
Vol. 57, No. 1, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

CHARACTERIZATION OF E.COLI RNA POLYMERASE-BINDING SITES ON 

f l  RFI DNA 

Kazuo Shishido and Tadahiko Ando 

Microbiology Laboratory, The Ins t i t u te  of Physical and Chemical 
Research, Wako-shi, Saitama 351, Japan. 

Received January 10,1974 

SUMMARY 

E. coli  RNA polymerase-binding sites on f l  RFI DNA were isolated 
as DNX fraction(l.9% of total DNA)protected by RNA polymerase against 
the nucleolyt ic digestion. These polymerase-protected DNAs had the 
properties as fol lows:(1) They were not obtained in the absence of 
sigma factor. (2) They were short double-stranded DNA fragments(35-~O 
base pairs long) and enriched in A-T base pairs(65%). (3) After heat- 
denaturation, they exhibited the resistance to the single strand- 
specif ic nuclease to some extent, but the nuclease-resistance was 
very temperature dependent. They behave not l ike GC-rich regions on 
f l  DNA, which have very stable ha i rp in - l i ke  structure. 

INTRODUCTION 

Previously, we isolated two sorts of ha i rp in - l i ke  structure,  

AT-rich fragments(61.3%AT,(1)) and GC-rich fragments(41.3%AT,(2)) 

from coliphage f l  DNA. The binding of E. col i  RNA polymerase to the 

f l  RFI DNA was inhibi ted by both phleomycin and the AT-rich fragments, 

and the binding of RNA polymerase to the AT-rich fragments was in- 

hibited by phleomycin(3). Phleomycin is an an t ib io t i c  which has been 

reported to bind spec i f i ca l l y  to the A-T pairs in DNA(4,5). These 

evidences indicate that E. coli  RNA polymerase bind p re fe ren t ia l l y  to 

AT-rich regions on DNA template. 

One direct approach to study the structure of promoter regions 

is to isolate RNA polymerase-binding si tes.  Taking advantage that 

the binding sites on DNA were protected by polymerase against nucleo- 

l y t i c  digestion, several groups have looked for pecu l ia r i t ies  in 

base composition of these s i tes,  as compared with that of tota l  DNA. 

These results show many common features. Protection requires in 

addition to holoenzyme, elevated temperatures. The protected frac- 

tions in fd RF(6,7), ~(8-I0),  Ts( l l  ) and T7( l l  ) DNAs are AT-rich 

(65-67%) and consist of about 35-50 nucleotide residues. Although 

the nucleotide d is t r ibu t ion  of the protected sequences obtained 

Copyright © 1974 by Academic Press, Inc. 
All rights o f  reproduction in any form reserved. 

169 



Vol. 57, No. 1, 1 9 7 4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

from var ious DNAs a l l  show a f a i r l y  good A=T and G=C c o r r e l a t i o n ,  

there are few proof  of doub le -s t randedness(7) .  Moreover i t  is 

very i n t e r e s t i n g  whether the pro tec ted sequences have s e l f -  

complementary h a i r p i n - l i k e  s t r u c t u r e  or n o t ( l , 2 ,  12-14).  In order 

to solve these problems, the authors i nves t i ga ted  the s e n s i t i v i t y  

of the protected DNA fragments to S1 nuclease, a s ing le  s t rand-spe-  

c i f i c  endonuclease(15,16) wi th or w i thou t  previous hea t -dena tu ra t i on .  

MATERIALS AND METHODS 

RNA polymerase holoenzyme and core polymerase were p u r i f i e d  

from E. co l i  as descr ibed by Berg et  a l ( 1 7 ) ,  Enzymes of Frac t ions 

6 and 7B in t h e i r  method were used as holoenzyme and core polymerase, 

r e s p e c t i v e l y .  The Frac t ion  6 appears to contain approx imate ly  0.8 

equ iva len t  of sigma. 

Uni formly labe l led (32p)RF l  DNA was obtained from f l - i n f e c t e d  

E. co l i  KI2 W2252 growing in a T r i s -g l ucose  medium con ta in ing  9 x 
10 -4 phosphate and 15~Ci/ml 32pO4H 3. T r i t i a t e d  t h y m i d i n e - l a b e l -  M 

led RFI DNA was obtained from f l - i n f e c t e d  E. co l i  KI2 W2252 thy"  

mutant as descr ibed p r e v i o u s l y ( 3 ) .  Cold and t r i t i a t e d  thymid ine-  

l a b e l l e d  AT- r i ch  and GC-rich fragments were prepared from f l  DNA 

by the method repor ted p r e v i o u s l y ( 3 ) .  These two sor ts  of fragments 

correspond to s ize of 45-50 and 35-40 nuc leo t ide  res idues ,  respec- 

t i v e l y .  Salmon sperm DNA and poly U were purchased from Calbiochem. 

and Miles Labo ra to r i es ,  r e s p e c t i v e l y .  T r i t i u m  l abe l l ed  poly U(Miles 

Lab.) was a generous g i f t  from Dr. K. Sakaguchi of M i t sub ish i  Kasei 

I n s t i t u t e  of L i fe  Sciences. 

