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Characterization of nucleotide arrangement in deoxyribonucleic acids 
through stepwise acid degradation* 

W e  presen t  here  a p rocedure  capable  of un ique ly  charac te r iz ing  and  con t r a s t i ng  D N A  spec imens  
t h a t  c anno t  be d i s t ingu ished  otherwise.  I t  is based  on a s t anda rd ized  and  q u a n t i t a t i v e  m e t h o d  
for the  e s t ima t ion  of the  3 ' , 5 ' - d i phospha t e s  of cy t id ine  (pCp) and  t h y m i d i n e  (pTp) p roduced  
a t  th ree  defined s teps  of acid degrada t ion  of DNA.  T h a t  some  p P y . p  is fo rmed  dur ing  par t ia l  
acid hydro lys i s  of D N A  has  been k n o w n  since the  ear ly  work  of LEVENE z and  THANNHAUSER 2 
and  was  conf i rmed recen t ly  3. 

The  t ypes  of nucleot ide  sequence  t h a t  could serve  as precursors  of p P y . p  were s tud ied  first  
in mode l  expe r imen t s  wi th  several  d inucleot ides  4. As e x p e c t e d  ApCp and  CpAp gave  rise, readi ly  
and  quan t i t a t i ve ly ,  to pCp and  Cp, respect ive ly  (5 min,  IOO °, o.oi  M H2SO4); effects t h a t  m a y  
be ex t ended  to t he  t r inucleot ide  sequence  P u . p P y . p P u . p .  Increase  of the  acid concen t ra t ion  to 
o.22~/ led to an  appreciable  p roduc t ion  of pCp f rom t he  dinucleot ide CpCp, 33 % of t he  doub ly  
esterified C appea r ing  as pCp in i2o minu te s .  U n d e r  t he  s ame  condi t ions ,  the  dinucleot ide  m i x t u r e  
CpTp and  TpCp (conta in ing 7o% of t he  first) gave  rise to 4 9 %  of the  po ten t ia l  pTp  and  to 12 % 
of t he  po ten t ia l  pCp. 

These  expe r imen t s  t oge the r  wi th  kinet ic  s tudies  on t he  ra tes  of hydro lys i s  of t he  py r imid ine  
nucleosides  and  thei r  p h o s p h a t e s  seem to indicate  t h a t  the  p roduc t ion  of p T p  or pCp or bo th  
f rom pyr imid ine  d inucleot ides  follows t he  s ame  p a t t e r n  as t he  b r eakdown  of p u r i n e - p y r i m i d i n e  
dinucleotides,  namely ,  the  init ial  fission of one of the  two glycosidic bonds,  wi th  C more  labile 
t h a n  T. A secondary ,  slower fo rma t ion  of d i phospha t e s  can,  therefore,  be expec ted  f rom py r imid ine  
dinucleot ide precursors  or ig ina t ing  dur ing  the  acid degrada t ion  of DNA.  

In  ex t end ing  t he  s t u d y  of the  p roduc t ion  of pT p  and  pCp to D N A  prepa ra t ions  f rom different  
cellular sources 4 condi t ions  h a d  to be found p e r m i t t i n g  t he  app rox ima te ,  b u t  s tandard izab le ,  
d i f ferent ia t ion be tween  p P y . p  ar is ing f rom t r inucleot ide  segments ,  in which  pyr imid ine  is f lanked 
by  purines ,  and  p P y . p  yielded by  pyr imid ine  ol igonucleot ide f r a g m e n t s  a m o n g  which  d inucleot ides  
will be the  pr incipal  cont r ibutors .  Model e x p e r i m e n t s  wi th  d inucleot ides  led to t he  choice of 
th ree  s tages  of hydro lys i s  for the  differential  ana lys i s  of the  d i s t r ibu t ion  dens i ty  of py r imid ine  
nucleot ides  in different  D N A  prepa ra t ions :  I. 3o m i n u t e s ;  II.  60 m i n u t e s ;  I I I .  12o m i n u t e s ;  
all in o . i M  H2SO4, ioo °. The  rapid  p roduc t ion  of d iphospha t e s  in s t age  I essent ia l ly  reflects 
the  n u m b e r  of P u . p P y . p P u . p  sequences ;  the i r  s u b s e q u e n t  slower format ion ,  as shown  by  the  
i nc remen t s  du r ing  the  following stages,  is indica t ive  of the  type  of p r e d o m i n a n t  a l l -pyr imidine  
precursors .  

