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T H E  N U C L E O T I D E  C O M P O S I T I O N  OF P E N T O S E  N U C L E I C  ACIDS 

IN DIFFERENT CELLULAR FRACTIONS* 

by 

DAVID ELSON,  L E A H  \ V E N I G  T R E N T  AND E R W I N  C H A R G A F F  

(;ell Chemistry Laboratory, Department  o /Biochemis try ,  College o / P h y s i c i a n s  and Surgeons, 

Columbia University, N ew  York (U.S.,q.) 

We submit here observations made in the continuation of our efforts to discover 
whether there exists a correlation between the nucleotide composition, and therefore the 
nucleotide sequence, of pentose nucleic acids (PNA) and the structure or function of the 
cell. We have reported previously that the massive metabolic and morphological changes 
during early embryogenesis in the sea urchin are not accompanied by detectable changes 
in the composition of the PNA of the whole embryoL The present investigations, portions 
of which have formed the subject of preliminary communications 2, a, comprise a study of 
PNA composition in cellular fractions : nuclei, isolated from rat liver and from beef liver 
and kidney; and centrifugally isolated cytoplasmic fractions from rat and frog liver 
and kidney. 

E X P E R I M E N T A L  

Isolatio tz o /nuc le i  * * 
Rat liver ~zuclei. Two p repa ra t i ons  were made  from tissue, which  had  been frozen i m m e d i a t e l y  

af ter  removal ,  by  the  me thod  of DOUNCE 4, c i t r ic  acid at  p H  4 be ing  employed.  For  each p repa ra t ion ,  
the  organs  from six ra t s  were used. 

Ox nuclei. Liver  and  k idney  were frozen in dry  ice w i th in  one-half  hour  af ter  the i r  r emova l  
and  s tored at  --- t5 'L One ba tch  of l iver  nuclei  was p repa red  accord ing  to  DOUNCE AND I.ITT s in 

o,/o aqueous  gum arabic  kep t  a t  p H  4 by  the  add i t ion  of c i t r ic  acid. Two a t t e m p t s  to p repare  s imi la r  
nuclei  from k i d n e y  failed. 

Single spec imens  of l iver  and k i d n e y  nuclei  were p repared  by a modif icat ionS3 of the  t echn ique  
descr ibed by  BEHRFNS 8. About  5 ° g of t h in ly  sliced frozen t i ssue  was lyophi l ized and ground for 
48 hours  in a ball  mil l  a t  , i o  r.p.m, in 2o0 mi of l igroin wi th  abou t  ~5 o pebbles  (2 4 cm diameter) .  
From the  suspension,  s t r a ined  th rough  gauze (mesh wid th  o.5 mm), the  nuclei  were isolated by 
repea ted  een t r i fuga t ion  and re-suspension in benzene-CCl 4 mix tu re s  of increas ing  dens i ty  r ang ing  
from 1.19. 5 to  1.36o. One or two cen t r i fuga t ions  runs  a t  a dens i ty  of 1. 4 were in terspersed,  in order  
to remove,  by sed imen ta t ion ,  m a t e r i a l  heav ie r  t h a n  the  nuclei.  The las t  suspension was s t ra ined  
th rough  14o-, 2oo- and 325-mesh screens. The nuclei  were collected by  cen t r i fuga t ion ,  dr ied in a 
v a c u u m  and s tored at  -15 °. 

.-IplSearance. Microscopic e x a m i n a t i o n  of s ta ined  p repa ra t i ons  accompanied  the isola t ion steps.  
The nuclei  p repared  in c i t r ic  acid were una l t e red  in appearance ;  t hey  dispersed even ly  in wet  smears  
and  s ta ined  well, showing  p r o m i n e n t  nucleoli.  No sign of wr ink l ing  or collapse of the  nuclear  mem- 
brane  was seen, and  only  a few nuclei  in a hundred  showed a b reak  in the  m e m b r a n e  or carr ied  
bi ts  of ex t r a -nuc lea r  mate r ia l .  F ibrous  debris,  v i r t u a l l y  absen t  from one ra t  l iver  prepara t ion ,  consti-  

• This  work was aided by research g ran t s  from the Na t iona l  I n s t i t u t e s  of Heal th ,  lTnited Sta tes  
Publ ic  Hea l th  Service, from the  Rockefel ler  Founda t ion ,  and froin Sharp  & Dohme.  Inc. 

