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A B S T R A C T

The e x t r a c t i o n  of s o l u b l e  R N A  fr o m  E. c o l i  w h o l e  c e l l s  

u s i n g  the p h e n o l  p r o c e d u r e ,  y i e l d s  p r e p a r a t i o n s  of R N A  w h o s e  

h e t e r o g e n e i t y  can e a s i l y  be d e m o n s t r a t e d  by gel f i l t r a t i o n  

a n a l y s i s  ( S e p h a d e x  G 100). O p t i c a l  d e n s i t y  p r o f i l e s  of the 

f r a c t i o n a t e d  s a m p l e s  r e v e a l  the p r e s e n c e  of 4 e l u t i o n  r e g i o n s .  

E l u t i o n  r e g i o n  4 is a m i x t u r e  of the v a r i o u s  t r a n s f e r  RNAs, 

and is p r e s e n t  in the a m o u n t  of 75%. E l u t i o n  r e g i o n  3 (5s 

RNA) is p r e s e n t  in the a m o u n t  of 15%, a n d  is m a i n l y  i s o l a t e d  

f r o m  the r i b o s o m a l  c e l l u l a r  f r a c t i o n .  Th e  n a t u r e  of the 

R N A  p r e s e n t  in e l u t i o n  r e g i o n  1 has not b e e n  d e t e r m i n e d ,  

but on the b a s i s  of p r e l i m i n a r y  r e s u l t s ,  th i s  m a t e r i a l  s e e m s  

to be a m i x t u r e  of r i b o s o m a l - l i k e  RNA, and o t h e r  d e g r a d e d  

ma ter ia 1 .

The R N A  in e l u t i o n  r e g i o n  2 is p r e s e n t  in the s m a l l e s t  

a m o u n t  (2% of the s R N A ) .  T h i s  R N A  is f o u n d  e n t i r e l y  in the 

c y t o p l a s m i c  c e l l u l a r  f r a c t i o n ,  w h e n  c e l l s  are d i v i d e d  into 

c y t o p l a s m i c  ( s u p e r n a t a n t )  an d  r i b o s o m a l  f r a c t i o n s .  It is 

a s t a b l e  h o m o g e n e o u s  s p e c i e s ,  l a r g e r  in s i z e  th a n  e i t h e r  

4s or 5s R N A  as e v i d e n c e d  by (a) its m o l e c u l a r  w e i g h t  d e t e r ­

m i n e d  by u l t r a c e n t r i f u g a l  a n a l y s i s  ( 5 4 , 4 4 0  d a l t o n s ) ,  and 

(b) its e l e c t r o p h o r e t i c  m o b i l i t y  on p o l y a c r y l a m i d e  gels.

A n a l y s i s  of the n u c l e o t i d e  c o m p o s i t i o n  of e l u t i o n  

r e g i o n  2 R N A  s h o w s  that this m o l e c u l e  p o s s e s s e s  no u n u s u a l
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bases, and is d i f f e r e n t  from 4s and 5s RNA, as w e l l  as from 

the o t h e r  s o l u b l e  and r i b o s o m a l  RN A  s p e c i e s  p r e s e n t  in 

E. coli. Ion e x c h a n g e  c h r o m a t o g r a p h y  of a l k a l i n e  h y d r o l y ­

sates, and s n a k e  v e n o m  p h o s p h o d i e s t e r a s e  p r o d u c t s  sh o w  that 

u r i d i n e  3* 5' d i p h o s p h a t e  is p r e s e n t  at the 5' end, and

u r i d i n e  o c c u p i e s  the 3 ’ h y d r o x y l  end of the m o l e c u l e .

P h y s i c a l  s t u d i e s  d e s i g n e d  to p r o b e  the s e c o n d a r y  

s t r u c t u r e  of the m o l e c u l e  show that like 5s RNA, 60% of the 

m o l e c u l e  is in the h e l i c a l  c o n f o r m a t i o n .  The h e l i c e s  

h o w e v e r ,  d i s p l a y  a g r e a t e r  s t a b i l i t y  to heat d e n a t u r a t i o n  

(Tm 6 4.4°C) th a n  the h e l i c e s  p r e s e n t  in 5s R N A  (Tm 54.0). 

T h e s e  r e s u l t s  s uggest that the h e l i c e s  in e l u t i o n  r e g i o n  

2 RN A  d i f f e r  from those of 5s R N A  e i t h e r  in le n g t h ,  or 

s t a b i l i t y  of b a s e  pairs, or both.

E l u t i o n  r e g i o n  2 RN A  d o e s  not p o s s e s s  any a m i n o  acid

a c c e p t o r  a c t i v i t y  wh e n  t e s t e d  in an a s s a y  s y s t e m  c o n t a i n i n g
14a m i n o  acid s y n t h e t a s e s ,  ATP, and a v a r i e t y  of C l a b e l e d  

a m i n o  acids. This RNA d o e s  not bind in a c o m p l e m e n t a r y  

f a s h i o n  to c h a i n  t e r m i n a t i o n  c o d o n s  in the p r e s e n c e  of 

r i b o s o m e s ,  s u g g e s t i n g  its i n a b i l i t y  to p a r t i c i p a t e  in the 

c h a i n  t e r m i n a t i o n  e v e n t s  of p r o t e i n  s y n t h e s i s .

E x p e r i m e n t s  to d e t e r m i n e  the k i n e t i c s  of l a b e l i n g  of 

e l u t i o n  r e g i o n  2 RNA s h o w  that the rate of s y n t h e s i s  of 

this RNA e x c e e d s  that of the o t h e r  s o l u b l e  and r i b o s o m a l  

R N A  s p e c i e s  ov e r  an 8 m i n u t e  l a b e l i n g  period, this is a 

cl e a r  i n d i c a t i o n  that e l u t i o n  r e g i o n  2 R N A  is not a d e g r a d ­

a t i o n  p r o d u c t  of the rRNAs.
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I N T R O D U C T I O N

The s o l u b l e  R i b o n u c l e i c  a c i d s  have, for a long time, 

be e n  t h o u g h t  of as a g r o u p  of m o l e c u l e s  w i t h  the u n i q u e  

p r o p e r t y  of be i n g  s o l u b l e  in cold m o l a r  s o d i u m  c h l o r i d e ,  and 

h a v i n g  the sole b i o l o g i c a l  role of a c c e p t i n g  a m i n o  a c i d s  in 

the t r a n s l a t i o n a l  phase of p r o t e i n  s y n t h e s i s .  G r a d u a l l y ,  

h o w e v e r ,  the term s o l u b l e  R i b o n u c l e i c  acid (sRNA) b e g a n  to 

take on ne w  m e a n i n g ,  as it was d i s c o v e r e d  that the sRNAs 

w e r e  indeed a h e t e r o g e n e o u s  g r o u p  of m o l e c u l e s ,  ea c h  p e r h a p s  

h a v i n g  a d i s t i n c t  role to play in the c e l l ' s  m e t a b o l i s m .

The h e t e r o g e n e i t y  of b a c t e r i a l  s R N A  was e l e g a n t l y  

r e v e a l e d  by the w o r k  of S c h l e i c h  and G o l d s t e i n  (1964) who 

p u b l i s h e d  r e s u l t s  on the f r a c t i o n a t i o n  of E s c h e r i c h i a  coli 

B (E. coli B) s R N A  by c o u n t e r - c u r r e n t  d i s t r i b u t i o n .  In a 

s u b s e q u e n t  p a p e r  these w o r k e r s  w e r e  able to show, by the 

use of S e p h a d e x  G 100 ge l  f i l t r a t i o n  t e c h n i q u e s ,  that E. 

coll s R N A  i s o l a t e d  by p h e n o l ,  and e l u t e d  from D E A E  c e l l u l o s e  

c o l u m n s  using cold m o l a r  s o d i u m  c h l o r i d e ,  c o n s i s t s  of a 

v a r i e t y  of n u c l e i c  acids ( S c h l e i c h  and G o l d s t e i n ,  1966).

In a d d i t i o n  to t r a n s f e r  R N A  (tRNA), w h i c h  r e p r e s e n t s  

a p p r o x i m a t e l y  75% of the c o m p o s i t i o n  of the c r u d e  sR N A 

p r e p a r a t i o n s ,  o t h e r  R N A  s p e c i e s  we r e  fo u n d  w i t h  d i s t i n c t  

p h y s i c a l  and c h e m i c a l  p r o p e r t i e s .  O n e  of these s p e c i e s  

was d e s c r i b e d  as r i b o s o m a l - 1 i k e , b a s e d  on an a n a l y s i s  of 

its n u c l e o t i d e  c o m p o s i t i o n ;  a n o t h e r  as m e s s e n g e r - 1 ike ; 

and a third s p e c i e s  w h i c h  was u n a b l e  to ac c e p t  a m i n o  acids
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wa s  sh o w n  to be ide n t i c a l  w i t h  the 5s r i b o s o m a l  RNA d e s ­

cr i b e d  by R o s s e t , M o n i e r  and J u l i e n  (1963).

The work of other I n v e s t i g a t o r s  q uickly c o n f i r m e d  

these findings. Can n o n  and R i c h a r d s  (1967), H i n d l e y  (1967), 

and Lo e n i n g  (1967), all r e p o r t e d  on the h e t e r o g e n e i t y  of 

crude sRNA p r e p a r a t i o n s  from E. coli, as r evealed by the 

very s e n s i t i v e  t e c h n i q u e  of p o l y a c r y l a m i d e  gel e l e c t r o -  

p hores is .

The o c c u r e n c e  of low m o l e c u l a r  we i g h t  RNAs in other 

s y s t e m s  has also been d e m o n s t r a t e d ,  and r e c e n t l y  such RNA 

sp e c i e s  have been e x t e n s i v e l y  s t u d i e d  in m a m m a l i a n  systems 

(Dingman and Peacock, 1968; N a k a m u r a ,  P r e s t a y k o  and Busch, 

1968). These m o l e c u l e s  vary in size, base c o m p o s i t i o n ,  and 

p o s s i b l y  also in b i o l o g i c a l  act i v i t y ,  and have been found 

in m a n y  d i f f e r e n t  c e l l u l a r  c o m p a r t m e n t s .

An a ttempt will now be m a d e  to d e s c r i b e  some of these 

low m o l e c u l a r  we i g h t  RNAs, and w h e r e  possible, to d iscuss  

the i m p o r t a n c e  of th e s e  m o l e c u l e s  in the cell's m e t a b o l i c  

act i v i t i e s .
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S m a l l  M o l e c u l a r  W e i g h t  N u c l e a r  R N A  (snRNA)

R e c e n t  I n v e s t i g a t i o n s  of the RNA c o m p o s i t i o n  of 

v e r t e b r a t e  c e l l s  h a v e  i n d i c a t e d  the e x i s t e n c e  of a new 

c l a s s  of R N A s  of low m o l e c u l a r  w e i g h t  w i t h i n  the n u c l e u s  

of these cells. K n i g h t  and D a r n e l l  (1967) first r e p o r t e d  

on the p r e s e n c e  of these RN A s  w h e n  p o l y a c r y l a m i d e  gel 

e l e c t r o p h o r e s i s  of n u c l e a r  RNA f r o m  HeLa c e l l s  u n e x p e c t e d ­

ly r e v e a l e d  th e i r  e x i s t e n c e .  T h e s e  n u c l e a r  R N A  s p e c i e s  

are d i f f e r e n t  from any o t h e r  p r e v i o u s l y  c h a r a c t e r i z e d  c l a s s  

of n u c l e a r  R N A . Th e  n u c 1 e o p l a s m  and the n u c l e o l u s  have 

b e e n  s h o w n  to c o n t a i n  h e t e r o d i s p e r s e  R N A  d i s t r i b u t e d  in 

size fr o m  10 to 90s, and 18 to 45s r e s p e c t i v e l y .  In 

c o n t r a s t ,  these n u c l e a r  R N A  s p e c i e s  ra n g e  in size from 

4 to 6s, and a p p e a r  to be s t a b l y  a s s o c i a t e d  w i t h  the n u c l e u s ,  

s o m e  w i t h  the n u c l e o p l a s m i c  , and o t h e r s  w i t h  the n u c l e o l a r  

f r a c t i o n .  A d e t a i l e d  c h a r a c t e r i z a t i o n  of these s p e c i e s  

has b e e n  p r e s e n t e d  by W e i n b e r g  a n d  P e n m a n  (1968). A l ­

t o g e t h e r  they d e s c r i b e d  s e v e n  R N A  s p e c i e s  of lo w  m o l e c u l a r  

w e i g h t ,  fo u n d  o n l y  in the cell n u c l e u s .  N a m e d  in o r d e r  of 

i n c r e a s i n g  e l e c t r o p h o r e t i c  m o b i l i t y  on p o l y a c r y l a m i d e  gels, 

th e s e  are s p e c i e s  A, B, C, D, F, G' and H. In a d d i t i o n ,  

the n u c l e a r  p r e p a r a t i o n s  t y p i c a l l y  c o n t a i n e d  a sm a l l 

a m o u n t  of 28s a s s o c i a t e d  RNA, an R N A  first d e s c r i b e d  by 

P e n e , K n i g h t  and D a r n e l l  (1968), 5s RNA, and tRNA, r e f e r r e d  

to as s p e c i e s  E, G, and I r e s p e c t i v e l y .  W h e n  n u c l e i  w e r e
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fu r t h e r  f r a c t i o n a t e d  into n u c l e o l i  and n u c l e o p l a s m ,  the

low m o l e c u l a r  w e i g h t  R N A s  we r e  d i s t r i b u t e d  as follows:

s p e c i e s  A, and the m i n o r  s p e c i e s  B and F, w e r e  found in the

n u c l e o l a r  f r a c t i o n  e x c l u s i v e l y .  G, G*, and H, w e r e  d i v i d e d

a p p r o x i m a t e l y  e q u a l l y  b e t w e e n  the two f r a c t i o n s .  S p e c i e s

C, D, E, and I, w e r e  fo u n d  p r i n c i p a l l y  in the n u c l e o p l a s m .

S p e c i e s  D was p r e s e n t  in g r e a t e r  a m o u n t s  than any o t h e r

s p e c i e s ,  w h i l e  s p e c i e s  A was the most p r o m i n e n t  s p e c i e s

of the n u c l e o l a r  RNA f r action. Four of these R N A s  w e r e  also
3

s h o w n  to be e x t e n s i v e l y  m e t h y l a t e d  w h e n  RN A  from H m e t h y l  

m e t h i o n i n e  e x p o s e d  cells was a n a l y z e d .

A s i m i l a r  p a t t e r n  of s n R N A  was also o b s e r v e d  by 

W e i n b e r g  and P e n m a n  (1968) in the n u c l e i  of m o u s e  f i b r o ­

b l a s t  cells, and in the n u c l e i  of d e v e l o p i n g  c h i c k  e m b r o y o  

brain. R e i n  an d  P e n m a n  (1969) later u n d e r t o o k  a study of 

the e l e c t r o p h o r e t i c  m o b i l i t y  of these RN A  s p e c i e s  i s o l a t e d  

from d i f f e r e n t  m a m m a l i a n  cell s o u r c e s ,  and r e p o r t e d  that 

the m o b i l i t i e s  w e r e  d e t e r m i n e d  by the k a r y o t y p e ,  or 

t u m o r i g i n i c i t y  of the ce l l s  e x a m i n e d .  T h e s e  R N A  s p e c i e s  

w e r e  also p r e s e n t  in c e l l s  of a m p h i b i a n s ,  as w e l l  as 

b i r d s .

A d d i t i o n a l  r e p o r t s  i n v e s t i g a t i n g  the b i o l o g i c a l  

p r o p e r t i e s  of these s n R N A s  ha v e  r e v e a l e d  that these m o l e ­

cules p o s s e s s  no a m i n o  a c i d  a c c e p t o r  a c t i v i t y  (Ho d n e t t  and 

Busch, 1 968), that they have u n i q u e  m e t h y l a t i o n  p a t t e r n s ,  

and that they are not d e g r a d a t i o n  p r o d u c t s  of o t h e r  types
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of m e t h y l a t e d  R N A s  ( Z a p i s e k ,  S a p o n a r a  and G n g e r ,  1969).

Th e  c h a r a c t e r i z a t i o n  of t h e s e  s n R N A s  w a s  m o r e  r e c e n t l y  

e x t e n d e d  by W e i n b e r g  and P e n m a n  (1969). In t h e i r  l a t e s t  

r e p o r t ,  t h e y  h a v e  s h o w n  th a t  two l a r g e r  s p e c i e s  of RNA, 

s p e c i e s  K a n d  L, a r e  f o u n d  in the n u c l e o p l a s m .  T h e s e  

s p e c i e s  ar e  b o t h  m e t h y l a t e d ,  and ar e  a b o u t  260 a n d  220 

n u c l e o t i d e s  long, r e s p e c t i v e l y .  A n o t h e r  R N A  s p e c i e s  w i t h  

an e l e c t r o p h o r e t i c  m o b i l i t y  I d e n t i c a l  to that of d e n a t u r e d  

5s RNA, w a s  a l s o  d e s c r i b e d .  T h i s  RNA, a l t h o u g h  of the 

s a m e  l e n g t h  as 5s R N A  (120 n u c l e o t i d e s ) ,  has 7 m e t h y l  

g r o u p s  per m o l e c u l e ,  a f e a t u r e  that a s s i s t e d  in d i s t i n g u i s h ­

ing It f r o m  5s RNA. S o m e  of the s n R N A s  w e r e  f o u n d  to be 

e x t r e m e l y  s t a b l e .  O t h e r s ,  t h o u g h  not as s t a b l e ,  w e r e  

d e c i d e d l y  d i f f e r e n t  from n u c 1 e o p 1 a s m 1 c h e t e r o g e n e o u s  RNA, 

a n d  r i b o s o m a l  p r e c u r s o r  R N A  w h i c h  h a v e  l i f e t i m e s  r a n g i n g  

f r o m  10 to 30 m i n u t e s  ( S o e i r o  e_t aj^, 1968  ; S c h e r r e r  and

D a r n e l l ,  1 9 6 2 ) .  A l l  of t h e s e  s n R N A s  w e r e  f o u n d  a l m o s t  

s o l e l y  in the n u c l e i  of i n t e r p h a s e  c e l l s ,  a n d  s e e m e d  to 

be q u i t e  l o o s e l y  a s s o c i a t e d  w i t h  the n u c 1 e o p r o t e i n  c o m ­

p l e x e s ,  an d  d i s p l a y e d  a s i m i l a r  s e n s i t i v i t y  to a n t i b i o t i c s  

as 4 5 s  n u c l e o l a r  RNA.

T h e s e  n o t a b l e  d i f f e r e n c e s  in the c h a r a c t e r i z a t i o n  

of the s n R N A s ,  as w e l l  as the d i f f e r e n c e s  b e t w e e n  the 

m a n y  s p e c i e s  of s n R N A ,  all s u g g e s t  th a t  the s n R N A s  m a y  

d i f f e r  f r o m  on e  a n o t h e r ,  a n d  a l s o  f r o m  the o t h e r  n u c l e a r  

R N A s ,  in t h e i r  i^ v i v o  f u n c t i o n .
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17 'a RN A  (28s A s s o c i a t e d  RNA)

A s p e c i e s  of RNA s o m e w h a t  lar g e r  than 5s RN A  (as 

d e t e r m i n e d  by p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s )  w a s  

first o b s e r v e d  by K n i g h t  and D a r n e l l  (1967) in c y t o p l a s m i c  

RNA s a m p l e s  w h i c h  had b e e n  e x t r a c t e d  f r o m  He L a  c e l l s  by 

hot p h e n o l  t e c h n i q u e s .  Pene, K n i g h t  and D a r n e l l  (1968) 

la t e r  s h o w e d  that all of the l a r g e r  r i b o s o m a l  RN A  c o m p o n e n t  

in the HeLa cell c o n t a i n s  a s m a l l  m o l e c u l e  of ab o u t  130 

n u c l e o t i d e s  long, w h i c h  is c l o s e l y  a s s o c i a t e d  w i t h  it.

This m o l e c u l e  (7s RNA), is d i s t i n c t  from the p r e v i o u s l y  

r e c o g n i z e d  5s RN A  bo t h  in e l e c t r o p h o r e t i c  m o b i l i t y ,  as 

w e l l  as in the c o n d i t i o n s  n e c e s s a r y  for r e l e a s i n g  it from 

the la r g e r  r i b o s o m a l  sub u n i t .  It a p p e a r s  that 7s RNA 

d o e s  not re s u l t  from e n z y m a t i c  d e g r a d a t i o n  of h i g h e r  

m o l e c u l a r  w e i g h t  R N A  d u r i n g  the i s o l a t i o n  p r o c e d u r e ,  since 

the 28s r i b o s o m a l  RNA e x t r a c t e d  d i r e c t l y  from w h o l e  cells 

by cold p h e n o l  - s o d i u m  d o d e c y l  s u l f a t e  t r e a t m e n t  also 

y i e l d e d  the same a m o u n t  of 7s R N A  u p o n  h e a t i n g ,  as did 

the 28s r i b o s o m a l  RNA I s o l a t e d  from f r a c t i o n a t e d  cells. 