A b o u t  io  m g  of D N A  are required for a comple te  ana lys is ;  0. 5 ml  of acid was used for 
hydrolys is .  Por t ions  of t he  solut ion r emoved  a t  the  comple t ion  of each s tage  were placed on 
Dowex-2 - fo rma te  co lumns  (2o0-400 mesh ,  xI × o.6 cm) and  f ract ional ly  e lu ted  wi th  formic acid 
and  a m m o n i u m  fo rma te  5. Ident i f ica t ion of separa ted  c o m p o n e n t s  was  m a d e  by  s p e c t r o p h o t o m e t r y  
and  paper  c h r o m a t o g r a p h y  in isobutyric a c i d - a m m o n i u m  isobutyrate (pH 3.6) e. 

W e  have  so far  e x a m i n e d  t en  different  D N A  specimens ,  bo th  f ract ions  and  to ta l  p repara t ions ,  
of which  th ree  have  been chosen for inclusion in Table  I, s ince t h e y  are a m o n g  those  t h a t  c anno t  
be d i s t ingu ished  by  to ta l  cons t i t uen t  analysis .  All figures are  based  on a t  least  dupl ica te  hydro lyses ,  
wi th  the  va lues  rare ly  dev ia t ing  by  more  t h a n  5 % f rom the  repor ted  averages .  

An  inspect ion  of t he  d a t a  p rov ided  in t he  table  will show t h a t  t he  differential  ana lys i s  
procedure  descr ibed here  is a useful  tool for the  charac te r iza t ion  of the  nucleot ide  a r r a n g e m e n t  
in D N A  prepara t ions ,  even  if t h e y  are ind i s t ingu ishab le  by  o ther  means .  Tak ing  in to  accoun t  
our  ent i re  survey ,  which  will la ter  form t he  sub jec t  of a detai led publ icat ion,  the  following range  
of figures m a y  be quo ted  for s tage  I t h a t  can  be t a k e n  as an  a p p r o x i m a t i o n  of t he  relat ive pro- 
por t ions  of pur ine- f lanked  pyr imid ine  nucleot ides  in different  D N A  prepara t ions .  The  q u a n t i t y  
of cy t id ine  d iphospha t e  var ied  f rom 6.0 to 15. 5 % of the  to ta l  cyt idyl ic  acid; the  cor responding  
figures for t h y m i d i n e  d i p h o s p h a t e  were 12.8 and  23.5 0/0. 

The  m o s t  obvious  general  fea ture  of the  resu l t s  is t he  non iden t i t y  of the  va lues  of T/C and  
pTp/pCp,  con t r a ry  to w h a t  would have  been expec ted  f rom a r a n d o m l y  cons t ruc ted  polynucleot ide .  
A more  direct  indica t ion  of n o n r a n d o m n e s s  emerges  when  t he  expe r imen ta l  va lues  for D N A  
pyr imid ines  appea r ing  as d iphospha t e s  a t  3 ° m i n u t e s  (vary ing  f rom 9.8 to 17. 3 o/0 of to ta l  pyr imi -  
dines) are con t r a s t ed  wi th  t he  figure of 25 ± 1 .6% for t he  percen tage  of single pyr imid ine  
nucleot ides  f lanked by  pur ine  nucleot ides  ob ta ined  by  t he  m a t h e m a t i c a l  t r e a t m e n t  of r a n d o m  
d is t r ibu t ion  of nucleot ides  in a l inear sequence  s. 