• * All p r e p a r a t i v e  opera t ions  were car r ied  out  a t  o to 5 - 
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tu ted io to 2 0  ° '  o of the other, bu t  had no apparen t  effect on the PNA composit ion (see the results 
in Table I). The nuclei prepared in non-aqueous  solvents were shriveled and quite contaminated  
with both  fibrous and non-fibrous material .  

Preparation o/cytoplasmic fractions 
The procedure followed tha t  of SCHNEIDER AND HOGEBOOM 9,10. All operat ions were performed 

at o to 5 '  in o.25 ,~I sucrose. The freshly removed, chilled organs were minced with scissors and 
comminuted  in an ice-cooled glass tissue grinder n. The pulp suspension was strained through fine 
cheese cloth, forced th rough  a 2o-gauge hypodermic  needle and centrifuged twice for io minutes  
at 600-700 x g, the pellets being discarded. The superna tan t  fluid was then subjected to two io- 
minute  centrifugations,  once each at 5,000 and 20,0o0 x g, yielding two brown, granular  pellets. 
The turbid supe rna tan t  fluid was centrifuged either at 20,000 × g for 3 to 4 hours  or at 78,000 X g 
for i hour ;  in either case the sediment  was a p ink t rans lucent  gel and the supe rna tan t  solution 
was perfectly clear. The 5,000 × g pellet, the mitochondrial  fraction, could not  be analyzed satis- 
factorily (see below). All other  sediments  gave similar analyses and have been grouped together  
under  the designation of "small  part icles".  These and the final superna tan t s  are the two types  of 
cytoplasmic fraction listed in Tables I I  and I I I .  Organs from L to 4 animals served for each prepa-  
ration from rat  t issues; organs from 15 animals  were pooled for each frog specimen. 

PN:~t a~zalysis 
The PNA of all p repara t ions  was analyzed by  a procedure fully described elsewhere1,12. In this- 

method no a t t empt  is made to puri fy  the PNA. By means of a modified procedure according to  
SCHMIDT AND THANNHAUSER 13 the PNA is extracted in tolo under  conditions permi t t ing  its quanti-. 
ta t ive hydrolysis  to mononucleotides.  These are separated and quant i ta t ive ly  est imated by  means  
of paper  ch roma tography  and ultraviolet  spec t rophotometry .  

Satisfactory chromatograms  could not  be obtained when large amounts  of inorganic salt were 
present  in the solutions subjected to separation.  NaC1 is formed during the hydrolysis  with N a O H  
and the subsequent  acidification with HI1 ; all hydrolysates  contained about  the same concentrat ion 
of NaC1. \Vith one exception, all cell fractions yielded excellent ch romatograms  when por t ions  of 
the hydrolysate  of o.oi  to 0.o 4 ml were chromatographed.  The exception was the cytoplasmic fraction 
sedimented at 5,00o x g, i.e., the mitochondrial  fraction, which is known to be very poor in PNA ~4. 
These hydrolysates  required amoun t s  of 0.08 to o.15 ml (applied in successive port ions  of o.oi ml12), 
and the chromatograms  were blurred and insufficiently resolved. No analyses of the mitochondrial  
prepara t ions  are, for this  reason, included in this paper.  

Since the method employed did not  permi t  reduction of the N a i l  concentrat ion below the 
critical level, a t t empts  were made to overcome this difficulty by other means. \ \ ' hen  KOH and 
HC10~ were subs t i tu ted  for NaOH and HC1, chromatographic  resolution of large port ions  was good. 
However,  controlled exper iments  showed tha t  over 20 % of the hydrolyzed PNA was lost, apparent ly  
through adsorpt ion on the precipitated KILO4, and tha t  the propor t ion  lost was  not  the same for 
the different nucleotides. A t t empts  to neutralize the alkaline hydrolysate  with an acidic resin 
(Dowex-5o , H-form, in batch) also resulted in incomplete recovery of nucleotides. 

RESULTS AND DISCUSSION 

The analytical results are assembled in Tables I and II. As has been mentioned be- 
fore, one type of cytoplasmic fraction, namely, that sedimenting at 5ooo x g, could not 
be analyzed satisfactorily. The other cytoplasmic particle fractions, those brought down 
at 2o,ooo and 78,ooo × g, were very similar with regard to the composition of their 
PNA and are here grouped under the designation "small particles". These particles 
(microsomes) and the non-sedimenting fractions remaining in the supernatant fluids are, 
therefore, the two cytoplasmic constituents considered here. A few of these preparations 
had been dealt with in previous brief communications2,a; for the present paper, all 
values have been computed again with the use of more recent and more accurate spec- 
tral data t. The PNA composition is reported as mole % of nucleotide ; in addition, several 
molar ratios are listed that are of interest for the comparison of different nucleic acids. 

