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[MARY 

I. The b u o y a n t  dens i ty  of cy tochrome b 2 D N A  b~ 
:k-cooling suggests  considerable  helici ty,  and  obse 
herichia coli exonucleases  I and  I I I  on the  D N A  s 

2. Enzymic  and  chemical  inves t iga t ion  of the  i 
md  5 ' - hyd roxy l  end groups of the  D N A  indica te  t ha t  t] 
average molecular  weight  range of 20 ooo-8o ooo is es 

3. Cytochrome b 2 D N A  serves as a p r imer  for E.  cod 
h i t t i ng  a s t u d y  of overal l  neares t -ne ighbor  base f req  
~+, a single r ibonucleot ide  is incorpora ted  in place o 
nucleot ide  in the  p roduc t ;  a lkal ine  hydro lys i s  of thi, 
ch can be ana lyzed  for base sequence. Bo th  approa(  
: the  cy tochrome b, D N A  is a heterogeneous popu la t  
ca ted  above  or else t ha t  to be homogeneous  in nuc 

these ends are heterogeneous.  
e s t ima ted  from these studies.  

coli D N A  polymerase ,  t he reby  
uencies.  Also, b y  the  use of 

of the  corresponding deoxy-  
this  p roduc t  releases f r agment  

)roaches suppor t  the  conclusion 
ion of molecules of the  size 

nucleot ide  sequence i ts  weight  

workers  ob ta ined  cy tochrome b 2, the  L ( + ) - l a c t a t e  de- 
yeast, in a crys ta l l ine  form I and  ident i f ied  a D N A  com- 
ND MORTON a and  la te r  MAHLER AND PEREIRAa, 5 r epor ted  
oo in molecular  weight  and  p r e s u m a b l y  homogeneous  in 
a D N A  of such small  size and  un i fo rmi ty  of composi t ion 
f enzymic  repl ica t ion  and sequence and  end group analys is  
)me biological  significance as well. Fo r  these reasons and 
nen t  of the  la te  Professor R. K. MORTON who suppl ied  
an inves t iga t ion  of this  DNA.  Our resul ts  show extens ive  
wi th  respect  to end groups,  chain length  and  de ta i led  

Bioehim. Biophys. Acta, lO8 (1965) 243-248 

An avera  

pe rmi t t i ng  
Mng+ 
r ibonuc leo  
which 
thai  
ind ica ted  
mus t  exceed IOO ooo. 

INTRODUCTION 

MORTON and  his co-workers 
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na ture .  The ava i l ab i l i t y  of 
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and  might  prove to have  some 
wi th  the  s t rong encouragement  
the  mater ia l ,  we unde r took  
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:essor r~. r~. lvxo~roN ana  preparea as aescnoefl  oy m 
he methods  used below will not  be described inasml 
ed in the cited references. 

;cal nature o/ the D N A  
Evidence for a highly ordered conformation of the J 

PEREIRA a was based on absorbancy changes during 
• , the observed lack of interaction with amines or acridJ 
)rmaldehyde and exonuelease I argued against a typic 

The following three measurements  suggest tha t  t t  
:al content:  

(I) CsC1 density gradient centrifugation. The bu< 
7.4 was 1.7o 4 g . c m  -3. After heating the DNA at ioc 
quick-cooling, the buoyan t  densi ty was 1.7I 4. This in, 

(2) Susceptibili ty to exonuclease I. This enzyme (al,, 
~ecific for single-stranded DNA s. When it was used in 
/o of the DNA-phosphorus  was liberated as m o n o n u  
monoesterase; after heat ing and quick-cooling the va] 
cate tha t  20 % of the DNA is single-stranded and ac 
failure to achieve complete degradat ion after heatJ 
Lturation or to the presence of 3 ' -phosphoryl  end gro 

IOO ° for 5 min in 0.005 M KC1 
increase indicates a transit ion 

also called phosphodiesterase) 
In excess on this DNA sample, 

mononucleotides sensitive to phos- 
value was 7 ° %. These results 
accessible to enzymic a t tack;  

heating may  be due to partial  
3 ' -phosphoryl  groups. There is a discrepancy 

hose of MAHLER AND PEREIRA 5 showing extensive suscep- 
A to exonuclease I. A possible explanation is tha t  MAHLER 
;ion to acid-solubility ra ther  than release of nucleoside 
line the extent  of enzyme action; their assay may  also 
rendered exonuclease 
he discrepancy m a y  be tha t  exonuclease I can contain 
ucleaseL 

exonuclease I I I .  This enzyme 1° releases 5'-nueleotides 
; of double-stranded DNA;  the reaction proceeds until  
Les are released and the DNA is essentially single-stranded. 
:ensively degraded, possibly because even a small flag- 
to generate new helical regions. Cytochrome b 2 DNA with 

ased 8o % of its nucleotide residues, indicating not only 
begin with, bu t  also tha t  helicity may  be restored by  the 
buted to the dAT polymer. 