Al s o ,  n e i t h e r  16s r i b o s o m a l  RNA, nor p r e v i o u s l y  h e a t e d  

28s r i b o s o m a l  RN A  y i e l d e d  7s R N A  up o n  h e a t i n g .

W h e n  the k i n e t i c s  of r e l e a s e  of 7s RNA w a s  e x a m i n e d ,  

it was fo u n d  that 50X of 7s R N A  is r e l e a s e d  at 42°C, 

at pH 5, in s o d i u m  a c e t a t e - E D T A - S D S  b u f f e r ,  w i t h  a m a x i m u m  

y i e l d  o b t a i n e d  a f t e r  1 m i n u t e  at 60°C. D i m e t h y l  s u l f o x i d e ,  

and h i g h  c o n c e n t r a t i o n s  of ur e a  also r e s u l t e d  in the
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r e l e a s e  of 7s R N A  at l o w  t e m p e r a t u r e s ,  i n d i c a t i n g  that 

7s R N A  Is p r o b a b l y  a t t a c h e d  to the l a r g e r  r i b o s o m a l  RNA 

by n o n - c o v a l e n t  b o n d s .

T h e  r e l a t i v e l y  h i g h  g u a n o s i n e  + c y t l d i n e  c o n t e n t  of 

7s R N A  is s i m i l a r  to that of r i b o s o m a l  RNA, and r i b o s o m a l  

p r e c u r s o r  R N A  m o l e c u l e s  f o u n d  in H e L a  c e l l s ,  a n d  d i f f e r e n t  

from that of the n u c l e a r  D N A - l i k e  RNA, or fr o m  the c y t o ­

p l a s m i c  R N A  f o u n d  in t h e s e  ce l l s .

In o r d e r  to d e t e r m i n e  the o r i g i n  of 7s RNA, Pene, 

K n i g h t  a n d  D a r n e l l  (1968) s t u d i e d  the k i n e t i c s  of l a b e l i n g  

of n u c l e a r  s u b r i b o s o m a l  p a r t i c l e s  c o n t a i n i n g  28s RNA.

By c o m p a r i n g  the r a t i o s  of 7s a n d  28s a f t e r  b r i e f  l a b e l i n g ,  

w i t h  the r a t i o s  of t h e s e  s p e c i e s  in t h e  s t e a d y  s t a t e  

they c o n c l u d e d  that 7s RN A  an d  the h e a t e d  28s r i b o s o m a l  

R N A  m o l e c u l e  w e r e  part of the s a m e  p o l y r i b o n u c l e o t i d e  

c h a i n  o r i g i n a l l y .  T h e y  s p e c u l a t e d  on the o r i g i n  of 7s, 

by p o s t u l a t i n g  its f o r m a t i o n  w i t h i n  the n u c l e u s  as a 

r e s u l t  of the l a r g e r  r i b o s o m a l  R N A  m o l e c u l e  (45s rR N A ) 

b e i n g  c l e a v e d  n e a r  on e  e n d  of the c h a i n  to f o r m  28s rRNA, 

a n d  a short p o r t i o n ,  7s RNA. T h e y  t h e n  p r e s u m e d  t h a t  

t h e s e  two m o l e c u l e s  w e r e  s u b s e q u e n t l y  b o u n d  t o g e t h e r  in 

the r i b o s o m e  by h y d r o g e n  b o n d i n g .

W e i n b e r g  and P e n m a n  (1968) w e r e  a l s o  a b l e  to I s o l a t e  

7s R N A  from p r e p a r a t i o n s  of H e L a  cell RNA. H o w e v e r ,  b a s e d  

on t h e i r  o b s e r v a t i o n s  of the s e d i m e n t a t i o n  v e l o c i t y ,  and 

the e l e c t r o p h o r e t i c  m o b i l i t y  of this m o l e c u l e ,  t h e y
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c o n c l u d e d  that the s e d i m e n t a t i o n  c o e f f i c i e n t  wa s  m o r e  in 

the o r d e r  of 5.5s t h a n  7s. To a v o i d  c o n f u s i o n ,  t h e r e f o r e ,  

they r e f e r r e d  to this s p e c i e s  as 28s a s s o c i a t e d  (28sA)

RNA. E. coli 23s rR N A  wa s  s h o w n  not to r e l e a s e  7s R N A  

a f t e r  t r e a t m e n t  w i t h  5 m o l a r  urea, i n d i c a t i n g  the a b s e n c e  

of such a c o m p l e x  in b a c t e r i a l  s y s t e m s .

W h a t e v e r  its o r i g i n ,  this s t a b l e  low m o l e c u l a r  

w e i g h t  R N A  is p r e s e n t  in i s o l a t a b l e  a m o u n t s  in H e L a  cell 

R N A  p r e p a r a t i o n s .  The b i o l o g i c a l  role of this m o l e c u l e  

still r e m a i n s  to be d e t e r m i n e d .

M e m b r a n e  A s s o c i a t e d  L o w  M o l e c u l a r  W e i g h t  RNA

In 1962, H e n d l e r  p r o p o s e d  a g e n e r a l  m o d e l  for p r o t e i n

s y n t h e s i s  w h i c h  s u g g e s t e d  that r i b o s o m e s  w e r e  m e m b r a n e

a s s o c i a t e d  w h e n  they c a r r i e d  out t h e i r  s y n t h e t i c  a c t i v i t i e s

w i t h i n  the cell. In a se r i e s  of s u b s e q u e n t  p a p e r s  (Tani

and H e n d l e r ,  1964; H e n d l e r  and Tani, 1964; H e n d l e r  and

B a n f i e l d ,  1964), e v i d e n c e  was p r e s e n t e d  s h o w i n g  that the

m o d e l  for p r o t e i n  s y n t h e s i s  c o u l d  be e x t e n d e d  to the

E. coll s y s t e m .  S c h l e s s i n g e r *s s t u d i e s  (1963) s h o w e d

that an a p p r e c i a b l e  f r a c t i o n  of the c e l l ' s  total R N A  is

b o u n d  to m e m b r a n e s .  M o s t  of this R N A  can be r e l e a s e d  fr o m

the m e m b r a n e  by s i m p l y  l o w e r i n g  the m a g n e s i u m  c o n c e n t r a t i o n  
-2

from 10 m o l a r  to 0. S i m i l a r l y ,  0. 2 %  d e o x y c h o l a t e  was 

c a p a b l e  of r e m o v i n g  the b o u n d  RNA. T h e s e  p r e l i m i n a r y
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r e p o r t s  s e r v e d  to s t i m u l a t e  a g r e a t  deal of i n t e r e s t  in the 

study of the m e m b r a n e  a s s o c i a t e d  RNAs, an u n d e r t a k i n g  

that s e r v e d  to s h e d  n e w  light on the f u n c t i o n  of these 

m o l e c u 1e s .

G o s w a m l ,  Barr and M u n r o  (1962) i n d i c a t e d  the p r e s e n c e  

of RNA in the m e m b r a n e s  of the e n d o p l a s m i c  r e t i c u l u m ,  and 

C h a u v e a u  e_t a_l. (1962) a f t e r  b a s e  c o m p o s i t i o n  a n a l y s i s ,

r e p o r t e d  that this RNA is d i f f e r e n t  from the RNAs of the

r i b o s o m a l  pellet, or cell sap. T h e s e  s t u d i e s  w e r e  s u p p o r t e d  

and e x t e n d e d  by the w o r k  of S h a p o t  and Pitot (1966), who 

s h o w e d  that the s m o o t h  e n d o p l a s m i c  r e t i c u l u m  i s o l a t e d  

from rat liver h o m o g e n a t e s ,  has a s s o c i a t e d  w i t h  it a small 

a m o u n t  of h e t e r o g e n e o u s  R N A  w h i c h  c o n t a i n s  s m a l l  c o m p o n e n t s  

w i t h  a size ra n g e  of sRNA; and in a d d i t i o n ,  m a n y  h i g h e r  

m o l e c u l a r  w e i g h t  c o m p o n e n t s  v a r y i n g  in si z e  up to 10s. 

T u l e g e n o v a  and his c o - w o r k e r s  (1968) la t e r  s h o w e d  that 

this R N A  f r a c t i o n  from the s m o o t h  e n d o p l a s m i c  r e t i c u l u m  is 

h e t e r o g e n e o u s ,  not on l y  in p h y s i c o c h e m i c a l  p r o p e r t i e s ,  

but also in m e t a b o l i c  a c t i v i t y ,  and that it is d i s t i n c t

from the r R N A s  or the tRNAs.

G a r d n e r  and H o a g l a n d  (1968) have al s o  r e p o r t e d  on 

the p r e s e n c e  of an R N A  of a p p r o x i m a t e l y  3.14s, in the 

m e m b r a n e s  of rat liver m l c r o s o m e s .  This m e m b r a n e  RNA 

c o m p r i s e s  some 20% of the t o t a l  RNA, and r e m a i n s  in the 

d e o x y c h o l a t e  s u p e r n a t a n t  a f t e r  t r e a t m e n t  to r e m o v e  the 

r i b o s o m e s .  No trace of this m a t e r i a l  is f o u n d  in r i b o s o m e s
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p r e p a r e d  from m i c r o s o m e s  by d e o x y c h o l a t e  t r e a t m e n t .  A 

m o l e c u l a r  w e i g h t  of 2 2 , 5 0 0  d a l t o n s  was r e p o r t e d  for this 

RNA, and a n a l y s i s  of its base c o m p o s i t i o n  r e v e a l e d  a hi g h  

g u a n o s i n e  + c y t i d i n e  con t e n t .  A low c o n t e n t  of 3* t e r m i n a l  

a d e n y l i c  acid, p s e u d o u r i d y l i e  acid, and m e t h y l a t e d  b a s e s  

were also found, and p o s s i b l y  c o u l d  h a v e  r e s u l t e d  from 

s light c o n t a m i n a t i o n  w i t h  tRNA. C o n t r o l  e x p e r i m e n t s  

c l e a r l y  s h o w e d  that this R N A  does not re s u l t  from d e g r a d a ­

tion of the h i g h e r  m o l e c u l a r  w e i g h t  rRNA, al s o  p r e s e n t  in 

th e s e  e x t r a c t s .

R e c e n t l y ,  King and F i t c h e n  (1968) h a v e  p u b l i s h e d  

r e s u l t s  of their e f f o r t s  to f r a c t i o n a t e  m e m b r a n e  RNAs 

from the s m o o t h  e n d o p l a s m i c  r e t i c u l u m  of rat liver, 

u t i l i z i n g  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s .  T h e s e  

w o r k e r s  w e r e  able to d e m o n s t r a t e  the p r e s e n c e  of a 28s 

rRNA c o m p o n e n t ,  as well as an 18s rRNA, 5s RNA, and 4s RNA 

c o m p o n e n t  in th e i r  m e m b r a n e  RNA p r e p a r a t i o n s .  T h e y  al s o  

o b s e r v e d  a zone w h i c h  m i g r a t e s  w i t h  a m o b i l i t y  s l i g h t l y  

s l c w e r  than that of 5s RNA. T h i s  zone wa s  a b s e n t  from 

RN A  s a m p l e s  i s o l a t e d  f r o m  the r i b o s o m e s .  Th i s  u n u s u a l  

s p e c i e s  of RNA they c a l l e d  xRNA. Some e v i d e n c e  on the 

na t u r e  of xR N A  was p r o v i d e d  w h e n  t u r n o v e r  s t u d i e s  were 

c a r r i e d  out on the v a r i o u s  m e m b r a n e  RN A  c o m p o n e n t s .  A h i g h e r  

s p e c i f i c  a c t i v i t y  was o b s e r v e d  for x R N A  th a n  was o b s e r v e d  

for 28s, 18s, 5s, or 4s RNA, r u l i n g  out the p o s s i b i l i t y

of xR N A  be i n g  a d e g r a d a t i o n  p r o d u c t .  King and F i t c h e n
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h a v e  t h e r e f o r e  s p e c u l a t e d  on the p o s s i b i l i t y  of x R N A  

b e i n g  a m e s s e n g e r  R N A  w h i c h  ha s  b e c o m e  u n u s u a l l y  s t a b i l i z e d  

by v i r t u e  of its a s s o c i a t i o n  w i t h  the m e m b r a n e  of the 

e n d o p l a s m i c  r e t i c u l u m .

W a t s o n  and R a l p h  (1966) h a v e  al s o  r e p o r t e d  on the

p r e s e n c e  of an R N A  of low m o l e c u l a r  w e i g h t  in the r i b o s o m e s

of m o u s e  liver, a n d  s a r c o m a  180 cells. This R N A  has a

s e d i m e n t a t i o n  c o e f f i c i e n t  of 7s a f t e r  m e t h y l a t e d  a l b u m i n

k e i s e l g u h r  c o l u m n  c h r o m a t o g r a p h y .  It has no a m i n o  ac i d

a c c e p t o r  a c t i v i t y ;  and b a s e d  on b i o s y n t h e t i c  s t u d i e s ,  it 
14

i n c o r p o r a t e s  C u r i d i n e  at the same rate s., m e s s e n g e r  

RNA.

On the b a s i s  of these r e s u l t s ,  it s e e m s  that 7s RNA 

an d  x R N A  could be ve r y  c l o s e l y  r e l a t e d ,  and m a y  r e p r e s e n t a ­

tive of a g r o u p  of m e s s e n g e r  R N A s  w h i c h  ha v e  b e c o m e  

a t t a c h e d  to the c e l l u l a r  m e m b r a n e .

H i s t o n e - Bound R N A

R e c e n t l y ,  a new class of R N A  was d e s c r i b e d  by H u a n g  

a n d  B o n n e r  (1965). T h i s  RNA wa s  s h o w n  to be c h e m i c a l l y  

l i n k e d  to the n a t i v e  h i s t o n e  m o l e c u l e s  of pea bud c h r o m a t i n .

T h e s e  h i s t o n e  m o l e c u l e s  of the pea bud c h r o m a t i n  

a p p e a r  to be s u b u n i t s  of m u c h  l a r g e r  s t r u c t u r e s  p r e s e n t  

in n a t i v e  n u c l e o h i s t o n e . Ea c h  s u c h  l a r g e  s t r u c t u r e ,  m a d e  

of s e v e r a l  s u b u n i t s ,  be a r s  an RN A  m o l e c u l e  w h i c h  is ve r y
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r i c h  in d i h y d r o u r i d y 1 ic and a d e n y l i c  a c i d ,  and p o o r  in 

g u a n y l i c  a n d  c y t i d y l i c  acid. T h e  c h a i n  l e n g t h  is a p p r o x ­

i m a t e l y  38 n u c l e o t i d e s  p e r  m o l e c u l e .  H u a n g  (1967) has 

s h o w n  that the p e p t i d e s  of the h i s t o n e  are l i n k e d  to t h i s  

R N A  t h r o u g h  an a m i d e  b o n d  to the d i h y d r o p y r i m i d i n e  n u c l e o ­

ti d e s  .

As far as the b i o l o g i c a l  r o l e  of t h e s e  c o m p l e x e s  is 

c o n c e r n e d ,  H u a n g  and H u a n g  (1969) h a v e  s h o w n  that the 

p r e s e n c e  of a p r o t e i n - b o u n d  R N A  c o m p l e x  p e r m i t s  1 n v i t r o  

r e c o n s t i t u t i o n  of a c h r o m a t i n  in w h i c h  the s a m e  g e n e s  a r e  

f u n c t i o n a l  as in v i v o , s i n c e  the r e c o n s t i t u t e d  c h r o m a t i n  

p r i m e s  the s y n t h e s i s  of R N A s  h a v i n g  b a s e  s e q u e n c e s  s i m i l a r  

to t h o s e  f o u n d  in I n t a c t  n u c l e i .

B e k h o r ,  Ku n g  and B o n n e r  (1969) an d  H u a n g  and H u a n g  

(1969) h a v e  p r e s e n t e d  e v i d e n c e  s u g g e s t i n g  that the s e q u e n c e  

s p e c i f i c  b i n d i n g  b e t w e e n  c h r o m o s o m a l  R N A  an d  g e n o m i c  DNA, 

d e t e r m i n e s  the si t e  at w h i c h  th e  t r a n s c r i p t i o n  i n h i b i t i o n  

c h r o m a t i n  b i n d s  to DNA. A c c o r d i n g  to t h e s e  w o r k e r s ,  

s e q u e n c e  r e c o g n i t i o n  b e t w e e n  s p e c i f i c  c h r o m o s o m a l  R N A s  and 

th e  D N A  s p e c i f i e s  the p a t t e r n  of the g e n e  a c t i v i t y .

It s e e m s  q u i t e  l i k e l y  t h e r e f o r e ,  that the h i s t o n e -  

b o u n d  RNAs d e s c r i b e d  by B o n n e r  and h i s  g r o u p  c o u l d  f a l l  

i n t o  the c a t e g o r y  of m o l e c u l e s  d e s c r i b e d  by B r i t t e n  and 

D a v i d s o n  (1 9 6 9 ) ,  c a l l e d  a c t i v a t o r  RNAs. T h e s e  a c t i v a t o r  

R N A s  h a v e  b e e n  s u g g e s t e d  to h a v e  t h e  f o l l o w i n g  p r o p e r t i e s :  

f i r s t l y  they s h o u l d  be c o n f i n e d  to the n u c l e u s ,  and s h o u l d
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not be p r e c u r s o r s  of c y t o p l a s m i c  p o l y s o m e s ;  s e c o n d l y  w h e n  

o b s e r v e d  in t h e i r  f u n c t i o n a l  r o l e s  t h e s e  m o l e c u l e s  s h o u l d  

be fo u n d  in c h r o m a t i n  b o u n d  to D N A  in a s e q u e n c e  s p e c i f i c  

m a n n e r ;  a n d  t h i r d l y  t h e y  s h o u l d  o f t e n  be th e  p r o d u c t  of 

the r e d u n d a n t  f r a c t i o n  of the g e n o m e .  S i n c e  h i s t o n e -  

b o u n d  R N A  s e e m s  to m e e t  a l l  of the r e q u i r e m e n t s  e n u m e r a t e d  

a b o v e ,  it is q u i t e  p o s s i b l e  that t h e s e  m o l e c u l e s  c o u l d  

f u l f i l l  an i m p o r t a n t  r e g u l a t o r y  ro l e  w i t h i n  the cell.

T r a n s f e r  RN A  (4s RNA)

Th e  t r a n s f e r  R N A s  (tR N A s )  c o m p r i s e  s o m e  10 to 20% 

of the t o t a l  c e l l u l a r  RNA, and are c o m p o s e d  of a g r o u p  of 

r e l a t i v e l y  s m a l l  m o l e c u l e s  w i t h  m o l e c u l a r  w e i g h t s  of 

a p p r o x i m a t e l y  3 0 , 0 0 0 .  Of all of t h e  l o w  m o l e c u l a r  w e i g h t  

R N A s  s t u d i e d  to d a t e ,  t h e s e  m o l e c u l e s  h a v e  b e e n  the m o s t  

e x t e n s i v e l y  c h a r a c t e r i z e d .  T h e  p r i m a r y  b i o l o g i c a l  f u n c t i o n  

of t R N A  is to b i n d ,  and s u b s e q u e n t l y  t r a n s f e r  an a m i n o  

a c i d  to the r i b o s o m a l / m e s s e n g e r  s u r f a c e  d u r i n g  p r o t e i n  

s y n t h e s i s .  At l e a s t  on e  s p e c i f i c  t R N A  s e r v i n g  in the 

b i n d i n g  of e a c h  a m i n o  acid.

T h e  s e a r c h  for t h e s e  a d a p t o r  m o l e c u l e s  b e g a n  q u i t e  

e a r l y  in a n u m b e r  of l a b o r a t o r i e s .  H u l t l n  a n d  B r e s k o w  (1956) 

h a d  o b t a i n e d  k i n e t i c  e v i d e n c e  to s h o w  th a t  an a m i n o  a c i d  

c o n t a i n i n g  I n t e r m e d i a t e  is p r e s e n t  d u r i n g  p r o t e i n  s y n t h e s i s .  

H o a g l a n d ,  Z a m e c n i k  an d  S t e p h e n s o n  (19 5 7 ) ,  an d  Z a c h a u ,
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Ac s  a n d  L i p m a n n  (1958) w e r e  a b l e  to s h o w  by a v e r y  

e l e g a n t  s e r i e s  of e x p e r i m e n t s  that a t r a n s f e r  RN A  is 

l i n k e d  to an a m i n o  acid by e s t e r  b o n d  f o r m a t i o n ,  and s e r v e s  

not o n l y  as the s p e c i f i c  a c c e p t o r  of a m i n o  a c i d s  in the 

a c t i v a t i o n  step of p r o t e i n  s y n t h e s i s ,  but al s o  in the 

t r a n s f e r  of the b o u n d  a m i n o  a c i d  to t h e  r i b o s o m e / m e s s e n g e r  

s u r f a c e .  Th e  tRNAs h a v e  no w  b e e n  s h o w n  to i m p a r t  s p e c i ­

f i c i t y  to p r o t e i n  s y n t h e s i s  at e s s e n t i a l l y  t h r e e  l e v e l s .  