This comparison forms the substance of Table III which also provides a statistical 
evaluation (by means of the t test is) of the significance of the composition differences 
found by us. It is apparent that the pentose nucleic acids of the preparations of rat and 
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T A B L E  I 

ISOLATED NUCLEI,  RAT AND OX: P N A  COMPOSITION* 

Source 
Isolation 

Moles per zoo moles ol nucleotide 

m e d i u m "  A G C l: 

R a t  l iver  I 2o.2 25. 7 29. 5 24.6 
R a t  l iver  I 2o.2 26. 3 30.2 23. 3 
Ox l iver  I I  18.9 26.2 32.6 22. 3 
Ox l iver  I I I  20. 4 25. 3 27.6 26. 7 
Ox k i d n e y  I I I  22.0 26.2 29. 7 22.2 

Molar ratios 

GM G.U C'A Pu ' t ' y  A ~ U 
G ~ C 

1.27 1.o 4 i .46 0.85 o.81 
1.3o l . I  3 1.5o 0.87 o.77 
1.39 1.I 7 1.72 o.82 o.7o 
1.24 0.95 1.35 0.84 0.89 
1.I 9 1.18 1.35 0.93 0.79 

* A b b r e v i a t i o n s  used:  A, adenyl ic  acid:  G, guany l i c  ac id ;  C, cy t i dy l i c  ac id :  U, ur idyl ic  ac id ;  
Pu, pur ines ;  Py,  py r imid ines .  

** Condi t ions  of i so la t ion  : I, c i t r ic  acid, pH  44; II ,  c i t r ic  acid, gum arabic,  p H  45 ; I I I ,  s e d i m e n t a t i o n  
in non-aqueous  so lvents  (benzene-CC14)6 * For  detai ls ,  see tex t .  

T A B L E  II  

CYTOPLASMIC FRACTIONS,  RAT AND FROG: P E A  COMPOSITION* 

Source Cell/faction Number o/ 
preparations 

Moles per Ioo moles o/nucleotide Molar ratios 

A ~ U A G C U G ',4 G' U C 'A Pu Pv 
G ~ C  

R a t  l iver  Small  pa r t i c les  3 16.37 32.07 30.5 ° 21.oo 1.967 1.543 1.873 0.943 0.600 
1Rat l iver  S u p e r n a t a n t  4 18.9o 31.4 ° 3o.18 19.53 1.663 1.633 1.598 1.oi 5 0.628 
R a t  k i d n e y  Smal l  pa r t i c les  4 18.45 32.4 ° 29.58 19-55 1.778 1-663 1.613 1.o35 o.615 
R a t  k i d n e y  S u p e r n a t a n t  3 17.77 30.53 30.03 21.63 1.72o 1.463 1.69o 0.940 0.653 
F r o g l i v e r  S m a l l p a r t i c l e s  3 2o.I 7 26.80 33.17 19.87 1.337 1.35o 1.65o 0.887 0.670 
Frog  l iver  S u p e r n a t a n t  1 20. 5 24.6 31.5 23. 4 1.20 1.o 5 1.53 0.82 0.78 
Frog  k i d n e y  Smal l  pa r t i c les  i 19. 9 31.2 29. 4 19. 5 1.57 1.61 1.48 1.o 5 0.65 

* See Table  I for abbrev ia t ions .  

