rmina t -  
ing dilution of these precursors,  restored the level of labelling in RNA. This hypothesis  is suppor ted  
by  a s tudy  of the effect of diet (a) on changes in the RNA content  of the liver, (b) on 14C-uptake by  
the purines of the acid-soluble fraction of liver, (c) on the uptake of s2p by the RNA of different 
liver cell fractions and  (d) on allantoin excretion. 

5- I t  is concluded tha t  the rate of synthesis  of liver RNA is a function of the available energy, 
whereas the stabil i ty and therefore am oun t  of RNA in the liver is determined by  the supply of 
amino  acids for protein synthesis .  
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