F i r s t l y ,  in the s p e c i f i c  r e c o g n i t i o n  of the a m i n o  a c i d  

s y n t h e t a s e s ;  s e c o n d l y ,  in the i n t e r a c t i o n  of the a c y l a t e d  

tR N A  w i t h  the n u c l e o t i d e  t r i p l e t s  of th e  m e s s e n g e r  RNA, 

t h r o u g h  the a n t i c o d o n  loop; an d  t h i r d l y ,  in the i n t e r a c t i o n  

of the t R N A  w i t h  the r i b o s o m e  it s e l f .

At p r e s e n t ,  a l a n i n e  ( H o l l e y  e t a 1 . 1965), t y r o s i n e

(M a d i s o n ,  E v e r e t t  and Rung, 19 6 6 ) ,  p h e n y l a l a n i n e  (Raj- 

B h a n d a r y  e ^  a_l. 1 9 6 7 ) ,  v a l i n e  (Baev e t a 1 . 1967 ) t R N A s

f r o m  B a k e r ' s  y e a s t  h a v e  b e e n  s e q u e n c e d ,  and so h a v e  the 

s e r i n e  t R N A s  f r o m  B r e w e r ' s  y e a s t  ( Z a c h a u  e_t a_l. 19 6 6 ) , 

the t y r o s i n e  S u + 111 t R N A  of an E. c o l i  a m b e r  m u t a n t  

( G o o d m a n  e t a 1 . 1968), N - f o r m y l  m e t h i o n i n e  t R N A  (Dube e t a 1 .

1968), the v a l i n e  t R N A  of E. c o l i  ( Y a n i v  and B a r r e l l ,  1969). 

w h e a t  g e r m  p h e n y l a l a n i n e  t R N A  ( D u d o c k  e t a 1 . 1969) , and

the s e r i n e  t R N A  f r o m  rat l i v e r  c e l l s  ( S t a e h e l i n  e_t a_l. 1968).

A l t h o u g h  the s e q u e n c e s  of t h e s e  t R N A s  d i f f e r  w i d e l y ,  

they all h a v e  s o m e  i n t e r e s t i n g  f e a t u r e s  in c o m m o n .  T h e  

w e l l  k n o w n  c l o v e r  leaf m o d e l  p r o b a b l y  d e s c r i b e s  c o r r e c t l y



15

the s e c o n d a r y  s t r u c t u r e  of tRNA. In a d d i t i o n  a g e n e r a l i z e d  

m o d e l  b a s e d  on the c l o v e r l e a f  m o d e l ,  has be e n  p r o p o s e d  by 

L e v i t t  (1969). This m o d e l  is c o m p a c t  and p r e d i c t s  c o n s i d e r ­

able s t a c k i n g  i n t e r a c t i o n s .

In spite of the n u m e r o u s  m o d e l s ,  it has not b e e n  

p o s s i b l e  to d e d u c e  c o n c l u s i v e l y  the d e t a i l e d  t e r t i a r y  

s t r u c t u r e  of any tRNA. The c r y s t a l l i z a t i o n  of f o r m y 1- 

m e t h i o n y l  tRNA from E. coli (Clark e^  aj_. , ^68) has 

m a d e  it p o s s i b l e  to use X - r a y  c r y s t a l l o g r a p h y  to d e t e r m i n e  

the t e r t i a r y  s t r u c t u r e  of the tRNAs. Since the first rep o r t ,  

c o n s i d e r a b l e  p r o g r e s s  has be e n  ma d e ,  and r e c e n t l y  Blake, 

F r e s c o  an d  L a n g r i d g e  (1970) ha v e  o b t a i n e d  c r y s t a l s  e n t i r e l y  

s u i t a b l e  for a n a l y s i s .  The q u a l i t y  of their X - r a y  data 

is a l r e a d y  such that it sh o u l d  soon be p o s s i b l e  to test 

v a r i o u s  s u g g e s t e d  s t r u c t u r a l  m o d e l s .

Since m u c h  of the e x p e r i m e n t a l  d a t a  i n v o l v i n g  c h e m i c a l  

m o d i f i c a t i o n  of tRNAs s u g g e s t  that the s p e c i f i c i t y  of 

t h e s e  m o l e c u l e s  r e s i d e s  in the o v e r a l l  c o n f o r m a t i o n ,  the 

o u t c o m e  of the c r y s t a 1 l o g r a p h i c  s t u d i e s  will be a n x i o u s l y  

a w a 11 e d .

5 S RNA

Th e  e a r l i e s t  re p o r t  in the l i t e r a t u r e  on 5s RNA 

d a t e s  b a c k  to 1961 w h e n  Elson r e p o r t e d  on the r e l e a s e  of 

an RNA p a r t i c l e  from E. coli ribosoir**° u n d e r  c o n d i t i o n s
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of high salt. U n d e r  these c o n d i t i o n s ,  E l s o n  o b s e r v e d  the 

a p p e a r a n c e  of the 5s p a r t i c l e ,  and the s i m u l t a n e o u s  d i s ­

a p p e a r a n c e  of the 50s r i b o s o m a l  s u b u n i t .  Two y e a r s  f o l l o w ­

ing Elson* s r eport, R osset, M o n i e r  and J u l i e n  (1964) c a r r i e d  

out d e t a i l e d  s t u d i e s  on 5s RNA i s o l a t e d  from b a c t e r i a l  

r i b o s o m e s  un d e r  c o n d i t i o n s  of low m a g n e s i u m ,  and r e p o r t e d  

not only on the h o m o g e n e i t y  of this m o l e c u l e ,  but also on 

its u n i q u e  base c o m p o s i t i o n .  S t u d i e s  f r o m  C o m b ' s  l a b o r a t o r y  

( Z e h a v i - W i l i n e r  and Comb, 1966) c o n f i r m e d  the f i n d i n g  that 

this u n i q u e  R N A  is pr e s e n t  on l y  in the 50s r i b o s o m a l  p a r ­

ticle. S e v e r a l  o t h e r  p u b l i c a t i o n s  a p p e a r e d  in the l i t ­

e r a t u r e ,  and by 1965, 5s R N A  had b e e n  i s o l a t e d  from y e a s t  

r i b o s o m e s  ( M a r c o t - Q u e l r o z  e_t a 1 . 1965), liver cell r i b o ­

so m e s  ( G a l i b e r t  e_t a_l. 1965), sea u r c h i n  and a m p h i b i a n  

r i b o s o m e s  (Comb e t a 1 . 1965), g i v i n g  c r e d e n c e  to the idea

that 5s RNA is a u b i q u i t o u s  m o l e c u l e .

K n o w l e d g e  of the s t r u c t u r e  of 5s R N A  has since be e n

a c c u m u l a t i n g  v e r y  rapidly. The d e v e l o p m e n t  of a two

d i m e n s i o n a l  e l e c t r o p h o r e t i c  t e c h n i q u e  for s e p a r a t i n g  small
32

a m o u n t s  of o l i g o n u c l e o t i d e s  h i g h l y  l a b e l e d  wi t h  P has 

g r e a t l y  f a c i l i t a t e d  w o r k  on the n u c l e o t i d e  s e q u e n c e  of 

this m o l e c u l e .  S a n g e r ,  B r o w n l e e  and B a r r e l l  (1965), and 

F o r g e t  and W e i s s m a n  (1968), ha v e  s e q u e n c e d  the 5s RNA 

m o l e c u l e s  fr o m  E. coli and KB cells, r e s p e c t i v e l y .  The 

m o l e c u l e  is a p p r o x i m a t e l y  120 n u c l e o t i d e s  long, and has 

a m o l e c u l a r  w e i g h t  of about 4 1 , 0 0 0  d a l t o n s .
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M o d e l s  for the s e c o n d a r y  s t r u c t u r e  of 5s RN A  have 

b e e n  p r o p o s e d  by a n u m b e r  of I n v e s t i g a t o r s .  Th e  m o d e l  of 

B o e d t k e r  and K e l l i n g  (1967), b a s e d  on h y p o c h r o m i c i t y  

m e a s u r e m e n t s  on E. coli 5s RNA, has 60% of the b a s e s  in 

h y d r o g e n  b o n d e d  re g i o n s ,  w h i l e  the m o d e l  p r o p o s e d  by 

C a n t o r  (1968), s u g g e s t s  a s e c o n d a r y  s t r u c t u r e  w i t h  67% of 

the r e s i d u e s  b a s e  p aired. L e w i s  and D o t y  (1970) have 

r e c e n t l y  p r o p o s e d  a m o d e l  w h i c h  like B o e d t k e r 's m o d e l  

p r o p o s e s  60% base p a i r e d  r egions.

T h e r e  has b e e n  much s p e c u l a t i o n  as to the b i o l o g i c a l  

role of 5s RNA. On the b a s i s  of the c l o v e r l e a f  m o d e l s  of 

5s RNA, R a a c k e  (1968) has p r e d i c t e d  e s s e n t i a l l y  a s t r u c t u r a l  

role for 5s RNA in the b i n d i n g  of the two r i b o s o m a l  

s u b u n i t s .  Bri e f l y ,  R a a c k e ' s  h y p o t h e s i s  p r o p o s e s  three 

b a s i c  f u n c t i o n s  for 5s RNA. Fir s t l y ,  by m e a n s  of a 

u n i q u e  and u n i v e r s a l  b a s e  s e q u e n c e ,  5s R N A  b i n d s  d i r e c t l y  

to the 50s r i b o s o m a l  sub u n i t ;  s e c o n d l y ,  the b o u n d  50s 

s u b u n i t  b e c o m e s  li n k e d  to the 30s s u b u n i t  t h r o u g h  the 

i n t e r a c t i o n  of one of the loops of the 5s RNA w i t h  this 

s m a l l e r  s u b u n i t  in a s p e c i e s  s p e c i f i c  m a n n e r ;  and t h i r d l y , 

the 5s R N A  m o l e c u l e  then s e r v e s  to o r i e n t  I n c o m i n g  tR N A  

m o l e c u l e s  by v i r t u e  of m a g n e s i u m  b r i d g e s  fo r m e d  b e t w e e n  

the p h o s p h a t e s  in the b a c k b o n e  of the h e l i c a l  r e g i o n s  of the 

two m o l e c u l e s .

K i r t i k a r  and Kaji (1968) have r e c e n t l y  d e s c r i b e d  a 

s y s t e m  in w h i c h  the a d d i t i o n  of 5s RNA s t i m u l a t e s  the
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the i n c o r p o r a t i o n  of l a b e l e d  a m i n o  a c i d s  into p r o t e i n .

S i n c e  the s t i m u l a t i o n  o b s e r v e d  wa s  l i m i t e d  o n l y  to the 

p h a g e / R N A - d e p e n d e n t  p r o t e i n  s y n t h e s i s ,  and di d  not o c c u r  

in the p r e s e n c e  of s y n t h e t i c  m e s s e n g e r  RNA, it wa s  s u g g e s t e d  

that the s t e p s  p r o b a b l y  i n f l u e n c e d  w e r e  e i t h e r  i n i t i a t i o n ,  

r e l e a s e  of the p o l y p e p t i d e  c h a i n ,  or both. W h a t e v e r  the 

b i o l o g i c a l  ro l e  of t h i s  low m o l e c u l a r  w e i g h t  RNA, it s e e m s  

the u b i q u i t o u s  5s RN A is an e s s e n t i a l  c o n s t i t u e n t  for 

the c e l l ' s  b i o l o g i c a l  f u n c t i o n .

KB Ce l l  L o w  M o l e c u l a r  W e i g h t  R N A

F o r g e t  and W e i s s m a n  (1967) h a v e  s h o w n  that KB c e l l s  

s y n t h e s i z e  an d  a c c u m u l a t e  a s t a b l e  c y t o p l a s m i c  low m o l e c u l a r  

w e i g h t  RN A  a f t e r  i n f e c t i o n  w i t h  a d e n o v i r u s  2. Ohe and 

W e i s s m a n  (1970) h a v e  r e c e n t l y  u n d e r t a k e n  an e x t e n s i v e  

c h a r a c t e r i z a t i o n  of this m o l e c u l e .  Th e  R N A  is 156 n u c l e o ­

t i d e s  long, and p o s s e s s e s  so m e  t e r m i n a l  and i n t e r n a l  

h e t e r o g e n e i t y .  T h e  5' end is o c c u p i e d  by g u a n o s i n e ,  w h i c h  

v a r i e s  f r o m  b e i n g  n o n - p h o s p h o r y l a t e d  in s o m e  m o l e c u l e s ,  

to p o s s e s s i n g  e i t h e r  on e  or two p h o s p h a t e  g r o u p s  in o t h e r s .  

T h e  3* t e r m i n u s  as w e l l  as the p e n u l t i m a t e  b a s e ,  is u r i d i n e .  

In so m e  m o l e c u l e s  the t e r m i n a l  u r i d i n e  is m i s s i n g .  T h e  

s e q u e n c e  o b t a i n e d  p e r m i t s  e x t e n s i v e  b a s e - p a i r i n g  and 

c o n t a i n s  p r o m i n e n t  r e p e a t i n g  units. Oh e  and W e i s s m a n  

p o i n t  out that s o m e  h o m o l o g y  b e t w e e n  this R N A  and c e r t a i n  

t R N A  s e q u e n c e s  e x i s t s ,  and they s p e c u l a t e  th a t  if the
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KB RNA is a p r o d u c t  of the virus gene, then h o m o l o g y  

b e t w e e n  v i r a l  D N A  and host DNA could be a f a v o r a b l e  site 

for r e c o m b i n a t i o n  or i n t e g r a t i o n  of v i r u s  DNA w i t h  the 

host cell g e n o m e .

6s RNA From I n f e c t e d  E. coli Cells

The o c c u r e n c e  of low m o l e c u l a r  w e i g h t  RNAs in E. coli 

ce l l s  i n f e c t e d  w i t h  RNA ph a g e s  has b e e n  d e s c r i b e d  by 

s e v e r a l  w o r k e r s .  Kelly, G o u l d  and S i n s h e i m e r  (1965), and 

Lunt and S i n s h e i m e r  (1966), have found a low m o l e c u l a r  

w e i g h t  RNA in ce l l s  i n f e c t e d  w i t h  RNA from phage MS-2.

T h i s  RNA was sh o w n  to be p r e s e n t  in g r e a t e r  a m o u n t s  w h e n  

the i n f e c t e d  ce l l s  w e r e  t r e a t e d  w i t h  u l t r a v i o l e t  light, 

or a c t i n o m y c i n  D. It w a s  s u g g e s t e d  that this '6s* RNA 

r e p r e s e n t s  a d e v i c e  for r e p l i c a t i o n  of a s p e c i f i c  p o r t i o n  

of the v i r a l  g e n o m e ,  or p e r h a p s  is s i m p l y  a d e g r a d a t i o n  

p r o d u c t  w h i c h  a c c u m u l a t e s  under c o n d i t i o n s  w h e n  the 

y i e l d  of phage R N A  is small. L o d l s h  and Zi n d e r  (1966) 

h a v e  found that in E. coli cells i n f e c t e d  w i t h  an f2 p h a g e  

m u t a n t ,  a large p r o p o r t i o n  of the p a r e n t a l  RNA is c o n v e r t e d  

to a '7s* form.

R e c e n t l y  the p r e s e n c e  of a low m o l e c u l a r  w e i g h t  RNA 

in E. coll c e l l s  I n f e c t e d  w i t h  QB RNA has been r e p o r t e d  

( B a n e r j e e ,  R e n s i n g  and A u g u s t ,  1969). This QB 6s RNA is 

the p r e d o m i n a n t  n u c l e i c  acid c o m p o n e n t  found in a p a r t i a l l y
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p u r i f i e d  f r a c t i o n  of QB R N A  p o l y m e r a s e ,  is not d e t e c t e d  in 

u n i n f e c t e d  cells, and s e r v e s  as t e m p l a t e ,  in v i t r o , for the 

QB RNA p o l y m e r a s e .

C h e m i c a l  a n a l y s i s  of this RNA, or the R N A  p r o d u c t  

r e s u l t i n g  from the _Tn v i t r o  p o l y m e r a s e  r e a c t i o n  shows that 

the two m o l e c u l e s  are i d e n t i c a l .  G u a n o s i n e  t r i p h o s p h a t e  

o c c u p i e s  the 5* t e r m i n u s ,  and the 3' h y d r o x y l  t e r m i n u s  is 

o c c u p i e d  by a d e n o s i n e .  A chain length of 110 to 130 n u c l e o ­

tides was c a l c u l a t e d  for this m o l e c u l e .  This RNA was also 

found to be rich in g u a n y l i c  and c y t i d y l i c  ac i d  re s i d u e s .

Both the 6s RNA s y n t h e s i z e d  iji v i t r o , and the 6s RNA i s o l a t e d  

from i n f e c t e d  cells, are c a p a b l e  of s e r v i n g  as t e m p l a t e  

in the p o l y m e r a s e  r e a c t i o n .  T h e  m a x i m u m  rate of the r e a c ­

tion w i t h  6s RNA, h o w e v e r ,  is ab o u t  30% of that o b t a i n e d  

w h e n  QB R N A  itself is used as t e m p l a t e .  The r e a c t i o n  

i n v o l v i n g  6s R N A  does not r e q u i r e  the a d d i t i o n  of the two 

p r o t e i n  f a c t o r s  s h o w n  to be a b s o l u t e l y  r e q u i r e d  w h e n  QB 

R N A  d i r e c t s  the s y n t h e s i s  (Franze de F e r n a n d e z  e_t a_l. 1968). 

The r e s i s t a n c e  of 6s R N A  to p a n c r e a t i c  r l b o n u c l e a s e  h y d r o ­

lysis s u g g e s t s  p r o t e c t i o n  due to e x t e n s i v e  ba s e  p airing.

T h e  in v i v o  role of 6s R N A  still r e m a i n s  v e r y  p u z z ­

ling. W h e t h e r  this m o l e c u l e  is d e r i v e d  from QB RNA, or 

is p r e s e n t  in the host cell at low levels p r i o r  to Inf e c t i o n ,  

is not known. So far no RNA s i m i l a r  to the 6s RNA d e s c r i b e d  

above, has b e e n  d e t e c t e d  in u n i n f e c t e d  cells.



A L o w  M o l e c u l a r  W e i g h t  R N A  F r o m  A l c a l l g e n e s  F a e c a l i s

An R N A  of s e d i m e n t a t i o n  c o e f f i c i e n t  5.5 s wa s  i s o l a t  

fr o m  A l c a l l g e n e s  f a e c a l i s  and c h a r a c t e r i z e d  by B e l j a n s k i  

and B o u r g a r e l  (1968). This low m o l e c u l a r  w e i g h t  RN A  (mole 

c u l a r  w e i g h t  5 0 , 0 0 0  by u 1 t r a c e n t r i f u g a 1 a n a l y s i s ) ,  r e p r e ­

s e n t s  some 2 to 3% of the total c e l l u l a r  RNA, and like 

E. c o l i  5s RNA, has u r i d i n e  3', 5' d i p h o s p h a t e  at its 5'

end, an d  u r i d i n e  at its 3' end. B a s e  c o m p o s i t i o n  a n a l y s i s  

s h o w s  this R N A  to be d i f f e r e n t  f r o m  e i t h e r  5s or 4s RNA. 

M e l t i n g  t e m p e r a t u r e  s t u d i e s  a l s o  r e v e a l  m a r k e d  d i f f e r e n c e s  

in the m i d - p o i n t  of the t e m p e r a t u r e  t r a n s i t i o n  o b t a i n e d  

for 5.5s, 5s, a n d  4s RN A s .

In v i t r o  b i o l o g i c a l  s t u d i e s  i n d i c a t e d  that this R N A  

i n i t i a t e s  an u n u s u a l  ty p e  of p e p t i d e  s y n t h e s i s  in the 

p r e s e n c e  of the four r i b o n u c l e o t i d e  t r i p h o s p h a t e s .  It has 

b e e n  s u g g e s t e d  that a b i n d i n g  o c c u r s  w h i c h  i n v o l v e s  an 

e s t e r  l i n k a g e  b e t w e e n  the c a r b o x y l  g r o u p  of the a m i n o  

a c i d s  an d  the 2' h y d r o x y l  g r o u p  of the R N A  ( B e l j a n s k i  

e t a 1 . , 1968) . S i n c e  the r e a c t i o n  o c c u r s  in the c o m p l e t e

a b s e n c e  of r i b o s o m e s ,  B e l j a n s k i  has s p e c u l a t e d  that 5.5s 

R N A  c o u l d  be r e s p o n s i b l e  for the s y n t h e s i s  of a p a r t i c u l a r  

c l a s s  of p r o t e i n s  - p o s s i b l y  s t r u c t u r a l  p r o t e i n s .
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E. Coll Low M o l e c u l a r  W e i g h t  RN A s

Th e  p r e s e n c e  of low m o l e c u l a r  w e i g h t  RNAs in E. coli 

c r u d e  s o l u b l e  R N A  e x t r a c t s  has b e e n  d e m o n s t r a t e d  by a 

n u m b e r  of w o r k e r s .  S c h l e i c h  and G o l d s t e i n  (1965) have s h o w n  

that s R N A  p r e p a r e d  by the m o d i f i e d  m e t h o d  of H o l l e y  (1961), 

and f r a c t i o n a t e d  on s e p h a d e x  G 100, is h e t e r o g e n e o u s ,  and 

c o n t a i n s  s e v e r a l  m i n o r  RN A  c o m p o n e n t s .  The fact that these

c o m p o n e n t s  w e r e  p r e v i o u s l y  u n d e t e c t e d  in E. coli e x t r a c t s

s u g g e s t s  that the i d e n t i f i c a t i o n  of some of the m i n o r  RNAs 

is d e p e n d e n t  on the m e t h o d  c h o s e n  for i s o l a t i o n .