T A B L E  I I I  

COMPARISON OF SPECIES,  ORGANS AND CELL FRACTIONS:  P N A  COMPOSITION* 

Specimens under comparison Number o/ 
preparations 

Moles per ioo moles o] nucleotide Molar ratios 

A~ U 
A G C U G,4 G U C A P u ' P y  

G + C  

R a t  2 20.20 26.00 29.85 23.95 1.285 1.o85 1.475 o.86o o.79o 
Nucle i  Ox 3 20.43 25.90 29.97 23.73 1.273 i.IOO 1.477 0.863 0.793 

Prob. * * g g g g g g g g g 

Cytoplasm,  R a t  14 17.99 31.64 30.04 20.30 1.773 1.586 1.682 0.989 0.624 
all f rac t ions  Frog 5 2o.18 27.24 32.08 20.50 1.356 1.342 1.592 0.906 0.688 

Prob.  * * e d e g b f f f e 

Smal l  pa r t i c les  7 17.56 32.26 29.97 2o.17 1.859 1.612 1.724 0.996 0.609 
R a t  c y t o p l a s m  S u p e r n a t a n t s  7 18-42 31.o3 3 °-12 20-43 1.687 1.56o 1.639 0-983 0-639 

Prob.  * * f f g g f g f g f 

L ive r  7 17.82 31.69 30.32 2o.16 1.793 1.594 1.716 0.984 o.616 
R a t  c y t o p l a s m  K i d n e y  7 18.16 31.6o 29.77 20.44 1.753 1.577 1.647 0.994 o.631 

Prob. * * g g f g g g f g g 

Cy top l a sm 14 17.99 31.64 30.04 20.30 1.773 1.586 1.682 0.989 0.624 
R a t  Nuclei  2 20.20 26.00 29.85 23.95 1.285 1.o85 1.475 0.860 0.790 

Prob. * * a d g f a d d d e 

* See Tab le  I for abbrev ia t ions .  
** Prob.  = p r o b a b i l i t y  (t test)  t h a t  the  means  are different,  a, > 0.999 ; b, 0.999 o.99o ; e, 0.99-0.98 ; 

d,  0.98-0.95;  e, 0.95 0.90; f, 0.90 0.50; g, < 0.50. Bold face t y p e  is used when the  p r o b a b i l i t y  of 
difference exceeds 95 %. 
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ox nuclei were identical, at least by the criteria applied here, and that  rat  cytoplasm 
displayed no significant composition differences between organs (liver, kidney) or cell 
fractions (small particles, supernatant  fractions). A species difference between rat  and 
frog cytoplasmic fractions is indicated; and there certainly exists a difference between 
the PNA of rat  nuclei and that  of rat  cytoplasm, as analyzed here. 

The present investigation had as its main purpose the search for the existence of 
striking differences in the nucleotide composition of pentose nucleic acids from different 
species, organs and cell fractions. For the establishment of small differences, let 
alone of mere divergences in nucleotide sequence, a much more extensive investiga- 
tion would be required. I t  should be noted tha t  the calculations of the t test take 
into account the number of data  available. When, as in the present case, this number is 
low, the effect is to diminish not the reliability of the probability calculations, but the 
likelihood that  significant differences will be found. I t  is thus highly probable that  a 
real composition difference did exist between the pentose nucleic acids of the samples of 
rat  and frog cytoplasmic fractions listed in Tables I I  and I I I .  I t  is, however, hardly per- 
missible to infer the discovery of a species difference, in view of the previous finding of a 
similar difference between two series of sea urchin embryos of the same species 1. For an 
actual species difference, if such exist, to be established, a larger number of organs and 
species will have to be examined in detail. 

The composition difference between the pentose nucleic acids of rat  nucleus and 
cytoplasm appears to be more firmly established (Table I I I ) .  Since the initial announce- 
ments of such nucleo-cytoplasmic differences in rat  ~ and calf TM, similar findings have been 
made with respect to the nucleic acids of rat  and rabbit  liver 17-19 and the starfish 06cyte 20. 
OLMSTED AND VILLEE have reported finding three types of PNA in human liver, one 
each in the nucleus, cytoplasmic Farticles and cytoplasmic supernatant,  but  only a single 
type in all fractions of the rat  liver cell 2~. Our results, indicating the presence of two 
different pentose nucleic acids in rat  liver, one in the nucleus and one in all the cyto- 
plasmic fractions investigated, are in close agreement with those of DAVlDSON and his 
co-workers 17-19. In both laboratories the average values found for the ratios G/A, G/U, 
and C/A are, respectively, nuclei: 1.2-1.3, I .O-I . I ,  1.3-I.5; cytoplasmic fractions: 
1.7-1.8, 1.6, 1.5-I.7. Similar values were found in nuclei from ox liver and kidney (Table 
III) and rabbit liver ~7, but  not calf thymus17; and in cytoplasmic fractions from rat  and 
frog kidney (Tables II, III) and rabbit  liver TM, but not frog liver (Table II).  The inference 
may be drawn, though very tentatively,  that  the compositon of PNA is more characteris- 
tic of the intracellular location of the PNA (nucleus in contrast to cytoplasm) than of 
the species or organ. The available evidence is, however, meager and somewhat con- 
tradictory. 