I s o l a t i o n  of RNA polymerase-b ind ing s i t es  was performed as 

descr ibed in legends of f i gu res  and tab le .  

S l - d i g e s t i o n  of nuc le ic  acids and ana lys is  of d i ges t i on  products ,  

f ragmentat ion of DNA, and measurement of hyperch romic i t y  weTe ca r r ied  

out as descr ibed p r e v i o u s l y ( 1 6 ) .  

RESULTS AND DISCUSSION 

I t  is known tha t  the complex of DNA-RNA polymerase can be 

re ta ined  on the f i l t e r  even a f t e r  n u c l e o l y t i c  d i g e s t i o n .  As shown 

in F i g . l ,  the complex of f l  RFI DNA and E. co l i  RNA polymerase was 

hydrolyzed wi th  pancrea t ic  DNase in the presence of an excess un- 

l abe l l ed  heat-denatured salmon sperm DNA. In the experiment using RNA 

polymerase holoenzyme, about 1.9% of t o ta l  DNA was re ta ined on the 

f i l t e r  by b ind ing of 1.5 ug of the enzyme. This per cent did not change 
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F i g . l .  H y d r o l y s i s  of  the RFI DNA-RNA polymerase complex w i t h  
p a n c r e a t i c  DNase. 

Each m ix tu re  con ta ined  2 ~g o f (32p)RFI  DNA (about 1 x 105cpm) 
and i n d i c a t e d  amounts o f  RNA polymerase holoenzyme and core p o l y -  
merase in  0.5 ml of  b i n d i n g  b u f f e r ( l O  mM T r i s , p H  7 .9 ,  I0 mM MgCI~, 
50 mM KCI, and 0 . I  mM d i t h i o t h r e i t o l ) .  A f t e r  i n c u b a t i o n  at  37°C ~ 
f o r  7 min,  20 ~g o f  u n l a b e l l e d  hea t -dena tu red  salmon sperm DNA and 
50 ~g of  p a n c r e a t i c  DNase I (Wor th ing ton  Biochem. Co.) were added 
and the i n c u b a t i o n  was con t inued  f o r  25 min. The m ix tu res  were 
c h i l l e d ,  d i l u t e d  w i t h  co ld  b i n d i n g  b u f f e r  and then passed th rough  
membrane f i l t e r s ( M i l l i p o r e , H A ,  0 .45~) .  A f t e r  washing w i t h  co ld  
b i n d i n g  b u f f e r ,  r a d i o a c t i v i t y  r e t a i n e d  was counted in  a t o l u e n e -  
based s c i n t i l l a t o r .  

by the o m i t t i n g  the u n l a b e l l e d  DNA. On i n c r e a s i n g  the amount of  RNA 

polymerase,  the per Cent of  p ro tec ted  f r a c t i o n  d id  not exceed about 

2.5%. These r e s u l t s  suggest  t h a t  RNA polymerase holoenzyme b ind spe- 

c i f i c  s i t e s  on f l  RFI DNA and the DNA reg ions  i n i t i a l l y  assoc ia ted  w i t h  

the polymerase could be i s o l a t e d  as a p ro tec ted  f r a c t i o n .  On the o the r  

hand, in  the exper iment  us ing  core po lymerase,  the p ro tec ted  f r a c t i o n  

was not ob ta ined .  The re fo re ,  sigma is  r e q u i r e d  f o r  the i s o l a t i o n  o f  the 

p ro tec ted  f r a c t i o n .  

The p ro tec ted  DNA f r a c t i o n ( l . 9 % )  was e l u t e d  from the f i l t e r  w i t h  

0.2% SDS, and g e l - f i l t r a t e d  on a Sephadex G-50 column. The average 

chain  l eng th  of  i s o l a t e d  DNA mo ie t i es  was es t ima ted  to be 35-40 

n u c l e o t i d e  r e s i d u e s ,  from the r a t i o  o f  t o t a l  32p to t e r m i n a l  32p 

re leased by E. c o l i  a l k a l i n e  phosphatase.  The observed r e s u l t  sug- 

gests t h a t  the p ro tec ted  f r a c t i o n  (105 out  o f  5,500 n u c l e o t i d e  res idues  

(18) )  may be m ix tu re  of  th ree  DNA f ragments .  P r e v i o u s l y ,  Sug iu ra  et  

a l ( 1 9 )  repor ted  t h a t  RFI DNA of f d ,  c l o s e l y  r e l a t e d  f l ,  p rov ide  at  
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NUCLEOTIDE COMPOSITION OF PROTECTED DNA FRAGMENTS 

A T G C A+T% Pu/PY 

PROTECTED DNA 32,3 32 ,8  17 ,6  17,3 65,1 1.00 

TOTAL RFI DNA 29,2 29,8 20,5 20,5 59,0 0,99 

Average of three independent preparations. 