' fi965) 2 4 3 - 2 4 8  

o.1 l t l  ( 

from helical to coil state 7. 

is specific 
20 % 
phomonoestera:  
indicate 
the 
rena  
between these results and those 
tibili ty of the unheated  DNA 
AND P E R E I R A  u s e d  convers 
monophosphates  to deterrr 
measure oligonucleotides 
Another  explanat ion for the 
variable amounts  of endon  

(3) Susceptibili ty to 
from the 3 ' -hydroxyl  ends 
about  4o % of the nucleotides 
dAT polymer  is more extensivel, 
ment  can fold back on itself 
excess exonuclease I I I  released 
tha t  the DNA is helical to be 
kind of folding process a t t r ibut  
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oo it the average molecule has one terminal piaosph 
two such terminal groups. 

2. DNA phosphatase. This enzyme which releas 
i a phosphomonoester group on the 3'-hydroxyl terI 
)er 14o moles of nucleotide residues in cytochrome 
ificant number of 3'-hydroxyl ends is esterified with 

3. Spleen diesterase. This enzyme is an exonuch 
tides starting from the 5'-hydroxyl end of a polyn 
lhibited if this terminus is esterified with phosphat~ 
• ytochrome b 2 DNA only IO % of the nucleotide re 
r exposure to alkaline phosphatase the value was 6c 
presence of a significant number of 5'-phosphomono( 

4. Labeling o/phosphomonoester termini with [14C 1 meti 
n applied to cytochrome b 2 DNA gave a value indica 
group per 200 nucleotide residues (assuming a mini 

7o). When DNA thus labeled was heated and then 
r 7 ° % of the radioactive label was released in acid-s 
he remainder of the labeled DNA is concluded to be 
groups. The result of this labeling technique therefc 

7o of the total phosphomonoester groups are present 
olynucleotide chains which also bear 3'-hydroxyl end 
chains which have 3'-phosphate end groups. The lat 
ition, carry 5'-ohosohate end ~rouos. 

indicating one phosphomonoester 
minimum labeling efficiency of 

exposed to exonuclease I, 
acid-soluble form. The resistance 

due to 3'-phosphomonoester 
therefore indicates (I) that about 

as 5'-phosphate end groups 
end groups, and (2) that there 

latter type of chains may, in 
groul c 

hydroxyl groups and their characterization. A sample of 
ras treated with [3Hlacetic anhydride z6 and the labeled 
, was degraded, with snake venom phosphodiesterase. 
~-acetyldeoxynucleoside 5'-phosphates of adenine, guanine, 
e all identified, demonstrating the presence of free 3'- 
heir heterogeneity with respect to the terminal nucleoside. 

~er /or E. coli DNA polymerase and the nature o/the product 
tsed as a primer for polymerase, synthesis initially pro- 
rate observed with dAT polymer. The incorporation of 

:t (formed up to 40 % net synthesis) shows the same ratio 
lat in the primer (2.3). Longer reaction times lead to a 
, due to the onset of dAT synthesis zT. When the product 
nthesis was treated with bacterial alkaline phosphatase, 
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t i l e  pLJa~IL/IU UlIIIALIULJLILII[5~ d.llF I U [ ) l g 3 U l l L t 2 t l  ( l l l t l  1113 111, 

sequence frequencies predicted for " r a n d o m "  an 

her large deviat ions  between the values for the two t 

tsiderable significance and require fur ther  investigat! 

BLE I 

kREST-NEIGHBOR SEQUENCES OF YEAST DNA's 

~se results were obtained in collaboration with Drs. M. N. ', 

~resl-neighbor Yeast" 
tences (z. 6.5 ) 

% TpT 0.097, o.111 
k, TpG 0.057, 0.066 
% TpC o.o59 , o.o58 
7, ApG o.o57 , o.o57 
F, ApC o.o54 , o.o5o 

o.o44, o.o38 

* DNA isolated from baker's yeast by Professor R. 
** DNA isolated from Fleischmann's baker's yeast by us. 
ratios, A+T/G+C.  For further symbols, see ref. 18. 