In this connection, mention may be made of a report that  the nuclear pentose 
nucleic acids of various calf organs contain approximately 40 to 50 % more adenine than do 
the corresponding cytoplasmic substanceslL I t  has, in fact, been suggested that  the cyto- 
plasmic PNA may be derived from the PNA of the nucleus, and that  this process may be 
accompanied by the liberation of adenine nucleotides which, by the way of ATP, could 
serve as an energy source for the synthesis of cytoplasmic proteins TM, 2~. Recent evidence 
pointing to a more complex series of events has been discussed by BRACHET 23. I t  should 
be pointed out that  our data on the composition of the nuclear PNA of ox differ from 
those of MARSHAK TM. Where we have compared nuclear and cytoplasmic preparations 
from the same source (rat liver), we have also found the cytoplasmic PNA to contain 
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less  a d e n i n e  t h a n  d o e s  t h a t  of  t h e  n u c l e u s ;  b u t  t h e  d i f f e rence  is l ess  s t r i k i n g ,  a b o u t  l O % .  

As  t h i s  c y t o p l a s m i c  P N A ,  m o r e o v e r ,  a l so  c o n t a i n e d  a b o u t  I 5 %  less  urac i l ,  a s e l e c t i ve  

r e l e a se  of a d e n y l i c  ac id  is n o t  o b v i o u s  f r o m  o u r  d a t a .  I t  is a l t o g e t h e r  a p p a r e n t  t h a t ,  in 

v i e w  of m u l t i p l e  r e c e n t  e v i d e n c e  t h a t  a d e n i n e  n u c l e o t i d e s  m a y  n o t  be t h e  o n l y  w ide ly  dis-  

t r i b u t e d  n u c l e o t i d e s  c a p a b l e  of  h i g h  e n e r g y  p h o s p h a t e  t r a n s f e r  24, 25, t h e  h y p o t h e s e s  re-  

g a r d i n g  t h e  o r ig in  a n d  t h e  u n i q u e n e s s  of  A T P  a n d ,  e spec i a l l y ,  t h e  f u n c t i o n a l  a n d  m e t a -  

bol ic  r e l a t i o n s h i p  b e t w e e n  t h e  v a r i o u s  i n t r a c e l l u l a r  p e n t o s e  nuc l e i c  ac ids  will h a v e  to  be 

s c r u t i n i z e d  a n e w .  

sI  ~MMARY 

The nucleotide conlposition of pentose nucleic acids of nuclei from rat liver and ox liver and 
kidney as well as of cytoplasmic fractions from rat and frog liver and kidney has been studied. 
While no significant differences either between organs or, with one doubtful exception, between 
species were found, the hepatic nuclear and cytoplasmic pentose nucleic acids of the rat did differ 
in composition. 

RI~SbMI~ 

La composition en nucl6otides des acides pentosenucl~iques des noyaux du foie du rat, et du 
foie et du rein du boeuf, ainsi que celle des fractions cytoplasmiques du foie et du rein du rat  et 
de la grenouille a 616 6radicle. Tandis qu 'aucune  diffdrence significative, soit entre les organes, soit, 
/¢ une exception douteuse prgs, entre les esp6ces, n 'a  6t6 trouvde, dans le foie du rat, les acides pentose- 
nucl6iques nucl6aires ont une composition diffdrente de celle ties acides pentosenucldiques cyto- 
plasmiques. 

ZUSAMMENFASSUNG 

Die Nukleot idzusammensetzung einer Reihe von PentosenukleinsS~uren wurde untersucht.  Das 
Untersuchungsmater ia l  uinfasste Zellkerne aus Rattenleber und Rindsleber und -niere und Cyto- 
plasmafraktionen aus der Leber und  Niere vim Rat ten  und Fr6schen. Weder zwischen Organen 
noch, mit  einer fraglichen Ausnahme, zwischen Spezies wurden deutliche Unterschiede aufgefunden. 
Hingegen zeigte der Vergleich von Pentosenukleinsfiuren aus dem Kern und solchen aus den1 Cyto- 
plasma von Rattenleber, dass es sich um verschieden zusammengesetzte  Substanzen handeltc. 
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