M i n o r  RNA c o m p o n e n t s  have s i n c e  b e e n  o b s e r v e d  by

C a n n o n  and R i c h a r d s  (1967), and H i n d l e y  (1967), w h e n  

E. coli w h o l e  cell s R N A  p r e p a r a t i o n s  w e r e  a n a l y z e d  by 

p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s .  Si n c e  no c h a r a c t e r ­

i z a t i o n  of any of these m i n o r  c o m p o n e n t s  was c a r r i e d  out, 

n o t h i n g  can be said a b o u t  the n a t u r e  or o r i g i n  of these 

m o l e c u l e s  .

One of th e s e  m i n o r  c o m p o n e n t s  is of p a r t i c u l a r  

I n t erest. Th i s  R N A  d e s c r i b e d  as e l u t i o n  r e g i o n  2 RNA by 

S c h l e i c h  and G o l d s t e i n ,  e l u t e s  from s e p h a d e x  G 100 ah e a d  

of bo t h  4s and 5s RNA, and r e p r e s e n t s  some 2 to 4% of the 

to t a l  s R N A  c o n c e n t r a t i o n .

The p r e s e n c e  of an R N A  w i t h  a s e d i m e n t a t i o n  c o e f f ­

ic i e n t  of 6s in p h a g e  i n f e c t e d  ce l l s  has a l r e a d y  been
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d e s c r i b e d .  The a p p e a r a n c e  of this RNA f o l l o w i n g  phage 

i n f e c t i o n  has e v o k e d  m u c h  s p e c u l a t i o n .  C u r i o u s l y  enough, 

B a n e r j e e  et a 1 . (1969) did not de t e c t  a low m o l e c u l a r

w e i g h t  RNA c o m p o n e n t  in u n i n f e c t e d  E. coli cells. This  

co u l d  s i m p l y  be due to the l i m i t a t i o n s  of the t e c h n i q u e  

e m p l o y e d  in its d e t e c t i o n ,  or p e r h a p s  , as King (1967) has 

s u g g e s t e d ,  could be a r e f l e c t i o n  of the d i f f e r e n c e s  in 

t e c h n i q u e s  e m p l o y e d  in the i s o l a t i o n  of the sRNA. W h a t ­

e v e r  the reason, it se e m e d  n e c e s s a r y  that a t h o r o u g h  

c h a r a c t e r i z a t i o n  of e l u t i o n  r e g i o n  2 RNA be u n d e r t a k e n ,  in 

o r d e r  to shed some light on the o r i g i n  of this m o l e c u l e ,  

and al s o  to p r o v i d e  some i nsight into the role p l a y e d  by 

this low m o l e c u l a r  w e i g h t  R N A  in E. coli m e t a b o l i s m .  T h e 

m e t h o d s  and r e s u l t s  of these s t u d i e s  c o m p r i s e  this Thesis.
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C O N C L U S I O N

It is I m p o s s i b l e  in such a brief r e v i e w  to p r e s e n t  

a d e t a i l e d  a c c o u n t  of all of the low m o l e c u l a r  w e i g h t  RNAs 

that h a v e  b e e n  d e s c r i b e d  to date. So far, low m o l e c u l a r  

w e i g h t  RN A  s p e c i e s  have b e e n  d e s c r i b e d ,  w h i c h  have b e e n  

i s o l a t e d  from the c y t o p l a s m ,  n u c l e u s ,  and from the m e m b r a n e s  

of the e n d o p l a s m i c  r e t i c u l u m .  W i t h  some e x c e p t i o n s ,  the 

o v e r a l l  p i c t u r e  that e m e r g e s  is one in w h i c h  the RNAs are 

i n t i m a t e l y  i n v o l v e d  w i t h  p r o t e i n  m o l e c u l e s  in the f o r m a t i o n  

of n u c l e o p r o t e i n  c o m p l e x e s ,  w h i c h  is p r e s u m a b l y  the fo r m  

in w h i c h  these m o l e c u l e s  c a r r y  out their r e s p e c t i v e  

f u n c t i o n s .  It se e m s ,  t h e r e f o r e ,  that such b i o l o g i c a l l y  

a c t i v e  c o m p l e x e s ,  p a r t i c u l a r l y  in the case of the m e m b r a n e  

a s s o c i a t e d  RNAs, mu s t  i n c l u d e  some lipid m a t e r i a l .  If 

th i s  is the case, t h e n  it can v e r y  e a s i l y  be se e n  w h y  it 

has be e n  so d i f f i c u l t  to e s t a b l i s h  the b i o l o g i c a l  role of 

m a n y  RNAs, since the p r o c e d u r e s  e m p l o y e d  in their i s o l a t i o n  

d e s t r o y  this ' a c t i v e  c o m p l e x '  , and r e n d e r  the RN A  I n a c t i v e .

It is very t e m p t i n g  to s p e c u l a t e  on the b i o l o g i c a l  

role of some of the RN A s  d e s c r i b e d  here, and e v e n  to g r o u p  

t h e m  into d i f f e r e n t  c a t e g o r i e s  of a c t i v i t y .  T r a n s f e r  RNA,

Ss RNA, and 7s RN A  can be t h o u g h t  of as b e i n g  part of the 

c e l l ' s  p r o t e i n  s y n t h e s i z i n g  m a c h i n e r y .  T h e s e  are m o l e c u l e s  

that ei t h e r  c o n t r i b u t e  to the s t a b i l i z a t i o n  of the c o n ­

f o r m a t i o n  of the r i b o s o m e / m e s s e n g e r  c o m p l e x ,  or play an
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a c t i v e  part in the r e c o g n i t i o n  of the code on the m e s s e n g e r .

The s e c o n d  c a t e g o r y ,  and p e r h a p s  the least u n d e r s t o o d ,  

i n v o l v e s  those low m o l e c u l a r  w e i g h t  RNAs that s t ^ m  to have 

some t e m p l a t e  a c t i v i t y .  T h e s e  i n c l u d e  the RNA d e s c r i b e d  

by B e l j a n s k i  (1968), and the 6s RN A  c h a r a c t e r i z e d  by B a n e r j e e  

(1969). Both of these m o l e c u l e s  serve as t e m p l a t e s  - the 

5.5s RNA of B e l j a n s k i  f u n c t i o n i n g  to b i n d  a m i n o  acids in 

v i t r o , w h i l e  the QB 6s R N A  ser v e s  to d i r e c t  the s y n t h e s i s  

of a d d i t i o n a l  RNA m o l e c u l e s  in the p r e s e n c e  of R N A  p o l y ­

mer a s e .

The th i r d  c a t e g o r y  of a c t i v i t y  i n v o l v e s  the RNAs 

w h i c h  p e r h a p s  have a r e g u l a t o r y  role in p r o t e i n  s y n t h e s i s .  

T h e s e  i n c l u d e  the RNAs d e s c r i b e d  by Bo n n e r ,  and p o s s i b l y  

those d e s c r i b e d  by W e i n b e r g  and P e n m a n ,  and oth e r s .  T h e s e  

are all n u c l e a r  RNAs w h i c h  are c l o s e l y  a s s o c i a t e d  w i t h  

pr o t e i n ,  and p r e s u m a b l y  r e c o g n i z e  p a r t i c u l a r  r e g i o n s  of 

the DNA in a s e q u e n c e  s p e c i f i c  m a n n e r .  T h e s e  are the 

'a c t ivator' RNAs a l l u d e d  to by B r i t t e n  and D a v i d s o n  (1969) 

in their the o r y  on gene r e g u l a t i o n .



C H A P T E R  TWO

The I s o l a t i o n  and P u r i f i c a t i o n  of E l u t i o n  R e g i o n  2 RNA



I N T R O D U C T I O N

The e x t r a c t i o n  of s o l u b l e  R N A  f r o m  E. coli w h o l e  cells 

us i n g  the p h e n o l  p r o c e d u r e  yields p r e p a r a t i o n s  w h o s e  h e t e r o ­

g e n e i t y  can e a s i l y  be d e m o n s t r a t e d  by gel f i l t r a t i o n  a n a l y s i s  

O p t i c a l  d e n s i t y  p r o f i l e s  of such f r a c t i o n a t e d  s a m p l e s  c o n ­

s i s t e n t l y  show the p r e s e n c e  of four e l u t i o n  r e g i o n s .  E l u ­

tion r e g i o n  4 is a m i x t u r e  of the v a r i o u s  t r a n s f e r  RNAs, and 

is e s s e n t i a l l y  p r e s e n t  in the c y t o p l a s m i c  c e l l u l a r  f r a c t i o n .  

E l u t i o n  reg i o n  3 (5s RNA), on the other hand, is m a i n l y  

I s o l a t e d  w i t h  the r i b o s o m a l  f r a c t i o n ,  and its h o m o g e n e i t y  

has a l r e a d y  be e n  e s t a b l i s h e d .

In this c h a p t e r  the i s o l a t i o n ,  p u r i f i c a t i o n ,  and 

h o m o g e n e i t y  of e l u t i o n  r e g i o n  2 RNA, as e s t a b l i s h e d  by 

s e p h a d e x  G 100 c h r o m a t o g r a p h y  and p o l y a c r y l a m i d e  gel 

e l e c t r o p h o r e s i s ,  wi l l  be d e s c r i b e d .
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M A T E R I A L S  A N D  M E T H O D S

I s o l a t i o n  of s R N A  - W h o l e  Ce l l s  - S e v e r a l  m e t h o d s  have be e n 

e m p l o y e d  in the i s o l a t i o n  of s R N A  from E. coli cells. Of 

these, the m o d i f i e d  m e t h o d  of H o l l e y  (1961), i n v o l v i n g  

d i r e c t  p h e n o l  e x t r a c t i o n  of w h o l e  cells, was u t i l i z e d .

F r o z e n  E. coli B cells, h a r v e s t e d  in m i d - l o g a r i t h m i c  

g r o w t h ,  w e r e  used for all sRNA e x t r a c t i o n s .  500 grains of 

c e l l s  w e r e  th a w e d  in 2 li t e r s  of d e i o n i z e d  w a t e r ,  and 2 

li t e r s  of 88% p h e n o l  ad d e d  wi t h  c o n s t a n t  s t i r r i n g .  The 

p h e n o l  p r e c i p i t a t e d  cells we r e  s t i r r e d  c o n t i n u a l l y  for 

8 h o u r s  b e f o r e  c e n t r i f u g i n g  at 1 2 , 0 0 0  x g for 30 m i n u t e s .

The a q u e o u s  s u p e r n a t a n t  was c a r e f u l l y  r e m o v e d  (phenol p h a s e  

and i n t e r p h a s e  d i s c a r d e d ) ,  and 0.1 v o l u m e  of p o t a s s i u m  

a c e t a t e  (20%, pH 5.0), and 2.5 v o l u m e s  of 95% e t h a n o l  (cold) 

a d d e d  w i t h  c o n s t a n t  m i x i n g .  The wh i t e ,  f l o c c u l e n t  p r e c i p ­

it a t e  was a l l o w e d  to s e t t l e  o v e r n i g h t .  T h e  c l e a r  a l c o h o l  

s u p e r n a t a n t  was c a r e f u l l y  d e c a n t e d ,  and the r e m a i n i n g  

s u s p e n s i o n  c e n t r i f u g e d  for 30 m i n u t e s  at 1 2 , 0 0 0  x g. Th e  

r e s u l t i n g  p e l l e t  wa s  then d r i e d  in v a c u o ,  and s u s p e n d e d  

in 500 ml of 0.1 M Tr i s  (pH 7.5). The s u s p e n d e d  R N A  was 

next m i x e d  w i t h  8 g r a m s  of w a s h e d  d i e t h y l  a m l n o e t h y l  

c e l l u l o s e  (DEAE), and s t i r r e d  g e n t l y  o v e r n i g h t  in the cold. 

T h e  D E A E - a d s o r b e d  R N A  wa s  then r i n s e d  4 t i m e s  w i t h  500 ml 

0.1 M T r i s  (pH 7.5), each time d i s c a r d i n g  the l i q u i d  layer
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a f t e r  c e n t r i f u g a t i o n .  A f t e r  w a s h i n g ,  the D E A E  wa s  s u s ­

p e n d e d  in 500 ml M s o d i u m  c h l o r i d e  b u f f e r e d  at pH 7.5 

(0.25 M Tris), and s t i r r e d  for 4 hours to re m o v e  the b o u n d  

sRNA. The s u p e r n a t a n t  w a s  r e c o v e r e d  by c e n t r i f u g a t i o n ,  and 

the R N A  i m m e d i a t e l y  p r e c i p i t a t e d  w i t h  95% e t h a n o l  (2.5 

v o l u m e s ) .  The p r e c i p i t a t e  was c o l l e c t e d ,  w a s h e d  twice 

w i t h  80% ethanol, and d r i e d  in v a c u o  at ro o m  t e m p e r a t u r e .  

The y i e l d  of s R N A  was u s u a l l y  0.1%. All steps w e r e  

p e r f o r m e d  at 4°C u n l e s s  o t h e r w i s e  s tated. A d i a g r a m a t i c  

r e p r e s e n t a t i o n  of this i s o l a t i o n  p r o c e d u r e  is s h o w n  in 

F i g u r e  1 ,

I s o l a t i o n  of sRNA - Cell F r a c t i o n s  - C y t o p l a s m i c  and r i b o ­

s o m a l  low m o l e c u l a r  w e i g h t  RNA p r e p a r a t i o n s  w e r e  o b t a i n e d  

in the f o l l o w i n g  m a n n e r .  Cells (100 gr a m s  wet w e i g h t )  

w e r e  g r o u n d  wi t h  twice th e i r  w e i g h t  of w a s h e d  a l u m i n a ,  and 

the r e s u l t i n g  th i c k  p a s t e  s u s p e n d e d  in 3 times its v o l u m e  

of b u f f e r  c o n s i s t i n g  of 0 . 0 1  M T r i s  (pH 7.4), and 0. 0 1  M 

m a g n e s i u m  ac e t a t e .  D e o x y r i b o n u c l e a s e  (2 m i c r o g r a m s / m l ) 

w as ad d e d ,  and the s u s p e n s i o n  c e n t r i f u g e d  tw i c e  at low 

spe e d s  to rem o v e  the deb r i s .  The b r o w n i s h  s u p e r n a t a n t  was 

then c e n t r i f u g e d  at 1 0 5 , 0 0 0  x g for 4 h o u r s  in a p r e p a r a ­

tive u l t r a c e n t r i f u g e .  O n l y  the u p p e r  h a l f  of the cl e a r  

s u p e r n a t a n t  was u s e d  for the p r e p a r a t i o n  of c y t o p l a s m i c  

RNA. The r e m a i n d e r  of the s u p e r n a t a n t  w a s  d i s c a r d e d ,  and 

the r i b o s o m a l  p e l l e t  w a s h e d  4 times w i t h  0.01 M Tris,



E . coli
thaw at 4°C in w a t e r
add 1.0 v o l u m e  88% p h e n o l
stir approx. 8 h o u r s
c e n t r i f u g e ,  d i s c a r d  p h e n o l  layer

A q u e o u s  phase
add 0.1 v o l u m e  20% KAc (pH 5)
& 2.5 v o l u m e  95% e t h a n o l  
let st a n d  o v e r n i g h t
c e n t r i f u g e  and c o l l e c t  p r e c i p i t a t

-----------------
P r e c i p i t a t e

s u s p e n d  p r e c i p i t a t e  in 0.1 M Tr i s 
(pH 7.5), add 8 g DEAE, stir ov e r  
night. W a s h  4X w i t h  0.1 M Tris 
(pH 7.5), c o l l e c t  DEAE

DEAE
add 1 M NaCl in 0. 2 5  M Tris (pH 7 
stir for 4 h o u r s
r e c o v e r  s u p e r n a t a n t  by c e n t r i f u g -  
at ion

S u p e r n a t a n t
add 2.5 v o l u m n s  95% e t h a n o l  
let st a n d  o v e r n i g h t  
c e n t r i f u g e

P r e c i p i t a t e
w a s h  t w i c e  w i t h  80% e t h a n o l  
dry in v a c u o

sRN A

F l o w - s h e e t  for the p r e p a r a t i o n  of s R N A  from 

E . coli.
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E. Coli □
Grind with 2x weight washed 
Alumina Suspend paste in 3x 
vol. of .01 M Tris (pH 7.A) 
0.01 M Mg AC Add 2 p.g DNAse/ml 
Centrifuge

Add 2x vol of 
phenol Stir 
4 hours centri- 
fuge, discard 
phenol layer 
&  interface

Supernatant R i bo soma1
Upper half Pellet

I Aqueous 
1 *| Phase

add 0.1 vol 
207, KAC &
2.5 vol abs 
alcohol Let 
stand over­
night, centri­
fuge & collect 
ppt

Precipitate
T

Suspend in cold 
M NAC1 Mix 3 
hours Centri­
fuge

1 M NAC1 sRNA
add 2.5 vols ETOH 
Let stand over­
night Centrifuge 
and collect ppt

Precipitate
Suspend in H O  Add 
0.1 vol 207, KAC 
& 2.5 vol abs 
alcohol Let stand 
overnight-Centrifuge

Cytoplasmic sRNA

wash 4x with .01 M Tris 
(pH 7.4), .01 Mg AC 
Dialyze against .01 M Tris 
.001 M Mg AC Centrifuge

Ribosomal
Pellet

Resuspend pellet in .01 M 
Tris pH 7.4 .01 M Mg AC 
containing 0.57, SDS Add 
2x vol of phenol Stir 
4 hours Centrifuge

Aqueous Phase
add 0.1 vol of 207. KAC &
25 vol. abs alcohol Let 
stand overnight Centrifuge

Prec ipitate

Suspend in 
1 M Tris (pH 7.5)

1 M NAC1 
Insoluble 
pellet

DEAE Same as in Figure 1

Ribosomal sRNA

Figure 2 Flow Sheet for the preparation of Cytoplasmic and Ribosomal 
sRNA from E. Coli
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m a g n e s i u m  a c e t a t e  b u f f e r  (pH 7.5), r e s u s p e n d e d  In the same 

b u f f e r ,  and d i a l y z e d  o v e r n i g h t  a g a i n s t  0.Q1 M Tris (pH 7.5), 

c o n t a i n i n g  0.001 M m a g n e s i u m  a c e t a t e .  D i a l y s i s  was c o n ­

t i n u e d  for an a d d i t i o n a l  3 hours a g a i n s t  the 0. 0 1  M Tris/ 

m a g n e s i u m  buffer. The d i a l y z e d  r i b o s o m a l  s u s p e n s i o n  was 

next s u b j e c t e d  to a low speed c e n t r i f u g a t i o n ,  f o l l o w e d  by 

a n o t h e r  1 0 5 , 0 0 0  x g c e n t r i f u g a t i o n  (5 hours). The p e l l e t s  

o b t a i n e d  we r e  r e s u s p e n d e d  in 0.01 M T r i s / m a g n e s i u m  b u f f e r  

c o n t a i n i n g  0.5% s o d i u m  d o d e c y l  s u l f a t e ,  and used for the 

p r e p a r a t i o n  of low m o l e c u l a r  w e i g h t  r i b o s o m a l  RNA.

The low m o l e c u l a r  w e i g h t  c y t o p l a s m i c  and r i b o s o m a l  

sR N A s  w e r e  I s o l a t e d  by the p h e n o l  m e t h o d  in the same m a n n e r  

as o u t l i n e d  for the w h o l e  cells. The v o l u m e s  us e d  in the 

D E A E  t r e a t m e n t  w e r e  s c a l e d  do w n  b e c a u s e  of the lower RNA 

c o n c e n t r a t i o n s .

An a l t e r n a t e  p r o c e d u r e  wa s  also used in the i s o l a t i o n  

of c y t o p l a s m i c  sRNA. This p r o c e d u r e  i n v o l v e d  the use of 

1 M s o d i u m  c h l o r i d e  to s e l e c t i v e l y  r e m o v e  the s R N A  from the 

total RN A  o b t a i n e d  a f t e r  c e n t r i f u g i n g  the first e t h a n o l  

p r e c i p i t a t e ;  s e p a r a t i n g  the sRNA from the 1 M s o d i u m  c h l o r i d e  

i n s o l u b l e  f r a c t i o n ;  and r e c o v e r i n g  the s R N A  by di r e c t  p r e ­

c i p i t a t i o n  w i t h  a b s o l u t e  a l c o h o l  (2.5 v o l u m e s ) .  U s u a l l y  a 

s e c o n d  a l c o h o l  p r e c i p i t a t i o n  was c a r r i e d  out b e f o r e  the RNA

was dri e d ,  and c h r o m a t o g r a p h e d  (Figure 2).
32

S m a l l  q u a n t i t i e s  of u n l a b e l e d ,  and P l a b e l e d  w h o l e
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cell s R N A  w e r e  p r e p a r e d  e x c l u s i v e l y  by this m e t h o d ,  since 

this p r o c e d u r e  y i e l d e d  sRNA p r e p a r a t i o n s  of s i m i l a r  p u r i t y  

to those o b t a i n e d  a f t e r  DEAE t r e a t m e n t  (see F i g u r e s  3a, 3b,

and 4).