Table I. Nucleotide composition of protected DNA fragments. 

The complex of 20 ug of (32p)RFI DNA(about l x 106cpm) and 15ug 
of RNA polymerase holoenzyme was digested with 50ug of DNase I as 
described in Fig. I. The 1.9%-protected DNA fraction was obtained 
as the materials retained on the f i l t e r .  Materials retained were 
eluted with 0.2% SDS-150 mM NaCl-lO mM Tris,pH 7.8. The eluate was 
treated with phenol saturated in advance with 150 mM NaCl-lO mM Tris, 
pH 7.8, concentrated after removing phenol in the aqueous layer with 
ether, and ge l - f i l t ra ted on a Sephadex G-50 column equilibrated with 
the above buffer. The eluate was concentrated and precipitated by 
two volumes of ethanol in the presence of lO0~g of salmon sperm DNA 
as a carrier. The precipitates were dissolved and hydrolyzed to 
mononucleotides by the treatments with DNase I and subsequently with 
venom phosphodiesterase(Worthington Biochem. Co.). The mononucleotides 
wereseparated by paper chromatography. The each nucleotide spot was 
cut out and counted in a toluene-based sc in t i l l a to r .  As a control, 
total(32P)RFI DNA was treated as described above. 

least three in i t ia t ion  sites for RNA synthesis. 

Table l shows the nucleotide composition of the protected DNA 

fragments determined from the distr ibut ion of 32p. The binding sites 

are rich in AT (65%), as compared with total RFI DNA (59%). The 

A=T and G=C correlation was observed, suggesting the double-stranded- 

ness of the binding sites. Then we investigated the resistance of 

the binding sites to the single strand-specific Sl endonuclease. As a 

control, fragmented f l  RFI DNA and fragmented f l  DNA were used. 

DNA samples were digested with 750 units of Sl at 30°C for the 

indicated period in the reaction mixture and the digests were passed 

through a Sephadex column after treatment with phenol and ether, as 

described in Materials and Methods. Fig.2-(a) shows the results of 

the gel f i l t r a t i on .  The f i r s t  fraction(peak I) contained materials 

relat ively resistant to Sl. Fig.2-(b) shows the yields of the Sl- 

resistant fraction as a function of time of digestion. The figure 
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Fig. 2. Nuclease Sl-resistance of protected DNA fragments 

The complex of 20 ~g of (3H)RFI (about 1.5 x 105cpm) and 15 ~g 
of RNA polymerase holoenzyme was digested with 50 ~g of DNase I and 
then the protected DNA fragments were obtained as described in Figs. 
l and 2. 
Ca). Elution prof i le  of Sl-treated protected DNA fragments from 
Sephadex column. 

0.] ~g(about 750cpm) of (3H)protected DNA fragments were treated 
with 750 units of $1 nuclease at 30°C for 120 min in the buffer(lOOmM 
NaCl-lOmM acetate buffer,pHS.0) containing lO0 ~g of unlabelled heat- 
denatured salmon sperm DNA and then passed through Sephadex column 
as described in Materials and Methods After measurement of ~rp¢~Op~ 
each fract ion was concentrated and dropped on glass f iber  f i l  r 
(The Toyo GB-IO0). Radioactivity on the paper was counted in a toluene- 
based s c i n t i l l a t o r .  
(b). Percentage of fract ion I in (a)3as a function of time of digestion 

As a control same amounts of ( H)-fragmented RFI DNA and fragment 
ed f l  DNA were treated with the enzyme for indicated periods(20, 60, 
and 120 min) and the percentages of f ract ion I were obtained. 

indicates that the binding sites were hardly hydrolyzed (I0% ~ ).,  

But appearance of a very l imited hyc~blysis might re f lec t  the presence 

of a short single-stranded terminal region in double-stranded struc- 

ture of the binding si tes.  Heyden et al reported that the two 

strands of the binding sites of fd RF are of unequal length(7). 