0.044, 0.045 
0.040, 0.042 
0.047, 0.036 
0.035, 0.032 
O.145  
O .152  

0 . 0 2 4  

0 . 0 2 4  

Values in parentheses represenl 

erase incorporates  r ibonucleotides in place of deoxyr ibo 
~plication when Mn 2+ replaces Mg 2+ as the cation ~0, thereb? 

tpproach to examining  the va r i e ty  and frequencies ol 
:es in the DNA.  If [e-32PICTP, dGTP,  d A T P  and dTT} 

replicat ion of a par t icular  DNA,  the product  formed wil 
positions normal ly  occupied by  deoxycyt idy la tO" ;  upor 
a product  is cleaved at every  cy t idyla te  residue yieldin~ 

type  (Xp) n Cp where n /> I for X = d A M P ,  d G M P o l  
~, and where n = 0 for X = dCMP. Thus I mononucleot ide  
)tides and 27 tetranucleot ides ,  etc., are possible product.' 
sequence of unl imi ted  length (Table II) .  

a~p in the terminal  phosphomonoester  residues of th( 
des listed in the first column of Table  I I  shows, t ha t  the 3 

( 1 9 6 5 )  2 4 3  2 4 8  

GpT, 
GpG, CpC 
TpA o.083 
ApT o. I oo 
CpG 0.030 
GpC 0.038 

base ratios 

Sequence analysis  o/ the D N A  
E.  coli D N A  polymerase 

nucleotides during D N A  re F 

providing the following apt  

cer ta in  nucleot ide sequences 
serve as substrates  for the 
contain r ibocyt idyla te  at 
t r ea tmen t  wi th  alkali such 
f ragments  of the general  

d T M P  or mult iples  of these 

3 dinucleotides,  9 t r inucleotides 
from a complete ly  random 

The occurrence of 
mono-,  di- and tr inucleot ides 
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re represented and no major  disct 

arrangemen 
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SWARTZ aI 

Cytochrome b~ 
(2.I4) ( 

o. I I 5 ,  O .143  o 

o.o47, o.o51 o 
o.o49, o.o54 
o.o54, o.o47 
o.o45, o.o43 
o.o32, 0.o36 
O.ll 3 
o.118 
0.025 
o . o 2 9  
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"Cp" CGCC 

~p*Cp* CAACC 
Fp*Cp* CTTCC 
2~p *Cp" CGGCC 
3p*Cp" CAGCC 
Ap*Cp" CGACC 
~p*Cp* CTACC 
I 'p 'Cp* CATCC 
Fp*Cp* CGTCC 
3p 'Cp*  CTGCC 

* The  as t e r i sk  r ep resen t s  a~p. 

se from tri-, tetra- and pentanucleotide sequences (s 
pectively, of the newly synthesized polymer. Witl 
]plate, each of the fragments produced during alkalir 
a distinct complementary sequence (third column of 
le of the sequences are overlapping so that each fragn 

For quantitative purposes, the frequency of the se 
t 3 can be deduced from the fraction of the monoes 
in each fragment. If, in separate experiments, the sa 

lsed but each of the deoxynucleotide triphosphates 
same fragments are produced, but the amount of mo] 

the frequencv with which the labeled deoxvnucleoti~ 

alkaline hydrolysis may be relate( 
of Table II). Note further tha 

ment corresponds to a uniqm 

sequences shown in columns : 
monoester a2p relative to the tota 

same ribonucleotide precurso 
is in turn labeled with a~p 

monoester s~p will be a measur~ 
ynucleotide precursor resides next t( 

been applied to cytochrome b 2 DNA as primer for DN.~ 
FP, dATP, dGTP and dTTP as substrates. After approx 
is (the maximum extent to which the synthesis proceed 
he product was hydrolyzed with alkali 19, and the diges 
DEAE-cellulose according to TOMLINSEN AND TENER 2 

ataining mono-, di-, tri- and tetranucleotides. Each peal 
imensional mapping procedure of RUSHIZKY .aND KNIGHT s 
meric trinucleotides were further resolved by chromatog 
aium sulfate el. The labeled fragments were located b 3 
ed, and the ratio of monoesterase-sensitive a2p to tota 
etermined using E. coli alkaline phosphatase. 
of the isomeric pair ApGpCp and GpApCp, each of th~ 
m I (Table II) was detected. The ratio of monoesterase 
' was always less than I.O (usually ranged from o.Io t( 
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CGACG 
GGCAG 
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c t u r e  a n a  coplefl  r a n a o m l y ,  one  w o m a  c o n c m a e  tn 

1 4OO-5OO n u c l e o t i d e  r e s idues  pe r  d u p l e x  molecu le .  

ow, s ince  a s ign i f i can t  q u a n t i t y  of a2p was  f o u n d  tc 

ta- a n d  h i g h e r  o l igonuc leo t ides .  F o r  each  t e t r a n u (  

e were  n o t  i den t i f i ed ,  t h e r e  were  a t  l eas t  I0  discr, 

o a u t o g r a m )  one  would ,  g r a n t i n g  t h e  a s s u m p t i o n s  di, 

mc leo t i de s  for  a s i n g l e - s t r a n d e d  D N A  p r i m e r  or twi  

ely hel ica l  p r ime r .  

So if c y t o c h r o m e  b 2 D N A  c o n t a i n s  on ly  4oo resi 

not  be  c o m p o s e d  of mo lecu le s  h a v i n g  i den t i ca l  sequ, 

logeneous ,  i ts  size mu~t  e x c e e d  a m o l e c u l a r  w e i g h t  ( 
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