32 32
G rowth o f____P L a b e l e d  E. coll B Cells - P l a b e l e d  s R N A

w a s  p r e p a r e d  from e x p o n e n t i a l l y  g r o w i n g  cells by l a b e l i n g
32

c u l t u r e s  grown in p e p t o n e  m e d i u m  w i t h  5 me P o r t h o ­

p h o s p h a t e ,  for a p e r i o d  of a p p r o x i m a t e l y  3 g e n e r a t i o n s .

The g r o w t h  was u s u a l l y  c a r r i e d  out at 37°C, and at the 

end of 3 g e n e r a t i o n s  (optical d e n s i t y  1.0 at 540 mu) the 

g r o w t h  wa s  i m m e d i a t e l y  s t o p p e d  by i m m e r s i n g  the cells in 

an ice bath. The cells w e r e  h a r v e s t e d  by c e n t r i f u g a t i o n ,  

w a s h e d  3 times w i t h  0.1 M p h o s p h a t e  b u f f e r  (pH 7.0), and 

the sR N A  i s o l a t e d  by the phe n o l  p r o c e d u r e .

S e p h a d e x  G 100 F r a c t i o n a t i o n  of s R N A  - S e p h a d e x  G 100 c o l u m n  

f r a c t i o n a t i o n  was p e r f o r m e d  on a v a r i e t y  of c o l u m n s ,  d e p e n d ­

ing on the size of the sa m p l e  to be c h r o m a t o g r a p h e d ,  and the 

r e s o l u t i o n  des i r e d .  Best r e s u l t s  we r e  o b t a i n e d  w i t h  5 x 150 

cm, and 2.5 x 150 cm columns. 0.9 x 150 cm c o l u m n s  w e r e  

used m a i n l y  for rapid a n a l y s i s  of the s R N A  p r e p a r a t i o n s .

La r g e  scale f r a c t i o n a t i o n  of u n l a b e l e d ,  w h o l e  cell 

s R N A  was a c c o m p l i s h e d  as follows: 1 g r a m  of cr u d e  sR N A  was

d i s s o l v e d  in 50 ml of M so d i u m  c h l o r i d e ,  and the d i s s o l v e d  

s a m p l e  layered on top of a 5 x 150 cm column. M s o d i u m
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c h l o r i d e  was us e d  as the e l u t i n g  b u f f e r ,  and f r a c t i o n s  of 

a p p r o x i m a t e l y  10 ml v o l u m e  w e r e  c o l l e c t e d  (800 ml f o r e r u n ) .

E a c h  f r a c t i o n  w a s  a n a l y z e d  for its a b s o r b a n c e  at 

260 and 280 mu. Th e  p e a k  r e g i o n s  w e r e  then p o o l e d ,  d i a l y z e d  

and e v a p o r a t e d  down, and the R N A  p r e c i p i t a t e d  w i t h  p o t a s s i u m  

a c e t a t e  (20%), and e t h a n o l  (95%).

E l u t i o n  r e g i o n  2 and 5s RN A  p r e p a r e d  as o u t l i n e d  a b o v e ,  

w e r e  r e c h r o m a t o g r a p h e d  on S e p h a d e x  G 1 0 0  (2.5 x 150 cm c o l u m n s ) .

C y t o p l a s m i c  an d  r i b o s o m a l  s R N A  s a m p l e s  w e r e  f r a c t i o n ­

a t e d  on s m a l l  c o l u m n s  (0.9 x 150 cm ). U s u a l l y  2 mg a m o u n t s  

w e r e  a p p l i e d  to the c o l u m n .  T h e  e f f l u e n t  w a s  a n a l y z e d  

for its a b s o r b a n c e  at 254 mu, u s i n g  an u l t r a v i o l e t  a n a l y z e r .  

F r a c t i o n s  of 2 ml w e r e  c o l l e c t e d ,  an d  the p e a k  r e g i o n s

p o o l e d ,  d i a l y z e d ,  an d  e v a p o r a t e d  to d r y n e s s .
32

P l a b e l e d  s R N A  s a m p l e s  w e r e  f r a c t i o n a t e d  on 

0.9 x 150 cm, an d  2.5 x 150 cm c o l u m n s .  In e a c h  c a s e  the 

a b s o r b a n c e  of the s a m p l e  w a s  c o n t i n u o u s l y  m o n i t o r e d  at
32

254 m i l l i m i c r o n s ,  u s i n g  an u l t r a v i o l e t  a n a l y z e r .  T h e  P 

p r o f i l e  wa s  o b t a i n e d  by r e m o v i n g  10 m i c r o l i t e r s  f r o m  e a c h  

f r a c t i o n ,  an d  d r y i n g  the a l i q u o t s  in s c i n t i l l a t i o n  v i a l s .

10 ml of t o l u e n e  s c i n t i l l a t i o n  f l u i d  (4 g r a m s  2 . 5 - d i p h e n y 1- 

o x a z o l e  (PPO), and 50 mg p - b i s  [ 2 - ( 5 - p h e n y l o x a z o l y 1) ] - 

b e n z e n e  (POPOP) per l i t e r  of t o l u e n e )  w e r e  a d d e d  to e a c h  

vi a l ,  an d  the c o u n t s  per m i n u t e  o b t a i n e d  u s i n g  a l i q u i d  

s c i n t i l l a t i o n  c o u n t e r .  T h e  r e m a i n i n g  m a t e r i a l  in e a c h
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tube was d i a l y z e d  and e v a p o r a t e d  to d r y n e s s ,  or p r e c i p i t a t e d  

d i r e c t l y  fr o m  M s o d i u m  c h l o r i d e  w i t h  a b s o l u t e  e thanol.

P o l y a c r y l a m i d e  Ge l  E l e c t r o p h o r e s i s  - Th e  u t i l i z a t i o n  of 

p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  for r e s o l v i n g  m i x t u r e s  

of m a c r o m o l e c u l e s  was first d e s c r i b e d  by O r n s t e i n  and Da v i s  

(1964). Th e  a p p l i c a t i o n  of this t e c h n i q u e  to the st u d y  

of RNAs has o f f e r e d  the p o s s i b i l i t y  of m o r e  e x t e n s i v e ,  and 

p r e c i s e  s e p a r a t i o n s  of s a m p l e s  w h o s e  h e t e r o g e n e i t y  had 

p r e v i o u s l y  b e e n  u n d e t e c t e d  by o t h e r  m e t h o d s .  R i c h a r d s ,

Coll and G r a t z e r  (1965) have u t i l i z e d  this t e c h n i q u e  v e r y  

e f f e c t i v e l y  in the s e p a r a t i o n  of low m o l e c u l a r  w e i g h t  RNAs. 

C a n n o n  and R i c h a r d s  (1967), and H i n d l e y  (1967), have also 

e m p l o y e d  this m e t h o d  in the f r a c t i o n a t i o n  of E. coli sR N A  

p r e p a r a t i o n s .  The p r o c e d u r e  o f f e r s  g r e a t  v e r s a t i l i t y  

si n c e  f r a c t i o n a t i o n  is d e p e n d e n t  on m o l e c u l a r  f i l t r a t i o n ,  

and the pore size of the gels e m p l o y e d  can be m a n i p u l a t e d  

at wi l l  to p r o v i d e  the d e g r e e  of f i l t r a t i o n  d e s i r e d .  Since 

d i f f e r e n c e s  in the ratio of c h a r g e  to mass are u s u a l l y  

small for RNAs, the s e p a r a t i o n  is e n t i r e l y  d e t e r m i n e d  by 

m o l e c u l a r  size and shape.

The s y s t e m  d e s c r i b e d  by L o e n i n g  (1967) wa s  u t i l i z e d  

for all s t u d i e s  c a r r i e d  out on e l u t i o n  r e g i o n  2 RNA, s i n c e  

the gels w e r e  r e l a t i v e l y  easy to p r e p a r e ;  g a v e  good 

s e p a r a t i o n s ;  and did not r e q u i r e  the p r e s e n c e  of s p a c e r
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g e l s  for c o n c e n t r a t i o n  of s a mples.

P r e p a r a t i o n  of Gels - 3% and 8 % a c r y l a m i d e  ge l s  ( weight/ 

v o l u m e )  w e r e  u s e d  for all e l e c t r o p h o r e t i c  a n a l y s e s  of 

r e c h r o m a t o g r a p h e d  e l u t i o n  r e g i o n  2 RNA. S u i t a b l e  v o l u m e s  

of A c r y l a m i d e  ( E a s t m a n  O r g a n i c  C h e m i c a l s ,  h i g h e s t  p u r i t y ) ,  

and B i s a c r y l a m i d e  (5% of the a c r y l a m i d e  c o n c e n t r a t i o n  for 

3% gels, and 2.5% of the a c r y l a m i d e  c o n c e n t r a t i o n  for 8% 

g e l s )  as c r o s s - l i n k e r ,  plus e l e c t r o p h o r e s i s  b u f f e r  ( 0 . 0 4 M  

Tris (pH 7.8), 0.02 M s o d i u m  a c e t a t e ,  0 . 0 0 2  M E D T A ) , and 

w a t e r  to p r o v i d e  the d e s i r e d  c o n c e n t r a t i o n s ,  w e r e  m i x e d  at 

r o o m  t e m p e r a t u r e .  N N N' N* T e t r a m e t h y l e t h y 1 e n e d i a m i n e  

(0.033 ml), and 10% a m m o n i u m  p e r s u l f a t e  (0.33 ml) w e r e  

a d d e d  per g r a m  of a c r y l a m i d e  p r e s e n t .  Th e  s o l u t i o n  was 

m i x e d  c a r e f u l l y ,  and p o u r e d  into v e r t i c l e  g l a s s  tu b e s  

(5 m m  I.D. x 100 mm) up to a h e i g h t  of 70 mm. W a t e r  w a s  

c a r e f u l l y  l a y e r e d  over the top of e a c h  gel, and p o l y m e r ­

i z a t i o n  a l l o w e d  to take p l a c e  at ro o m  t e m p e r a t u r e  (22°C). 

A f t e r  p o l y m e r i z a t i o n  the tops of the g e l s  w e r e  rin s e d , 

and the g e l s  w e r e  p r e - e l e c t r o p h o t esed for 50 m i n u t e s  

at 100 vo l t s  to r e m o v e  any c h a r g e d  m a t e r i a l .

P r o c e d u r e  for E l e c t r o p h o r e s i s  - The R N A  s a m p l e s  (20 - 100 

m i c r o g r a m s )  we r e  u s u a l l y  d i s s o l v e d  in a small v o l u m e  of 

e l e c t r o p h o r e s i s  b u f f e r  ( a p p r o x i m a t e l y  50 m i c r o l i t e r s ) ,  and 

m i x e d  w i t h  150 m i c r o l i t e r s  of b u f f e r e d  s u c r o s e  (20% in



e l e c t r o p h o r e s i s  b u f f e r ) .  This m i x t u r e  was l a y e r e d  on top 

of the gels, and e l e c t r o p h o r e s i s  c a r r i e d  out u s i n g  an 

e l e c t r o p h o r e s i s  cell s i m i l a r  to that d e s c r i b e d  by Da v i s  

(1964). S a m p l e s  w e r e  n o r m a l l y  e l e c t r o p h o r e s e d  for a 

m a x i m u m  of 80 m i n u t e s  at 100 v o l t s  (5 mi 1 1 l a m p s / t u b e ) .

The r u n n i n g  time was s o m e t i m e s  v a r i e d  d e p e n d i n g  on the 

r e s o l u t i o n  d e s i r e d .  A f t e r  e l e c t r o p h o r e s i s  the g e l s  w e r e  

r e m o v e d  from the tubes by c a r e f u l l  r i m m i n g ,  and I m m e r s e d  

in a s t a i n i n g  s o l u t i o n  of A c r i d i n e  O r a n g e  (2% w e i g h t /  

v o l u m e ) ,  1% L a n t h a n u m  A c e t a t e ,  in 7% A c e t i c  acid. All 

g e l s  w e r e  left o v e r n i g h t  in this s t a i n i n g  s o l u t i o n .

Th e  u n b o u n d  s t a i n  w a s  r e m o v e d  by s u b j e c t i n g  the gels to 

e l e c t r o p h o r e s i s  at 300 vo l t s ,  u s i n g  7 % A c e t i c  acid as 

b u f f e r  .

G e l  p a t t e r n s  w e r e  r e c o r d e d  by s c a n n i n g  the s t a i n e d  

gels on a J o y c e  L o e b l  m i c r o d e n s i t o m e t e r ,  u t i l i z i n g  a 

t u n g s t e n  s o u r c e ,  and a blue filter. U n d e r  these s c a n n i n g  

c o n d i t i o n s  the p a t t e r n s  o b t a i n e d  p r o v i d e d  i n f o r m a t i o n  

o n l y  on the e l e c t r o p h o r e t i c  m o b i l i t i e s  of the v a r i o u s  

RNAs, and c o u l d  not be used to d e t e r m i n e  r e l a t i v e  RNA 

c o n c e n t r a t i o n s .

32
S c a n n i n g  of R a d i o a c t i v i t y  - W h e n  P l a b e l e d  RN A  s a m p 1 es 

w e r e  u s e d  in e l e c t r o p h o r e s i s ,  the ri m m e d  ge l s  w e r e  f r a c t i o n ­

a t e d  on an A u t o g e l  D i v i d e r  a c c o r d i n g  to the p r o c e d u r e  

d e s c r i b e d  by M a i z e l  (1966). B u f f a l o  B l a c k  was e m p l o y e d
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to m a r k  the tops of the gels, and f r a c t i o n s  w e r e  c o l l e c t e d  

e i t h e r  in s c i n t i l l a t i o n  v i a l s  or on p l a n c h e t s ,  dried, 

and the r a d i o a c t i v i t y  d e t e r m i n e d .  A gas flow c o u n t e r  was 

used in the a n a l y s i s  of the r a d i o a c t i v i t y  p r e s e n t  on the 

p l a n c h e t s .

U r e a  and heat t r e a t m e n t  - R e c h r o m a t o g r a p h e d  e l u t i o n  r e g i o n  

2 R N A  (40 m i c r o g r a m s )  was d i s s o l v e d  in 100 m i c r o l i t e r s  

0.02 M Tris (pH 7.4) c o n t a i n i n g  0. 0 5  M s o d i u m  c h l o r i d e  

and 0 . 0 0 3  M EDTA. 100 m i c r o l i t e r s  of 8 M urea w a s  then 

added, and the s a m p l e  t h o r o u g h l y  mix e d .  The m i x t u r e ,  a l o n g  

w i t h  a p p r o p r i a t e  c o n t r o l s ,  w a s  i n c u b a t e d  for 15 m i n u t e s  

in a r e a c t i o n  v e s s e l  m a i n t a i n e d  at 80°C by a t h e r m o s t a t ­

i c a l l y  c o n t r o l l e d  c i r c u l a t o r .  At the end of the i n c u b a t i o n  

p e r i o d  s a m p l e s  w e r e  r e m o v e d  f r o m  the v e s s e l  and r a p i d l y  

p l u n g e d  into an ice bath. T h e  c o o l e d  s a m p l e s  w e r e  e l e c -  

t r o p h o r e s e d  for 80 m i n u t e s  at 100 volts.

The heat s t a b i l i t y  of e l u t i o n  r e g i o n  2 R N A  was al s o  

t e s t e d  by m a i n t a i n i n g  s a m p l e s  at 72°C for p e r i o d s  up to 

2 hours, and at the end of the i n c u b a t i o n ,  e 1 e c t r o p h o r e s i n g  

the s a m p l e s  on 8 X p o l y a c r y l a m i d e  gels.
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R E S U L T S

The r e s u l t s  of S e p h a d e x  G 100 gel f i l t r a t i o n  s t u d i e s

of the v a r i o u s  i s o l a t e d  s RNAs are p r e s e n t e d  in F i g u r e  3a.

W h o l e  cell sRNA e x h i b i t s  its c u s t o m a r y  e f f l u e n t  p rofile,

w i t h  the 4 e l u t i o n  r e g i o n s  b e i n g  c l e a r l y  r e s o l v e d .  A

s i m i l a r  p a t t e r n  is o b t a i n e d  for sR N A  i s o l a t e d  f r o m  w h o l e
32

cells l a b e l e d  w i t h  P, the u l t r a v i o l e t  a b s o r b a n c e  p r o f i l e  

(not shown) c o i n c i d i n g  e x a c t l y  w i t h  the p r o f i l e  o b t a i n e d  

f r o m  a n a l y s i s  of the r a d i o a c t i v i t y  ( Figure 3b). E l u t i o n  

r e g i o n  1 r e p r e s e n t s  some 8% of the total s R N A  ( Figure 3a), 

and a p p e a r s  in the r e g i o n  of the c o l u m n  v o i d  v o l u m e .  The 

a m o u n t  of this m a t e r i a l  p r e s e n t  in the c r u d e  s R N A  var i e s ,  

d e p e n d i n g  on the m e t h o d  of i s o l a t i o n  e m p l o y e d ,  and s t r o n g l y  

s u g g e s t s  the p o s s i b i l i t y  that this m a t e r i a l  is an a r t e f a c t  

of the i s o l a t i o n  p r o c e d u r e .

E l u t i o n  r e g i o n  2 is ve r y  c l e a r l y  r e s o l v e d ,  and r e p r e ­

sents 2 X of the total s R N A  r e c o v e r e d .  T h i s  y i e l d  is 

c o n s i s t e n t l y  o b t a i n e d  for all p r e p a r a t i o n s  of c r u d e  s R N A  

e x a m i n e d .

E l u t i o n  r e g i o n  3 (5s RNA), and e l u t i o n  r e g i o n  4 (tRNA) 

are the m a j o r  c o n s t i t u e n t s ,  and o c c u r  in the a m o u n t s  of 

15% and 75%, r e s p e c t i v e l y .

The e l u t i o n  p r o f i l e  of w h o l e  cell s R N A  e x t r a c t e d  by 

the 1 M s o d i u m  c h l o r i d e  m e t h o d ,  and c h r o m a t o g r a p h e d  on
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F i g u r e  3 . E l u t i o n  p r o f i l e  ( S e p h a d e x  G 100) of (a) crude, 
s o l u b l e  R N A  i s o l a t e d  f r o m  w h o l e  c e l l s  and 
c h r o m a t o g r a p h e d  on a 5 x 150 cm co l u m n .  (b) 
E l u t i o n  p r o f i l e  ( S e p h a d e x  G 100 of ^2p l a b e l e d  
s o l u b l e  R N A  i s o l a t e d  by 1 M s o d i u m  c h l o r i d e  
m e t h o d  and c h r o m a t o g r a p h e d  on a 2.5 x 150 cm 
col u m n .
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F i g u r e  4 . Gel f i l t r a t i o n  e f f l u e n t  p r o f i l e s  ( S e p h a d e x  G 100) 
of (a) w h o l e  cell s o l u b l e  RNA; (b) r i b o s o m a l  
sRNA; (c) c y t o p l a s m i c  sR N A  p r e p a r e d  by d i r e c t  
M s o d l u n  c h l o r i d e  e x t r a c t i o n ;  (d) c y t o p l a s m i c  
s R N A  p r e p a r e d  by D E A E - c e l l u l o s e  t r e a t m e n t  and 
M s o d i u m  c h l o r i d e  e x t r a c t i o n .
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the s m a l l  S e p h a d e x  G 100 c o l u m n  (0.9 x 150 cm) Is shown In 

F i g u r e  4a. Once a g a i n  all 4 e l u t i o n  r e g i o n s  are c l e a r l y  

r e s o l v e d ,  i n d i c a t i n g  that the M s o d i u m  c h l o r i d e  m e t h o d  

y i e l d s  s R N A  p r e p a r a t i o n s  that are i d e n t i c a l  to those p r e p ­

a r a t i o n s  r e s u l t i n g  from the DEAE t r e a t m e n t .

C y t o p l a s m i c  s R N A  p r e p a r e d  by DE A E  t r e a t m e n t  and c h r o ­

m a t o g r a p h e d  on S e p h a d e x  G 100 (0.9 x 150 cm c o l u m n )  c o n t a i n s  

a s m a l l  p e r c e n t a g e  of e l u t i o n  r e g i o n  1 (0.3%); the us u a l 

2% of e l u t i o n  r e g i o n  2; a r e l a t i v e l y  s m a l l  5s R N A  r e g i o n  

(1.9%); and a m a j o r  peak, r e g i o n  of t R N A  (95.8%) (Figure 4d).