Next, in order to study the presence of self-complementary 

sequence in the binding s i tes,  the S l - s e n s i t i v i t y  af ter  heat-denatu- 

ration was invest igated(Fig.3).  As a contro l ,  AT-rich and GC-rich 

ha i rp in - l i ke  fragments obtained from f l  DNA, fragmented f l  DNA of 
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Fig. 3. Nuclease Sl-sensi t iv i ty  of protected DNA fragments after heat- 
denaturation. 

The mixture of O.l ~g(about 750cpm) of heat-denatured (3H)pretect- 
ed DNA fragments and lO0 ~g of unlabelled heat-denatured salmon sperm 
DNA was treated with 750 units of Sl. Digestion was carried out at 
lO°C and/or 30oc for indicated periods(30,60 and 120 min). The per- 
centages of resistant fraction were obtained as described in Fig.2. 
As a control, same amounts of (3H)-GC-rich fragments, AT-rich fragments, 
fragmented f l  DNA and poly U were treated with the enzyme. 

*The percentages obtained from three independent preparations of 
the protected DNA fragments all fa l l  within a narrow range. 

similar size to the binding si tes, and poly U were used. At IO°C 

of hydrolysis temperature, the heat-denatured binding sites were 

less resistant to Sl than AT-rich and GC-rich fragments and were 

s l ight ly  more resistant than fragmented f l  DNA. Poly U was degrad- 

ed rapidly. At 30°C, the binding sites, AT-rich fragments and frag- 

mented DNA were almost hydrolyzed. But the resistance of GC-rich 

fragments to the enzyme remains much the same. 

Fig.4 indicates that the hyperchromicity of various DNA samples 

and poly U. From the results of Figs.3 and 4, we have reached the 

conclusion that the heat-denatured binding sites might contain the 

base-paired structure to some extent. However, this structure is 

very temperature-sensitive. Recently, the similar result was ob- 

tained by Schaller et al in the system of fd RF DNA and by Talaer et 

al in that of T 5 DNA(personal communications). 

DNA conformation of the promoter regions under the specific 

174  



Vol. 57, No. 1, 1 9 7 4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

1.20 ~Tr- ~imCnha t s ~  

~ 1 , i 5  

i 1.10 A 

o 

1.05 
ich fragments 

"~ poly U 
1.00 

, l i i 
20 40 60 80 i00 

Temperature(°C) 

Fig. 4. Hyperchromic i ty  of GC-rich f ragments,  AT- r ich  f ragments,  
fragmented f l  DNA and poly U. 

Measurement of hyperchromic i t y  was performed in the reac t ion  
mix ture by the method descr ibed in Mate r ia l s  and Methods. 

i n t e r a c t i o n  wi th RNA polymerase is s t i l l  uncer ta in .  The tw is ted  

c o v a l e n t l y  closed duplex RFI form of the DNA is the t r a n s c r i p t i o n  

form of the phage c i r c u l a r  DNA; i t  is  formed immediately a f t e r  

i n f e c t i o n  and t ransc r i bed  r a p i d l y  to product mRNA. Terminat ion of 

new t r a n s c r i p t i o n  appears to be co r re la ted  wi th the conversion of 

DNA to the re laxed c i r c u l a r  duplex RF. I f  the b ind ing of RNA po ly -  

merase unwinds DNA, i t  is  pred ic ted tha t  the tw is ted  form DNA wi th  

negat ive superhe l i ca l  turns has a higher a f f i n i t y  f o r  the polymerase 

since s u p e r h e l i c i t y  can supply enough f ree energy to denature sever-  

al turns of DNA duplex. Hayashi and Hayashi(20) showed tha t  ~X RFI 

is much more r a p i d l y  t ransc r ibed  than OX RFII.  The lower template 

a c t i v i t y  of the RFII might be due to f a i l u r e  of RNA polymerase to 

form apprec iab le  amounts of the p roduc t i ve  b inary  complex(probably 

base pa i r  opening s t a t e ) ,  and the s t r u c t u r e  of ~X 174 promoters 

appears to be more s tab le  to denatura t ion  in the untwis ted RFII form 

SV 40 tw is ted  form DNA could be cleaved by S1 nuclease at two 

unique s i t e s ( 2 1 , 2 2 )  and one of these s i t e s  was suggested to be at 

or near the o r i g i ne  of t r a n s c r i p t i o n  in v i t r o  by E. co l i  RNA po ly -  

merase(21). Also in our p re l im ina ry  data,  t h i s  S l - s p e c i f i c  cleavage 

of tw is ted  form DNA was observed in f l  RFI DNA. The d i r e c t  approach 
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to the co r re l a t i on  between the Sl-cleavage s i tes  and RNA polymerase 
binding s i t es  is in progress. 
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