* Abbrev ia t ions :  DNA,  deoxypen tose  nucleic acids;  Pu. ,  Py.,  A, G, C, T, deoxyr ibos ides  of 
purines ,  pyr imidines ,  adenine ,  guanine ,  cytosine,  t h y m i n e ,  respect ively.  The  pos i t ion  of the  
esterified phosphor ic  acid is indica ted  by  p being placed a t  t he  r ight  of the  symbo l  if it  is a t t a ched  
a t  5'  of t he  nucleoside,  a t  t he  left  if it  is on 3'. 
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T A B L E  I 

DIFFERENTIAL ANALYSIS OF PYRIMIDINE DISTRIBUTION IN DNA* 

Starting material 

DNA traction** Ox (0.75) Man (Lo) Arbacia lixula (2.6) 

A, G, C, T; as mole % P 31.1; 19.o ; 20.0; 29. 9 30.9; 19.4; 19.8; 29.9 31.o; 18.5; 19.6; 30.9 

T/C, molar  ratio 1.5o 1.51 1.58 

Stepwise hydrolysis 

Stage*** I 1I III I 1I III  I II III 

pTp, as mole % Tp 15.9 19.5 22.6 19.9 21.1 24. 3 i6.o 20.2 24.2 

pCp, as mole % Cp 9.2 11.7 13.2 6.3 9.8 12.o 14.o 17.1 17. 7 

pTp/pCp,  molar  ratio 2.58 2.49 2.56 4.77 3 .26 3-07 1.8o 1.86 2.15 

* The mole % figures refer to moles per ioo moles of indicated const i tuent  present  in DNA. 
** The figures in parentheses  describe the NaC1 molar i ty  at  which the part icular  fraction was 

isolated th rough  the fractional dissociation of histone nucleate ~. 
*** The values for nucleoside diphosphates  liberated during the hydrolysis stages I, I I ,  I I I  

(3 o, 60, 12o minutes,  respectively, in o.i ~V/ H2SO 4 at  IOO °) have been corrected for the decom- 
posit ion of the d iphosphates  occurring in the course of this t reatment .  

Other  fragments,  separated and in some cases estimated, include pCpCp, pCpTp, pTpTp,  
pCpCpTp, and pTpTpCp. 

Our results permit  the conclusion tha t  the detailed aspects of the a r rangement  of pyrimidine 
nucleotides (and therefore of purine nucleotides) vary  widely in DNA specimens of different origin, 
providing a new means of distinction; tha t  in all cases examined, however, the distr ibution of 
const i tuents  appears  far from random;  and t h a t - - n o t  unlike a previous sugges t iong- -abou t  7 ° % 
of the DNA pyrimidines occur as oligonucleotide t racts  containing three or more pyrimidine 
nucleotides in a row. 

This work will form par t  of a dissertation to be submi t ted  by  H. S. SHAPIRO in partial  fulfilment 
of the requirements  for the degree of Doctor  of Philosophy, Columbia University.  I t  was supported 
by  research grants  from the Rockefeller Foundat ion,  the American Cancer Society and the U.S. 
Public Heal th  Service, to which lat ter  agency one of us (H.S.S.) is indebted for a Predoctorate 
Fellowship. 

Cell Chemistry Laboratory, Department o] Biochemistry, 
College of Physicians and Surgeons, Columbia University, 

New York, N.  Y.  (U.S.A.) 

HERMAN S. SHAPIRO 
ERWlN CHARGAFF 

1 p. A. LEVENE, J. Biol. Chem., 48 (1921) 119. 
S. J. THANNHAUSER AND B. OTTENSTEIN, Z. physiol. Chem., 114 (1921) 39. 

3 C. A. DEKKER, A. M. MICHELSON AND A. R. TODD, J.  Chem. Soc. (1953) 947. 
4 H. S. SHAPIRO AND E. CHARGAFF, Federation Proc., 15 (1956) 352. 
5 VV. E. COHN, in E. CHARGAFF AND J. N. DAVIDSON, The Nucleic Acids, Vol. I, Academic Press, 

Inc., New York, 1955, p. 211. 
6 B. MAGASANIK, E. VISCHER, R. DONIGER, D. ELSON AND E. CHARGAFF, J. Biol. Chem., 186 

(195 ° ) 37. 
C. F. CRAMPTON, R. LIPSHITZ AND E. CHARGAFF, J. Biol. Chem., 211 (1954) 125. 

8 A. M. MOOD, Ann.  l~/Iath. Stat., I I  (194o) 367 . 
9 C. TAMM, H. S. SHAPIRO, R. LIPSHITZ AND E. CHARGAFF, J.  Biol. Chem., 203 (1953) 673. 

Received December 3rd, 1956 