T h e  S e p h a d e x  G 100 p r o f i l e  o b t a i n e d  for c y t o p l a s m i c  

s R N A  p r e p a r e d  d i r e c t l y  by M  s o d i u m  c h l o r i d e  e x t r a c t i o n  is 

s h o w n  in F i g u r e  4c. A m a r k e d  i n c r e a s e  in the a m o u n t  of 

e l u t i o n  r e g i o n  1 is o b s e r v e d  (see a l s o  F i g u r e  3b). T h i s  is 

a c l e a r  i n d i c a t i o n  that M s o d i u m  c h l o r i d e  s o l u b i l i z e s  some 

high m o l e c u l a r  w e i g h t  s p e c i e s  f r o m  the c y t o p l a s m i c  c e l l u l a r  

RNA that are s e l e c t i v e l y  r e m o v e d  by the D E A E  c e l l u l o s e  step. 

T h e s e  s p e c i e s  m a y  v a r y  in size o v e r  a w i d e  r a n g e  since they 

are c o m p l e t e l y  e x c l u d e d  f r o m  the S e p h a d e x .  The r e l a t i v e  

a m o u n t s  of the o t h e r  p e a k  r e g i o n s  are u n c h a n g e d .  The small 

peak of 5s RNA is c o n s i s t e n t l y  p r e s e n t  in all of the c y t o ­

p l a s m i c  R N A  p r e p a r a t i o n s .  W h e t h e r  this r e p r e s e n t s  5s RNA 

m o l e c u l e s  that are r e l e a s e d  d u r i n g  the i s o l a t i o n  p r o c e d u r e ,  

or w h e t h e r  it r e p r e s e n t s  a small pool of free c y t o p l a s m i c  

5s RNA, is not known.
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T h e  r i b o s o m a l  s R N A  p r e p a r a t i o n s  d i s p l a y  a d i f f e r e n t  

e l u t i o n  p r o f i l e  on S e p h a d e x  G 100 c h r o m a t o g r a p h y  ( F i g u r e  4b). 

E l u t i o n  r e g i o n  1 n o w  o c c u p i e s  some 20% of the total s R N A  

r e c o v e r e d .  T r a n s f e r  RNA, and 5s RNA are e v e n l y  d i s t r i b u t e d ,  

s u g g e s t i n g  the p r e s e n c e  of an e q u a l  n u m b e r  of th e s e  m o l e ­

cu l e s  on the r i b o s o m e s .  T h i s  s t o i c h i o m e t r y  r e m a i n s  the 

same for all of the r i b o s o m a l  s R N A  p r e p a r a t i o n s  e x a m i n e d .

E l u t i o n  r e g i o n  2 is n o t i c e a b l y  a b s e n t  f r o m  the r i b o ­

so m a l  s R N A  c h r o m a t o g r a m s ,  i n d i c a t i n g  it to be a c o n s t i t u e n t  

s o l e l y  of the c y t o p l a s m i c  f r a c t i o n .

W h e n  c y t o p l a s m i c  or r i b o s o m a l  sRNA s a m p l e s  w e r e  

t r e a t e d  w i t h  D e o x y r i b o n u c l e a s e  (DNAse) for 1 ho u r  at ro o m  

t e m p e r a t u r e ,  pr i o r  to S e p h a d e x  G 100 a n a l y s i s  (10 ug D N A s e /

2 mg s R N A / m l  0.01 M T r i s  (pH 7.5). 0.001 M m a g n e s i u m  a c e t a t e ) ,  

the e l u t i o n  p r o f i l e s  r e m a i n  u n c h a n g e d .  Al l  4 e l u t i o n  

r e g i o n s  are s e n s i t i v e  to h y d r o l y s i s  by p a n c r e a t i c  R i b o n u c -  

le a s e  A, h o w e v e r  ( S c h l e i c h  and G o l d s t e i n ,  1965).

R e c h r o m a t o g r a p h y  of u n l a b e l e d  e l u t i o n  r e g i o n  2 RNA 

( b r a c k e t e d  r e g i o n  F i g u r e  3a) y i e l d s  a ma j o r ,  s h a r p  peak, 

w i t h  the same d i s t r i b u t i o n  c o e f f i c i e n t  as that o b t a i n e d  for 

the first S e p h a d e x  f r a c t i o n a t i o n  (Figure 5a). A small 

a m o u n t  of m a t e r i a l  is also p r e s e n t  in e l u t i o n  r e g i o n  1, and 

e l u t i o n  r e g i o n  3. T h e s e  r e p r e s e n t  the sole c o n t a m i n a n t s  

d e t e c t e d .  The f r a c t i o n s  o b t a i n e d  from the S e p h a d e x  r e c h r o ­

m a t o g r a p h y  of e l u t i o n  r e g i o n  2 (see F i g u r e  8a) w e r e  p o o l e d ,  

d i a l y z e d ,  and e v a p o r a t e d  to d r y n e s s  .
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J>. E l u t i o n  p r o f i l e s  ( S e p h a d e x  G 100) of (a) u n l a b e l e d  
e l u t i o n  2 RN A  from b r a c k e t e d  r e g i o n  s h o w n  in 
F i g u r e  3a, r e c h r o m a t o g r a p h e d  on 2.5 x 150 cm 
column.^ (b) l a b e l e d  e l u t i o n  r e g i o n  2 RN A  from
b r a c k e t e d  r e g i o n  s h o w n  in F i g u r e  3b, r e c h r o m a t o ­
g r a p h e d  on a 2.5 x 150 cm co l u m n .  (c) 32p l a b e l e d
e l u t i o n  r e g i o n  2 (from b), t h i r d  r e c h r o m a t o g r a p h y  
on a 2*5 x 150 cm c olumn.
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F i g u r e  6 . P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  d e n s i t o m e t e r  
s c a n s  of (a) e l u t i o n  r e g i o n  2 RN A  i s o l a t e d  from' 
w h o l e  cell s o l u b l e  RNA; (b) e l u t i o n  r e g i o n  2 RNA 
i s o l a t e d  from c y t o p l a s m i c  RN A  ( 1 0 5 , 0 0 0  g s u p e r ­
n a t a n t ) ;  (c) r e c h r o m a t o g r a p h e d  e l u t i o n  r e g i o n  2 
R N A  from w h o l e  cell s o l u b l e  RNA; (d) RN A  i s o l a t e d  
from low m o l e c u l a r  w e i g h t  r i b o s o m a l  RNA ( b r a c k e t e d  
r e g i o n  s h o w n  in F i g u r e  4b.

.Identical c o n d i t i o n s  w e r e  used for (b), (c), and
(d); RN A  s h o w n  in (a.) wa s  a l l o w e d  to m f g r a t e  lpnger.
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R e c h r o m a t o g r a p h y  of P l a b e l e d  e l u t i o n  r e g i o n  2 RNA 

( b r a c k e t e d  r e g i o n  Fi g u r e  3b), a l s o  y i e l d s  a m a j o r  p e a k  

r egion, and a tiny p e a k  of e l u t i o n  re g i o n  1 (Figure 5b).

No r a d i o a c t i v i t y  is o b s e r v e d  in the 5s region.
32

The s t a b i l i t y  of the P l a b e l e d  e l u t i o n  r e g i o n  2 RNA, 

as w e l l  as its h o m o g e n e i t y  on S e p h a d e x ,  is d e m o n s t r a t e d  

in Fi g u r e  5c. The e l u t i o n  p r o f i l e  r e m a i n s  the same after 

a third S e p h a d e x  G 100 c h r o m a t o g r a p h y .  This s t a b i l i t y  is 

o b s e r v e d  for e l u t i o n  r e g i o n  2 s a m p l e s  i s o l a t e d  f r o m  fr o z e n  

cells, or f r e s h l y  g r o w n  cells. The type of m e d i u m  s e l e c t e d  

for g r o w t h  of the cells also has no e f f e c t  on the gel f i l ­

t r a t i o n  p r o f i l e s  o b t a i n e d .

A l t h o u g h  the r e s u l t s  of the S e p h a d e x  G 100 gel f i l t r a ­

tion a n a l y s i s  c l e a r l y  d e m o n s t r a t e  the h o m o g e n e i t y ,  and 

s t a b i l i t y  of e l u t i o n  r e g i o n  2 RNA, and also show that it is 

i s o l a t e d  w i t h  the c y t o p l a s m i c  c e l l u l a r  f r a c t i o n ,  it was 

st i l l  n e c e s s a r y  to f u r t h e r  e x a m i n e  these f i n d i n g s ,  u t i l i z i n g  

the ve r y  s e n s i t i v e  t e c h n i q u e  of p o l y a c r y l a m i d e  gel e l e c t r o -  

p h o r e s  i s .

E l e c t r o p h o r e s i s  of u n l a b e l e d ,  r e c h r o m a t o g r a p h e d  e l u ­

tion r e g i o n  2 RN A  ( b r a c k e t e d  r e g i o n  F i g u r e  5a) on 8% p o l y ­

a c r y l a m i d e  gels y i e l d s  a m a j o r ,  w e l l - d e f i n e d  p e a k  (Fi g u r e  6c). 

A s i d e  from trace a m o u n t s  of 5s and 4s RNA, w h i c h  a p p e a r  as 

tiny pe a k s  on the d e n s i t o m e t e r  scans, no o t h e r  R N A  peaks 

are evi d e n t .  W h e n  the e l e c t r o p h o r e t i c  m o b i l i t y  of e l u t i o n
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r e g i o n  2 R N A  is c o m p a r e d  w i t h  that of 5s or 4s RNA, a very 

m a r k e d  d i f f e r e n c e  in m o b i l i t y  is o b s e r v e d .  A f t e r  80 m i n u t e s  

of e l e c t r o p h o r e s i s  at 100 vo l t s ,  both 4s and 5s RN A  have 

m o v e d  f a r t h e r  d o w n  the gel than e l u t i o n  r e g i o n  2 RNA. This 

d i f f e r e n c e  in e l e c t r o p h o r e t i c  m o b i l i t y  of these RN A  s p e c i e s  

can be d i r e c t l y  r e l a t e d  to the size of these m o l e c u l e s ,  and 

t o g e t h e r  wi t h  the S e p h a d e x  G 100 e l u t i o n  b e h a v i o r ,  shows  

that e l u t i o n  r e g i o n  2 R N A  is a la r g e r  m o l e c u l e  than e i t h e r

4s or 5s RNA.
32

P l a b e l e d  w h o l e  cell e l u t i o n  r e g i o n  2 R N A  was next 

e x a m i n e d  on 8% p o l y a c r y l a m i d e  gels in an a t t e m p t  to s h o w  

that l a b e l e d  and u n l a b e l e d  p r e p a r a t i o n s  b e h a v e  I d e n t i c a l l y  

on e l e c t r o p h o r e s i s .  A n a l y s i s  of the r a d i o a c t i v i t y  p r e s e n t  

in the f r a c t i o n s  o b t a i n e d  fr o m  a gel on w h i c h  e l u t i o n  r e g i o n  

2 RN A  was e 1e c t r o p h o r e s e d  ( Figure 7a) r e v e a l s  a m a j o r  pe a k  

r e g i o n  w i t h  the s a m e  e l e c t r o p h o r e t i c  m o b i l i t y  as that 

o b s e r v e d  for u n l a b e l e d  e l u t i o n  r e g i o n  2 RNA.

P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  of the e l u t i o n  

re g i o n  2 R N A  o b t a i n e d  f r o m  c y t o p l a s m i c  s R N A  f r a c t i o n a t i o n  

(Figure 4d) was also c a r r i e d  out in or d e r  to c o m p a r e  the 

e l e c t r o p h o r e t i c  b e h a v i o r  of these p r e p a r a t i o n s  w i t h  those  

o b t a i n e d  from w h o l e  cells. D e n s i t o m e t e r  scans of the 

s t a i n e d  gels r e s u l t i n g  from these e x p e r i m e n t s  ( F i g u r e  6b) 

c l e a r l y  rev e a l  a m a j o r  c o m p o n e n t  wi t h  the same e l e c t r o p h o r ­

etic m o b i l i t y  as its c o u n t e r p a r t  from w h o l e  cell e x t r a c t s  

(Figure 6c).
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P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  (8% g e l s )  of the 

m a t e r i a l  r e c o v e r e d  f r o m  e l u t i o n  r e g i o n  2 of the S e p h a d e x  

f r a c t i o n a t i o n  of r i b o s o m a l  s R N A  p r e p a r a t i o n s  ( b r a c k e t e d  

r e g i o n  F i g u r e  4b) s h o w s  no RN A  s p e c i e s  w i t h  the s a m e  e l e c ­

t r o p h o r e t i c  m o b i l i t y  as e l u t i o n  r e g i o n  2 RNA. I n s t e a d ,  the 

d e n s i t o m e t e r  s c a n  s h o w s  c o n s i d e r a b l e  p o l y d i s p e r s i t y  ( F i g u r e  

6d). T h i s  r e s u l t  is in g o o d  a g r e e m e n t  w i t h  the r e s u l t s  

o b t a i n e d  f r o m  ge l  f i l t r a t i o n  a n a l y s i s ,  an d  p r o v i d e s  c l e a r  

p r o o f  th a t  e l u t i o n  r e g i o n  2 R N A  is a b s e n t  fr o m  the r i b o s o m a l  

s R N A  p r e p a r a t i o n s .

Th e  h o m o g e n e i t y  of e l u t i o n  r e g i o n  2 R N A  w a s  f u r t h e r  

e x a m i n e d  b y  s u b j e c t i n g  a s a m p l e  of r e c h r o m a t o g r a p h e d  m a t e r ­

ial ( b r a c k e t e d  r e g i o n  F i g u r e  5a) to p r o l o n g e d  e l e c t r o p h o -  

e s i s  on B X  p o l y a c r y l a m i d e  g e l s .  F i g u r e  6a s h o w s  the d e n s i t ­

o m e t e r  s c a n  r e s u l t i n g  f r o m  s u c h  an e x p e r i m e n t .  E l u t i o n  

r e g i o n  2 R N A  s t i l l  a p p e a r s  as a s h a r p ,  m a j o r  p e a k ,  a l t h o u g h  

it h a s  n o w  m o v e d  a c o n s i d e r a b l e  d i s t a n c e  d o w n  the gel. No 

s i g n  of h e t e r o g e n e i t y  of the p e a k  r e g i o n  is e v i d e n t .

A l t h o u g h  the e l e c t r o p h o r e t i c  a n a l y s i s  of e l u t i o n
-3

r e g i o n  2 R N A  w a s  c a r r i e d  out in t h e  p r e s e n c e  of 2 x 10 M 

E D T A ,  th e  p o s s i b i l i t y  of e l u t i o n  r e g i o n  2 R N A  b e i n g  a p a r ­

t i a l l y  a g g r e g a t e d  s p e c i e s  w a s  n o t  r u l e d  out. In o r d e r  to 

test for the p r e s e n c e  of i n t e r m o l e c u l a r  a g g r e g a t e s  in t h e s e  

p r e p a r a t i o n s ,  s a m p l e s  of e l u t i o n  r e g i o n  2 R N A  w e r e  h e a t e d  

to 8 0 ° C  for 15 m i n u t e s ,  in the p r e s e n c e  and a b s e n c e  of 4M 

u r e a ,  r a p i d l y  c o o l e d ,  and e l e c t r o p h o r e s e d . O t h e r  s a m p l e s
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1 9f i g u r e  7 - (a) P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  of P
l a b e l e d  e l u t i o n  r e g i o n  2 R N A  (82 gel). The
r i m m e d  gel wa s  f r a c t i o n a t e d ,  and the P counts'/
m i n u t e  d e t e r m i n e d  for each f r a c t i o n .

(b) A t y p i c a l  d e n s i t o m e t e r  s c a n  of u n h e a t e d ,  heat 
tre a t e d ,  or heat and 4M ur e a  t r e a t e d  e l u t i o n
r e g i o n  2 RNA (8% gel).
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F i g u r e  8 . (a) E l u t i o n  p r o f i l e  ( S e p h a d e x  G 100) of r e c h r o m a t o
g r a p h e d  e l u t i o n r e g l o n 2 RNA (2 . 5 x 13 0 c o l u m n ).
(b) Denffitome ter scan o f r e g i o n 1 (30 u g ).
(c) Dens i t ome ter scan o f r e g i o n la (39 ug).
(d> D e n s i t o m e t e r scan of r e g i o n 2a (24 u g ) .
(e) Dens i t ome ter s can o f r e g i o n 2 (45 u g ). 

(33 2g>.<f) D e n s i t o m e t e r fs c a n o f r e g i o n 2b
(8) D e n s i t o m e t e r s cap o f r e g i o n 3 (36 u g ) .
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w e r e  m a i n t a i n e d  at 72°C for p e r i o d s  up to 2 h o u r s  b e f o r e  

e l e c t r o p h o r e s i n g . P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  of 

these heat and u r e a  t r e a t e d  s a m p l e s  r e v e a l s  no c h a n g e  in 

the e l e c t r o p h o r e t i c  b e h a v i o r ,  r e g a r d l e s s  of the t r e a t m e n t ,  

i n d i c a t i n g  that e l u t i o n  r e g i o n  2 RNA is not an a g g r e g a t e d  

s p e c i e s .  F i g u r e  7b sh o w s  a t y p i c a l  scan o b t a i n e d  for all 

of the a b o v e  s a m p l e s .

T h e  e f f i c i e n c y  of S e p h a d e x  G 100 in r e s o l v i n g  the 

v a r i o u s  s p e c i e s  of RNA was d e m o n s t r a t e d  by s u b j e c t i n g  the 

p o o l e d  r e g i o n s  of the peak, o b t a i n e d  f r o m  the r e c h r o m a t o g *  

r a p h y  of u n l a b e l e d  e l u t i o n  r e g i o n  2 R N A  (see F i g u r e  8a) to 

e l e c t r o p h o r e s i s  on p o l y a c r y l a m i d e  gels. F i g u r e  8 s h o w s  the 

r e s u l t s  o b t a i n e d  w h e n  the R N A  w a s  e 1 e c t r o p h o r e s e d  on 8% 

gels. R e g i o n  1 is r e s o l v e d  into 3 pe a k s  ( Figure 8b), and 

c o n t a i n s  4s, 5s, and e l u t i o n  r e g i o n  2 RNA. 4s an d  5s RNA 

p e a k s  are a l s o  r e s o l v e d  w h e n  m a t e r i a l  f r o m  r e g i o n s  la, 2a, 

2, and 2b are e 1 e c t r o p h o r e s e d  on 8 %  gels, but these s p e c i e s  

are on l y  p r e s e n t  in tr a c e  a m o u n t s  ( Figure 8 c, d, e, f) and 

r e f l e c t  the limit of the r e s o l u t i o n  p o s s i b l e  w i t h  S e p h a d e x  

G 100. E l e c t r o p h o r e s i s  of the m a t e r i a l  f r o m  r e g i o n  3 ( F i g ­

ure 8g) shows a m a j o r  p e a k  of 5s RNA, as was e x p e c t e d  fr o m  

its p o s i t i o n  on the r e c h r o m a t  og r a m .

On the b a s i s  of th e s e  r e s u l t s ,  and in v i e w  of the 

p r e c i s i o n  of the s e p a r a t i o n s  o b t a i n e d  on p o l y a c r y l a m i d e  

gels, it can be s t a t e d  that s R N A  p r e p a r a t i o n s  i s o l a t e d  from 

u n i n f e c t e d  E. coll cells, c o n t a i n  a sta b l e ,  low m o l e c u l a r
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w e i g h t  RNA, w h i c h  is i s o l a t e d  from the c y t o p l a s m i c  fr a c t i o n ,  

and is la r g e r  than e i t h e r  4s or 5s RNA. Th i s  R N A  is e a s i l y  

p u r i f i e d  by S e p h a d e x  G 100 gel f i l t r a t i o n .

S U M M A R Y

S e p h a d e x  G 100 gel f i l t r a t i o n  a n a l y s i s  of u n l a b e l e d ,
32

and P l a b e l e d  crude E. coli s R N A  r e v e a l e d  the p r e s e n c e  

of 4 e l u t i o n  reg i o n s .  T h e s e  r e g i o n s  h a v e  b e e n  d e s i g n a t e d  

e l u t i o n  r e g i o n s  1, 2, 3, and 4. E l u t i o n  r e g i o n s  3 and 4 

are the m a j o r  c o n s t i t u e n t s ,  and occur in the a m o u n t s  of 

15% and 75%, r e s p e c t i v e l y .  E l u t i o n  r e g i o n  1 e l u t e s  w i t h  

the c o l u m n  v o i d  v o l u m e ,  a n d  Its si z e  v a r i e s ,  d e p e n d i n g  on 

w h e t h e r  the s R N A  is i s o l a t e d  d i r e c t l y  w i t h  c o l d  m o l a r  s o d i u m  

c h l o r i d e ,  or w i t h  DE A E  c e l l u l o s e .  E l u t i o n  r e g i o n  2 c o n t a i n s  

2% of the total s R N A  r e c o v e r e d ,  and is I s o l a t e d  fr o m  the 

c y t o p l a s m i c  f r a c t i o n  (see F i g u r e  2).

P o l y a c r y l a m i d e  ge l  e l e c t r o p h o r e s i s  of u n l a b e l e d , or
32

P l a b e l e d  e l u t i o n  r e g i o n  2 R N A  c l e a r l y  s h o w e d  that this 

R N A  is a h o m o g e n e o u s  s p e c i e s ,  d i s p l a y i n g  the same e l e c t r o ­

p h o r e t i c  m o b i l i t y  on 8% gels; that it is l a r g e r  than (has 

a s l o w e r  e l e c t r o p h o r e t i c  m o b i l i t y )  4s or 5s RNA; and that it 

d o e s  not r e s u l t  from i n t e r m o l e c u l a r  a g g r e g a t i o n  of o t h e r  

R N A  spe c i e s .  P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  was also 

u t i l i z e d  to sh o w  that r e c h r o m a t o g r a p h y  of e l u t i o n  r e g i o n  

2 R N A  on S e p h a d e x  G 100 y i e l d s  a p r e p a r a t i o n  of hi g h  purity.



C H A P T E R  T H R E E  

The C h a r a c t e r i z a t i o n  of E l u t i o n  R e g i o n  2 R N A
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I N T R O D U C T I O N

The i s o l a t i o n  and p u r i f i c a t i o n  of e l u t i o n  r e g i o n  2 

RNA on S e p h a d e x  G 100 and p o l y a c r y l a m i d e  gels was d e s c r i b e d  

in C h a p t e r  2. T h i s  C h a p t e r  p r o v i d e s  a d e t a i l e d  a n a l y s i s  

of the p r o p e r t i e s  of this u n i q u e  s p e c i e s  of RNA, and p r e s e n t s  

e v i d e n c e  that this m o l e c u l e  is b 1o s y n t h e s i z e d  in vivo, and 

is not an a r t e f a c t  of the I s o l a t i o n  p r o c e d u r e .
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M A T E R I A L S  A N D  M E T H O D S

N u c l e o t i d e  A n a l y s i s  - The n u c l e o t i d e  c o m p o s i t i o n  of RNA 

p r e p a r a t i o n s  have g e n e r a l l y  be e n  d e t e r m i n e d  by the s e p a r a ­

tion, and s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t  of the k 2 ' ,  (3')

r i b o n u c l e o t i d e s  and o t h e r  c o m p o n e n t s  l i b e r a t e d  on a l k a l i n e  

h y d r o l y s i s .  M e t h o d s  used i n c l u d e  m o d i f i c a t i o n s  of the 

p r o c e d u r e s  of C o h n  (1950) u s i n g  c o l u m n s  of ion e x c h a n g e  

resins, or of M a r k h a m  and Smith (1952) u s i n g  t w o - d i m e n s i o n a l  

pa p e r  c h r o m a t o g r a p h y  and p a p e r  e l e c t r o p h o r e s i s .  I r r e g a r d -  

less of the p r o c e d u r e  e m p l o y e d ,  k n o w l e d g e  of the c h e m i c a l  

c o m p o s i t i o n  of RNAs has p r o v i d e d  m u c h  u s e f u l  i n f o r m a t i o n  

in the s t u d y  of t h e s e  m o l e c u l e s .  O s a w a  (1960) has sh o w n  

that the a b i l i t y  of s R N A  p r e p a r a t i o n s  to i n c o r p o r a t e  a m i n o  

a c i d s  was d i r e c t l y  p r o p o r t i o n a l  to their p s e u d o u r i d y l i e  

acid content. D u b i n  and G u n a l p  (1967) on the ot h e r  hand, 

have s u g g e s t e d  that the d i f f e r e n c e s  b e t w e e n  E. coll r i b o ­

so m a l  p r e c u r s o r  RNAs and the m a t u r e  s p e c i e s  lie si m p l y  in 

a l t e r e d  c o n f o r m a t i o n  c a u s e d  by the a b s e n c e  of c e r t a i n  

m e t h y l a t e d  b a s e s  f r o m  the p r e c u r s o r  spe c i e s .

In the s t u d i e s  c a r r i e d  out on e l u t i o n  r e g i o n  2 R N A  

h y d r o l y s a t e s  the c o l u m n  c h r o m a t o g r a p h y  p r o c e d u r e  was e x t e n ­

s i v e l y  u t i l i z e d .  The n u c l e o t i d e  a n a l y s i s  was p e r f o r m e d  

e s s e n t i a l l y  a c c o r d i n g  to the p r o c e d u r e  of O s a w a ,  T a k a t a  

and H o t t a  (1958) using 0.9 x 10 cm and 0.9 x 30 cm c o l u m n s  

p a c k e d  w i t h  D o w e x  AG 1 x 2  a n i o n  e x c h a n g e  r e s i n  in f o r m a t e
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form. The D o w e x  resin, o b t a i n e d  in c h l o r i d e  form, was 

e x c h a n g e d  to f o r m a t e  by si m p l y  w a s h i n g  w i t h  M s o d i u m  

h y d r o x i d e  to r e m o v e  the c h l o r i d e  ions, and then m i x i n g  the 

resin w i t h  M f o r m i c  acid. C a l i b r a t i o n  of the c o l u m n s  was 

a c c o m p l i s h e d  by c h r o m a t o g r a p h i n g  s t a n d a r d  2', 3' r i b o n u c ­

l e o t i d e s ,  and d e t e r m i n i n g  the e l u t i o n  p o s i t i o n  of each

n u c l e o t i d e ,  as w e l l  as the p e r c e n t a g e  r e c o v e r y  based on

its c o n c e n t r a t i o n .  C o n c e n t r a t i o n s  w e r e  d e t e r m i n e d  by 

s u m m a t i o n  of the o p t i c a l  d e n s i t y  of e a c h  n u c l e o t i d e  peak, 

and m a k i n g  the a p p r o p r i a t e  c a l c u l a t i o n s .  The e x t i n c t i o n  

c o e f f i c i e n t s  of the 4 m a j o r  n u c l e o t i d e s  are l i s t e d  in 

T a b l e  1.

A l k a l i n e  H y d r o l y s i s  of RN A  - G e n e r a l l y  2 mg R N A  s a m p l e s  w e r e

d i s s o l v e d  in 1.0 ml of 0.6M p o t a s s i u m  h y d r o x i d e  and 1.0 ml

of w a t e r  added. I n c u b a t i o n  was c a r r i e d  out for 18 hours, 

at 3 7 ° C . The r e s u l t i n g  h y d r o l y s a t e  was co o l e d  in an ice 

bath, and the pH a d j u s t e d  to 2.0 w i t h  6 M p e r c h l o r i c  acid.

A he a v y ,  w h i t e  p r e c i p i t a t e  of p o t a s s i u m  p e r c h l o r a t e  was 

o b t a i n e d  w h i c h  wa s  s e p a r a t e d  out by low s p e e d  c e n t r i f u g a ­

tion. The s u p e r n a t a n t  was c a r e f u l l y  r e m o v e d ,  and a l i q u o t s  

of a p p r o x i m a t e l y  0.2 mg used for a p p l i c a t i o n  to 0.9 x 10 cm 

D o w e x  co l u m n s .  In some cases 30 mg a m o u n t s  of R N A  were 

h y d r o l y z e d ,  and the r e s u l t i n g  h y d r o l y s a t e  c h r o m a t o g r a p h e d

on 0.9 x 30 cm D o w e x  c o l u m n s .
32

P l a b e l e d  RN A  was s i m i l a r l y  h y d r o l y z e d .  U s u a l l y



55

the l a b e l e d  m a t e r i a l  wa s  c o p r e c i p i t a t e d  w i t h  30 mg of 

u n l a b e l e d  s R N A  p r i o r  to h y d r o l y s i s .

G r a d i e n t  P r o c e d u r e  for N u c l e o t i d e  A n a l y s i s  - T h e  g r a d i e n t s  

u s e d  w e r e  of 2 k i n d s  d e p e n d i n g  on the s i z e  of the c o l u m n  

e m p l o y e d .  Fo r  0. 9  x 10 cm c o l u m n s ,  e l u t i o n  of n u c l e o t i d e s  

w a s  a c h i e v e d  in the f o l l o w i n g  m a n n e r .  250 ml of w a t e r  w e r e  

p l a c e d  in the g r a d i e n t  m i x i n g  c h a m b e r  (a 250 ml f i l t e r i n g  

f l a s k ) ,  a n d  80 ml of 0. 8  M f o r m i c  a c i d  p l a c e d  in the 

r e s e r v o i r .  T h e  g r a d i e n t  wa s  s t a r t e d  i m m e d i a t e l y ,  an d  w a s  

a l l o w e d  to run u n t i l  c y t i d y l i c  a c i d  w a s  e l u t e d .  T h e  s o l u t i o n  

in the r e s e r v o i r  w a s  t h e n  r e p l a c e d  by  A M f o r m i c  a c i d  (150 

ml), and a d e n y l i c  a c i d  e l u t e d .  G u a n y l i c  a c i d  and u r i d y l l c  

a c i d  w e r e  s u b s e q u e n t l y  e l u t e d  b y  e m p l o y i n g  150 ml of 0 . 0 5  M 

a m m o n i u m  f o r m a t e  in A M f o r m i c  a c i d ,  an d  150 ml of 0. 6  M

a m m o n i u m  f o r m a t e  in A M f o r m i c  a c i d ,  r e s p e c t i v e l y .  F r a c t i o n s

of a p p r o x i m a t e l y  2. 0  ml w e r e  c o l l e c t e d ,  a n d  the c o n c e n ­

t r a t i o n  of e a c h  n u c l e o t i d e  c a l c u l a t e d  b a s e d  on o p t i c a l  

d e n s i t y  r e a d i n g s ,  f r a c t i o n  v o l u m e ,  an d  e x t i n c t i o n  c o e f f i c ­

ient. A p o s i t i v e  I d e n t i f i c a t i o n  of e a c h  n u c l e o t i d e  w a s  

m a d e  on the b a s i s  of its 2 6 0 / 2 8 0  a b s o r p t i o n  ra t i o .

E l u t i o n  of n u c l e o t i d e s  f r o m  l o n g e r  D o w e x  c o l u m n s  

X 0 * 9  x 30 cm) w a s  a c c o m p l i s h e d  by e m p l o y i n g  t h r e e  e x p o n e n ­

t i a l  g r a d i e n t s  of f o r m i c  a c i d  c o n s e c u t i v e l y  f o r m e d  by 

p l a c i n g  160 m l  of w a t e r  in the m i x i n g  c h a m b e r  of a l i n e a r

g r a d i e n t  m a k i n g  d e v i c e ,  and 100 ml of 0. 8  M f o r m i c  a c i d  in

the r e s e r v o i r ,  and r e f i l l i n g  the r e s e r v o i r  w i t h  60 0  ml of
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4 M  f o r m i c  a c i d ,  a n d  f i n a l l y  w i t h  50 0  ml of 4 M f o r m i c  a c i d  

c o n t a i n i n g  0.6 M a m m o n i u m  f o r m a t e .  2 0 0  6 ml f r a c t i o n s  w e r e  

c o l l e c t e d  for a n a l y s i s .

D l h y d r o u r l d y 1 1 c  A c i d  A s s a y  - D i h y d r o u r i d y 1 1 c a c i d  w a s  

a s s a y e d  for by the m e t h o d  of F i n k ,  C l i n e ,  Me G a u g h e y  and 

F i n k  ( 1 9 5 6 ) ,  w i t h  s o m e  s l i g h t  m o d i f i c a t i o n .  S a m p l e s  w e r e  

d i s s o l v e d  in 0. 5  ml  of 0 . 6  M p o t a s s i u m  h y d r o x i d e  a n d  

a l l o w e d  to i n c u b a t e  at r o o m  t e m p e r a t u r e  for 30 m i n u t e s .

2 . 0  ml of c o l o r  r e a g e n t  (1.0 g m  p d i m e t h y l a m i n o b e n z a l d e h y d e  

d i s s o l v e d  in 1 0 0  ml of 9 5 %  e t h a n o l ,  f o l l o w e d  by th e  a d d i t i o n  

of 10 m l  of c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d )  w a s  t h e n  a d d e d .

A p o s i t i v e  r e a c t i o n  w a s  c h a r a c t e r i z e d  by the d e v e l o p m e n t  

of a y e l l o w  c o l o r  w h i c h  c o u l d  b e  e s t i m a t e d  b y  o b s e r v i n g  the 

o p t i c a l  d e n s i t y  at 42 5  mu.

3* E n d - G r o u p  A n a l y s i s  - T h e  d e t e r m i n a t i o n  of the 3* e n d -  

g r o u p  of e l u t i o n  r e g i o n  2 R N A  w a s  c a r r i e d  o u t  b y  u t i l i z i n g  

the e n z y m e  s n a k e  v e n o m  p h o s p h o d i e s t e r a s e  i s o l a t e d  f r o m  

C r o t a l u s  a d a m a n t e u s .  T h e  b a s i c  r e q u i r e m e n t  for the a c t i v i t y  

of th i s  e n z y m e  is the p r e s e n c e  of a n u c l e o s i d e  5' p h o s p h o r y l  

r e s i d u e ,  b e a r i n g  a f r e e ,  or at l e a s t  n o n - p h o s p h o r y 1 a t e d  

3* h y d r o x y l  f u n c t i o n .  T h e  h y d r o l y s i s  of e l u t i o n  r e g i o n  2 

R N A  w a s  c a r r i e d  o u t  a c c o r d i n g  to th e  p u b l i s h e d  p r o c e d u r e  

of S c h l e l c h  an d  G o l d s t e i n  ( 1 9 6 6 ) .

25 m l c r o g r a m s / m l  of s n a k e  v e n o m  p h o s p h o d i e s t e r a s e  

( W o r t h i n g t o n  V P H  100, of p o t e n c y  0 . 3 )  w e r e  a d d e d  to a
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32
s o l u t i o n  of RNA (u s u a l l y  a p e a k  tube from a P la b e l e d  

sa m p l e  d i l u t e d  w i t h  u n l a b e l e d  RNA) at a c o n c e n t r a t i o n  of 

1 mg/ml. The r e a c t i o n  m i x t u r e  wa s  b u f f e r e d  with a s o l u t i o n  

of 0.05 M Tr i s  (pH 8.8), and 0.05 M m a g n e s i u m  a c e t a t e .

I n c u b a t i o n  was c a r r i e d  out at 0°C for all assays. At the 

d e s i r e d  time i n t e r v a l s ,  1 ml p o r t i o n s  of the r e a c t i o n  m i x ­

ture w e r e  r e m o v e d  fr o m  the v e s s e l ,  and i m m e d i a t e l y  t r a n s f e r ­

red to a hot a q u e o u s  s o l u t i o n  c o n t a i n i n g  1.0 uM of each of 

the 4 m a j o r  5' n u c l e o t i d e s .  T h e  m i x t u r e  was then h e a t e d  at 

100 °C for 5 m i n u t e s  to t e r m i n a t e  the enz y m e  action. The 

c o o l e d  m i x t u r e  was then p r e c i p i t a t e d  w i t h  6 N p e r c h l o r i c  

ac i d ,  c e n t r i f u g e d  at 1 2 , 0 0 0  x g, and the clear s u p e r n a ­

tant (pH 2) a p p l i e d  to the D o w e x  c o l u m n  (0.9 x 30 cm) 

for c h r o m a t o g r a p h y .  The g r a d i e n t  s y s t e m  e m p l o y e d  for 

e l u t i n g  the b a s e s  was a l r e a d y  d e s c r i b e d  (see n u c l e o t i d e  

a n a l y s i s ) .  F r a c t i o n s  of 6.0 ml w e r e  c o l l e c t e d  for each 

c o l u m n  run. A l i q u o t s  (5.0 ml) of ea c h  f r a c t i o n  w e r e  e v a p ­

o r a t e d  to d r y n e s s  in s c i n t i l l a t i o n  via l s ,  10 ml of t o l u e n e  

s c i n t i l l a t i o n  f l u i d  added, and a n a l y s i s  c a r r i e d  out u t i l i z i n g  

a l i q u i d  s c i n t i l l a t i o n  c o u n t e r .  The to t a l  r e c o v e r y  of 

r a d i o a c t i v i t y  in ea c h  n u c l e o t i d e  r e g i o n  was d e t e r m i n e d

by m a k i n g  the n e c e s s a r y  a d j u s t m e n t s  for f r a c t i o n  v o l u m e ,
32

and P decay. The a b s o r b a n c e  of e a c h  n u c l e o t i d e  r e g i o n  

w a s  m e a s u r e d  on an u l t r a v i o l e t  S p e c t r o p h o t o m e t e r .

P u r i f i e d  4s RNA sam p l e s ,  h y d r o l y z e d  under i d e n t i c a l
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e x p e r i m e n t a l  c o n d i t i o n s ,  we r e  u s e d  as con t r o l s .

M o l e c u l a r  We i g h t  D e t e r m i n a t i o n  - M o l e c u l a r  w e i g h t  d e t e r ­

m i n a t i o n s  of e l u t i o n  r e g i o n  2 R N A  and 5s RNA w e r e  k i n d l y  

c a r r i e d  out by S i s t e r  M a r i l y n  S t e p h e n s  and Dr. K e n n e t h  

W o o d s  u t i l i z i n g  an a n a l y t i c a l  u l t r a c e n t r i f u g e  e q u i p p e d  w i t h  

u l t r a v i o l e t  o ptics. T h e  s e d i m e n t a t i o n  e q u i l i b r i u m  m e t h o d  

was u s e d  for all s tudies.

R e c h r o m a t o g r a p h e d  e l u t i o n  r e g i o n  2 R N A  ( a p p r o x i m a t e l y  

0.12 mg) wa s  d i s s o l v e d  in 1.0 ml of M s o d i u m  c h l o r i d e ,  and 

d i a l y z e d  o v e r n i g h t  a g a i n s t  m o l a r  s o d i u m  c h l o r i d e .  The 

d i a l y z e d  s a m p l e  w a s  then d i l u t e d  wi t h  m o l a r  s o d i u m  c h l o r i d e  

to yi e l d  a fi n a l  c o n c e n t r a t i o n  of 0 . 0 3 3  mg/ml. A s a m p l e  of 

5s R N A  (0.031 m g / m l )  p u r i f i e d  by r e c h r o m a t o g r a p h y  on 

S e p h a d e x  G 100, wa s  u s e d  as con t r o l .

S e d i m e n t a t i o n  e q u i l i b r i u m  a n a l y s i s  was c a r r i e d  out 

by c e n t r i f u g i n g  the s a m p l e s  in a d o u b l e  s e c t o r  cell at

12, 0 0 0  rpm, for 24 hours. The c h a m b e r  t e m p e r a t u r e  was 

r e g u l a t e d  at 293®A. The p a r t i a l  s p e c i f i c  v o l u m e  u s e d  for 

the c a l c u l a t i o n s  wa s  0.51. The d e n s i t y  of M s o d i u m  c h l o r i d e  

at 25°C wa s  1.0396.

O p t i c a l  A b s o r b a n c e  S t u d i e s  - All o p t i c a l  a b s o r b a n c e  s t u d i e s  

w e r e  c a r r i e d  out in s t a n d a r d  p h o s p h a t e  b u f f e r  (pH 7.5) of 

the f o l l o w i n g  c o n c e n t r a t i o n :  0.09 M s o d i u m  p h o s p h a t e  d i b a s i c ,  

and 0.01 M s o d i u m  p h o s p h a t e  m o n o b a s i c .
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A b s o r b a n c e  M e a s u r e m e n t s  - A b s o r b a n c e  m e a s u r e m e n t s  were 

c a r r i e d  out on a r e c o r d i n g  s p e c t r o p h o t o m e t e r  e q u i p p e d  

w i t h  a t h e r m o s t a t e d  cell hou s i n g .  The t e m p e r a t u r e  was 

r e g u l a t e d  by a c o n s t a n t  t e m p e r a t u r e  c i r c u l a t o r  w h i c h  was 

c o n n e c t e d  to the cell housing. A b s o r b a n c e  s p e c t r a  of RNA 

s o l u t i o n s  we r e  m e a s u r e d  by first a l l o w i n g  the s a m p l e s  to 

e q u i l i b r a t e  to the d e s i r e d  t e m p e r a t u r e ,  and m e a s u r i n g  the 

a b s o r b a n c e  o b t a i n e d  for each 5 m i l l i m i c r o n  i n c r e m e n t  in 

w a v e l e n g t h .  A b s o r b a n c e / t e m p e r a t u r e  p r o f i l e s  w e r e  o b t a i n e d  

by r a i s i n g  the t e m p e r a t u r e  5°C at a time, and o b s e r v i n g  

the a b s o r b a n c e  at 260 m i l l i m i c r o n s ,  15 m i n u t e s  after the 

d e s i r e d  t e m p e r a t u r e  was rea c h e d .  For some runs the p r o ­

c e d u r e  was a u t o m a t e d  by a t t a c h i n g  a t e m p e r a t u r e  p r o g r a m m e r  

to the c i r c u l a t o r ,  a d j u s t e d  so that the t e m p e r a t u r e  i n c r e ­

m e n t  was no w  r e d u c e d  to 1 ° C , an d  the d w e 11 time 5 m i n u t e s .  

Th e  p r o c e d u r e  wa s  s i m p l y  r e v e r s e d  for the r e a n n e a l i n g  

s tu d i e s .  S t o p p e r e d ,  fused q u a r t z  c u v e t t e s  we r e  used for 

all a b s o r b a n c e / t e m p e r a t u r e  s t u d i e s .

F o r m a l d e h y d e  R e a c t i o n  - 1.1 M f o r m a l d e h y d e  s o l u t i o n s  (37% 

r e a g e n t  gr a d e )  in s t a n d a r d  p h o s p h a t e  b u f f e r  w e r e  used for 

all f o r m a l d e h y d e  stu d i e s .  RNA s a m p l e s  w e r e  s i m p l y  d i s s ­

o l v e d  in the b u f f e r e d  f o r m a l d e h y d e  s o l u t i o n  and a n a l y z e d  

in the m a n n e r  o u t l i n e d  above.
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N u c l e o t i d e  W a v e l e n g t h  mu E x t i n c t i o n  pH
(m a ximum) c o e f f i c i e n t

-3
CMP 280 13.0 x 10 2

-3
A M P  257 15.1 x 10 2

-3
GM P  256 12.2 x 10 1

-3
UMP 262 10.0 x 10 7

T a b l e  1 . E x t i n c t i o n  c o e f f i c i e n t s  of s t a n d a r d  2', 
n u c l e o t i d e s  (P. L b i o c h e m i c a l s ,  inc.).

2 8 0 / 2 6 0

2 . 09

0 . 22

0.67

0. 36

3' ri b o -



Table 2. Nucleotide composition of E. coli sRNA, rRNA and mRNA.

Nucleotide Elution Region
* -J o **

2 2 C P ) 3 4 1 16s r R N A 2 23s r R N A 2 m R N A 3

cytidylic acid 25.9 25.1 28.7 28.8 22. 7 22.0 24.7

adenylic acid 21.6 22.0 19. 7 17.8 24.8 25.6 24.1

guanylic acid 29.2 29.3 34.5 27.4 31.0 31.2 27.7

uridylic acid 23.3 23.6 17 .1 18.1 21. 5 21.2 23.5

pseudouridylic acid - - - 3.5 - - -

methylated bases - - - .9 - - -

A. U .93 .93 1.15 .98 1. 15 1.21 . 87

G . C 1.13 1. 17 1.37 .95 1. 37 1.42 1.12

* performed on 0.9 x 10 cm column

** performed on 0.9 x 30 cm column

1 analysis taken from Schleich and Goldstein (1966).

2 analysis taken from Midgley (1962) .

3 analysis taken from Spiegelman (1961).
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H y p o c h r o m i c 1 ty S t u d i e s  - S a m p l e s  of e l u t i o n  r e g i o n  2 RNA, 

d i s s o l v e d  in s t a n d a r d  p h o s p h a t e  b u f f e r  c o n t a i n i n g  1.1 M 

f o r m a l d e h y d e ,  w e r e  h e a t e d  to 8 5 °C for 15 m i n u t e s ,  r a p i d l y  

c o o l e d ,  and the a b s o r p t i o n  s p e c t r a  m e a s u r e d  at 1 5 ° C .

The a b s o r p t i o n  s p e c t r a  of u n r e a c t e d  RNA s a m p l e s  w e r e  a l s o  

m e a s u r e d  at 15°C and 85°C.

R E S U L T S

N u c l e o t i d e  C o m p o s i t i o n  - A n a l y s i s  of the n u c l e o t i d e  c o m p o s ­

i t i o n  of e l u t i o n  r e g i o n  2 RNA, 5s R N A  and As R N A  shows that 

the d i s t r i b u t i o n  of the A m a j o r  b a s e s  w i t h i n  th e s e  m o l e c u l e s  

is d i s t i n c t l y  d i f f e r e n t  (Table 2). The ba s e  c o m p o s i t i o n  

of 16s rRNA, 23s rRNA, and m R N A  also s h o w  no s i m i l a r i t y  to 

that of e l u t i o n  r e g i o n  2 RNA. T h i s  m a r k e d  d i f f e r e n c e  in 

the n u c l e o t i d e  c o m p o s i t i o n  of e l u t i o n  r e g i o n  2 R N A  and the 

o t h e r  s p e c i e s  of s o l u b l e  and r i b o s o m a l  R N A s  c l e a r l y  d e m o n ­

s t r a t e s  the u n i q u e  c h e m i c a l  n a t u r e  of this m o l e c u l e .

For a m o r e  d e t a i l e d  a n a l y s i s  of the base c o m p o s i t i o n

of e l u t i o n  r e g i o n  2 RNA, s e v e r a l  a n a l y s e s  we r e  c a r r i e d  out
32

on a l k a l i n e  h y d r o l y s a t e s  of P l a b e l e d  samples. F i g u r e  9 

sh o w s  the D o w e x  c o l u m n  e l u t i o n  p r o f i l e  of a t y p i c a l  e x p e r i ­

ment. The exact p o s i t i o n  of e a c h  b a s e  w a s  fi r m l y  e s t a b ­

li s h e d  by o b s e r v i n g  the e l u t i o n  p r o f i l e  o b t a i n e d  f r o m  a 

h y d r o l y s a t e  of u n l a b e l e d  E. coll sRNA (also shown in F i g u r e  

9). The use of lo n g e r  c o l u m n s  (0.9 x 30 cm) for these
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F i g u r e  9 . D o w e x - 1  X-2 ( f o rmate) c o l u m n  c h r o m a t o g r a p h y  of
an a l k a l i n e  d i g e s t  of 32p l a b e l e d  e l u t i o n  r e g i o n  
2 R N A  (-----); and u n l a b e l e d  c r u d e  s R N A  (------ ).
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T a b l e  3 a . C a l c u l a t i o n  of c h a i n l e n g t h  of e l u t i o n  r e g i o n  2 
R N A  from 5 ’ n u c l e o t i d e  c o u n t s / m i n u t e  r e c o v e r e d .

To t a l  c o u n t s / m i n u t e  
r e c o v e r e d

" d i p h o s p h a t e "
c o u n t s / m i n u t e

c h a i n l e n g t h

280, A00 3,777 2 8 0 , A 00 x 2 - 
3,777

1 A 8 + 1 0 %

T a b l e  3b. C a l c u l a t i o n  
RN A  from 3'

of c h a i n l e n g t h  of 
n u c l e o t i d e  r e l e a s e

e l u t i o n  r e g i o n  
•

2

T o t a l  c o u n t s / m i n u t e 3 * n u c 1 eo t ide 
r e l e a s e d

c h a i n l e n g t h

58 , 6 8 0 A 1 5 5 8 , 6 8 0  - 1 A 2- 10%
A 1 5
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a n a l y s e s  p e r m i t t e d  the m i n o r  n u c l e o t i d e  c o m p o n e n t s  p r e s e n t

in the sRNA s a m p l e  to be c l e a r l y  re s o l v e d .

The c o m p o s i t i o n  of each h y d r o l y s a t e  of e l u t i o n  r e g i o n
32

2 R N A  was d e t e r m i n e d  by s u m m a t i o n  of the P d i s i n t e g r a ­

tions per m i n u t e  o b t a i n e d  from each n u c l e o t i d e  region. The

n u c l e o t i d e  c o m p o s i t i o n  of e l u t i o n  r e g i o n  2 RN A  as d e t e r -
32

m i n e d  by a n a l y s i s  of P h y d r o l y s a t e s  sh o w s  good a g r e e m e n t  

w i t h  the r e s u l t s  o b t a i n e d  w h e n  u n l a b e l e d  h y d r o l y s a t e s  w e r e  

a n a l y z e d  on short (0.9 x 10 cm) D o w e x  c o l u m n s  (see T a b l e  2).

M e t h y l a t e d  n u c l e o t i d e s  and p s e u d o u r i d y l i c  ac i d  a p p e a r  to
32

be e s s e n t i a l l y  ab s e n t  from the P p r o f i l e  (F i g u r e  9). 

U r i d i n e  3* (2'), 5* d i p h o s p h a t e  is the m a j o r  5' e n d - g r o u p

r e c o v e r e d  from the column. From the a m o u n t  of 5' e n d - g r o u p  

r e l e a s e d  r e l a t i v e  to the total am o u n t  of n u c l e o s i d e  m o n o ­

p h o s p h a t e  r e c o v e r e d  (Table 3a), a c h a i n - l e n g t h  of 148* 10% 

is c a l c u l a t e d  for e l u t i o n  r e g i o n  2 RNA. S c h l e l c h  and 

G o l d s t e i n  (1966) have u t i l i z e d  this m e t h o d  for c a l c u l a t i n g  

the c h a i n - l e n g t h  of E. coli 5s R N A  and h a v e  r e p o r t e d  a 

c h a i n - l e n g t h  of 122 n u c l e o t i d e s .  The a c c u r a c y  of this 

m e t h o d  w a s  s u b s e q u e n t l y  b o r n e  out by the w o r k  of B r o w n l e e ,  

S a n g e r  and B a r r e l l  (1967) w h o  r e p o r t e d  a c h a i n - l e n g t h  of 120 

n u c l e o t i d e s  for E. coll 5s RNA, b a s e d  on s e q u e n c e  a n a l y s i s .

The re p o r t  by Hu a n g  and Bo n n e r  (1965) on the d e t e c t i o n  

(by c h r o m a t o g r a p h i c  a n a l y s i s )  of a hi g h  d i h y d r o u r i d y 1 ic
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acid c o n t e n t  in the h i s t o n e - b o u n d  RNA i s o l a t e d  fr o m  pea 

c o t y l e d o n s ,  along with their s u g g e s t i o n  that the d i h y d r o -  

u r i d y l i c  acid f a c i l i t a t e s  l i n k a g e  of these r e g u l a t o r y  RNAs 

to the b a s i c  h i s t o n e  p e p t i d e s ,  p r o m p t e d  an a n a l y s i s  of 

e l u t i o n  r e g i o n  2 RN A  for d i h y d r o u r i d y 1 ic acid. A n e g a t i v e  

test was o b t a i n e d  for all a s s a y s  i n d i c a t i n g  the a b s e n c e  of 

this u n u s u a l  b a s e  fr o m  e l u t i o n  r e g i o n  2 RNA. The lowest 

limit of d e t e c t i o n  p o s s i b l e  w i t h  the m e t h o d  e m p l o y e d  is 

a p p r o x i m a t e l y  0.2 m i c r o m o l e s  of d i h y d r o u r i d y 1 ic acid 

(see m a t e r i a l s  and m e t h o d s ) .
32

The d e g r e e  of c o n t a m i n a t i o n  of the P e l u t i o n  r e g i o n  

2 RNA p r e p a r a t i o n s  wi t h  f r a g m e n t s  of 4s R N A  can be e s t i m a t e d  

by a s s u m i n g  that the sm a l l  p e a k s  of 6 m e t h y l  a d e n o s i n e ,  

p s e u d o u r i d i n e ,  and 3' (2 1 ) , 5* g u a n o s l n e  d i p h o s p h a t e  res u l t

e n t i r e l y  fr o m  the p r e s e n c e  of such f r a g m e n t s  in these 

p r e p a r a t i o n s .  T h i s  a s s u m p t i o n  is q u i t e  v a l i d  s i n c e  5s R N A  

does not c o n t a i n  any m i n o r  bases, and d o e s  ndt h a v e  a 

5' t e r m i n u s  of g u a n o s i n e  d i p h o s p h a t e  ( S c h l e i c h  and G o l d s t e i n ,  

1966).

4s R N A  on the other ha n d  c o n t a i n s  6 m e t h y l  a d e n o s i n e  

( a p p r o x i m a t e l y  2 m o 1 e c u l e s /1000 n u c l e o t i d e s ) ,  and p s e u d o ­

u r i d i n e  is the most a b u n d a n t  m i n o r  n u c l e o t i d e  of E, coli 

4 s RNA p r e p a r a t i o n s .  The m a j o r  5* e n d - g r o u p  of E. coli 

4s RNA is al s o  3' (2'), 5* g u a n o s i n e  d i p h o s p h a t e .  F i n a l l y ,

s i n c e  the 3' (2*)» 5' g u a n o s i n e  d i p h o s p h a t e  c o u n t s  r e c o v e r e d

in the n u c l e o s i d e  d i p h o s p h a t e  r e g i o n  of the c o l u m n  r e p r e s e n t
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a me r e  0.2% of the total c o u n t s ,  it seems q u i t e  f e a s i b l e  

that these cou n t s  c o u l d  have r e s u l t e d  f r o m  the m u c h  s m a l l e r  

4s RNA ( a p p r o x i m a t e l y  74 n u c 1e o t i d e s / m o l e c u 1e ). The 

p r e s e n c e  of 3' (2'), 5* g u a n o s i n e  d i p h o s p h a t e  in h y d r o l y ­

sates of r e c h r o m a t o g r a p h e d  E. coli 5s RN A  was also o b s e r v e d  

by S c h l e i c h  ( D o c t o r a l  D i s s e r t a t i o n ,  1966), and r e p r e s e n t e d  

2.5% c o n t a m i n a t i o n  of the 5s R N A  p r e p a r a t i o n s  with 4s RNA.

B e s i d e s  d e m o n s t r a t i n g  the d i f f e r e n c e s  b e t w e e n  e l u t i o n  

r e g i o n  2 RN A  and the o t h e r  E. coli RNAs, the r e s u l t s  of the 

n u c l e o t i d e  a n a l y s i s  al s o  a l l o w  some s p e c u l a t i o n  to be m a d e  

on the in vivo o r i g i n  of this u n i q u e  low m o l e c u l a r  w e i g h t  

RNA. S i n c e  in v i v o  e x p e r i m e n t s  ( G o l d s t e i n ,  K i r s c h b a u m  and 

R oman, 1965) have s h o w n  that the s y n t h e s i s  of RNA in E. coli 

o c c u r s  in the 5' to 3' d i r e c t i o n ,  and u s u a l l y  r e s u l t s  in 

the p r e s e n c e  of a 5' p h o s p h o r y l a  ted t e r m i n u s ,  the o c c u r e n c e  

of a 5' p h o s p h o r y 1 at e d  e n d - g r o u p  on e l u t i o n  r e g i o n  2 RNA 

m o l e c u l e s  can be i n t e r p r e t e d  as b e i n g  i n d i c a t i v e  of the 

in v i v o  b i o s y n t h e s i s  of this m o l e c u l e .

N u c l e o s i d e  d i p h o s p h a t e s  have al s o  b e e n  fo u n d  at the 

5* t e r m i n u s  of 23s rR N A  ( p G p...), and 16s r R N A  (pAp...) 

( T a k a n a m i ,  1967). The 5* t e r m i n u s  of 5s RNA is o c c u p i e d  

by a p y r i m i d i n e  n u c l e o s i d e  d i p h o s p h a t e  (pUp...).

3* E n d - G r o u p  A n a l y s i s  - Snake v e n o m  p h o s p h o d i e s t e r a s e
32

d i g e s t i o n s  of P l a b e l e d  RNA i s o l a t e d  from e l u t i o n  r e g i o n s  

2 and 4 show that e l u t i o n  r e g i o n  2 RNA p o s s e s s e s  a 3*
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t e r m i n u s  of u r i d i n e ,  w i t h  a p e n u l t i m a t e  n u c l e o t i d e  of cyti- 

dine (Figure 10). 4s R N A  as e x p e c t e d  p o s s e s s e s  a m a j o r  

3' n u c l e o t i d e  of a d e n o s i n e  (Figure 10). A c h a i n - l e n g t h  

of 142- 10% is c a l c u l a t e d  for e l u t i o n  r e g i o n  2 RNA, b a s e d  

on the r e l e a s e  of u r i d i n e  from the 3' t e r m i n u s  (Table 3b).

M o l e c u l a r  W e i g h t  D e t e r m i n a t i o n  - C o m p u t e r  a n a l y s i s  of the 

d a t a  o b t a i n e d  f r o m  s e d i m e n t a t i o n  e q u i l i b r i u m  s t u d i e s  y i e l d  

a m o l e c u l a r  w e i g h t  of 5 4 , 4 4 0 ^  199 for e l u t i o n  r e g i o n  2 

RNA. A m o l e c u l a r  w e i g h t  of 4 1 , 8 6 0  was o b t a i n e d  for 3s R N A  

run under i d e n t i c a l  c o n d i t i o n s  (Table 4). W h e n  the m o l e ­

cu l a r  w e i g h t  of e l u t i o n  r e g i o n  2 RNA, as d e t e r m i n e d  by 

u l t r a c e n t r i f u g a l  a n a l y s i s ,  is c o m p a r e d  w i t h  that a p p r o x ­

i m a t e d  f r o m  the c h a i n - l e n g t h  of the m o l e c u l e ,  v e r y  g o o d  

a g r e e m e n t  is o b s e r v e d ,  c o n s i d e r i n g  the d i s s i m i l a r i t y  of 

the m e t h o d s  e m p l o y e d  (Table 4).

O p t i c a l  A b s o r b a n c e  S t u d i e s  - The d i s c o v e r y  that R N A s , like 

DNA, are c a p a b l e  of h y d r o g e n  bond f o r m a t i o n ,  and as a 

c o n s e q u e n c e  can u n d e r g o  h e l i x - c o i l  t r a n s i t i o n s ,  has s t i m ­

u l a t e d  c o n s i d e r a b l e  s p e c t r o p h o t o m e t r i c  i n v e s t i g a t i o n  of 

t h e s e  m o l e c u l e s .  T h i s  a p p r o a c h  has n o w  r e a c h e d  a p o i n t  

w h e r e  it can p r o v i d e  u s e f u l  i n t e r p r e t a t i o n s  of d e t a i l e d  

f e a t u r e s  of these s i n g l e  s t r a n d e d  p o l y m e r i c  m o l e c u l e s  (Doty, 

e t a 1 . 1959). In the e x p e r i m e n t s  to be d e s c r i b e d ,  t h e r m a l l y

i n d u c e d  t r a n s i t i o n  or " m e l t i n g "  has b e e n  used a l m o s t
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02 0.2
«PU

T im e  -  h o u r s

mF i g u r e  1 0 . K i n e t i c s  of n u c l e o t i d e  r e l e a s e  p r o d u c e d  by the 
a c t i o n  of sn a k e  v e n o m  p h o s p h o d i e s t e r a s e  on 3 2 p 
l a b e l e d  e l u t i o n ' r e g i o n  2 and % s  RNA. The u i o l e s  
n u c l e o t i d e  l i b e r a t e d  w e r e  c a l c u l a t e d  fr o m  the 
s p e c i f i c  a c t i v i t y  and the c h a i n l e n g t h  of each 
f r a ction.
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W a v e l e n g t h  -  m fj.

F i g u r e  1 1 . A b s o r p t i o n  s p e c t r a  of' e l u t i o n  r e g i o n  2 and 5s
RNA at 15 ° C (— ---), and 85 ° C  (----- ), in 0 . 0 9  M
N a 2 H P 0 4  + 0 . 0 1  M N a H 2 P 0 4  b u f f e r  (pH 7.5).
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RNA

E l u t i o n  
R e g i o n  2

5 s

T a b l e  A.

M o l e c u l a r  w e i g h t  M o l e c u l a r  w e i g h t
( s e d i m e n t a t i o n  a n a l y s i s )  (calc, from c h a i n l e n g t h )

5 A , A A 0 -  1 9 9 1 A8 x 33 0  
1 A2 x 33 0

A 8 , 8 A 0 
A6 , 8 6 0

A 1 ,  8 6 0  1 99 1 2 0  x 3 3 0 3 9 , 6 0 0

C o m p a r i s o n  b e t w e e n  c a l c u l a t e d  m o l e c u l a r  w e i g h t  
ba s e d  on c h a i n l e n g t h ,  and m o l e c u l a r  w e i g h t  as 
d e t e r m i n e d  by u l t r a c e n t r i f u g a l  a n a l y s i s  of e l u t i o n  
r e g i o n  2 RN A  and 5s RNA.
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e x c l u s i v e l y .  The h e l i x - c o i l  t r a n s i t i o n  of e l u t i o n  r e g i o n  

2 RNA was t h e r e f o r e  s t u d i e d  s p e c t r o p h o t o m e t r i c a 1 1 y , u s i n g  

the s t a n d a r d  p h o s p h a t e  b u f f e r  of B o e d t k e r  (1967) (see M a t ­

e r i a l s  and M e t h o d s ) .

The a b s o r p t i o n  s p e c t r a  of e l u t i o n  r e g i o n  2 R N A  and 

5s RNA w e r e  first m e a s u r e d  at 15°C and 8 5 ° C  (Figure 11). 

Both R N A s  show the c h a r a c t e r i s t i c  a b s o r p t i o n  m a x i m u m  at 

258 m i l l i m i c r o n s .  An i n c r e a s e  in a b s o r p t i o n  w i t h  t e m p ­

e r a t u r e  is o b s e r v e d  for b o t h  R N A s , i n d i c a t i n g  that the 

h e l i c a l  r e g i o n s  are s h i f t i n g  to r a n d o m  coll c o n f o r m a t i o n s .  

Th e  shift o b s e r v e d  for e l u t i o n  r e g i o n  2 R N A  is s m a l l e r  

th a n  that o b s e r v e d  for 5s R N A  (Fi g u r e  11), s u g g e s t i n g  

a g r e a t e r  s t a b i l i t y  of e l u t i o n  r e g i o n  2 R N A  to heat d e n a t -  

u r a t l o n  than 5s RNA. F i g u r e  12 shows the " m e l t i n g "  p r o ­

files of e l u t i o n  r e g i o n  2, and 5s RNA. T h e s e  d a t a  p r o v i d e  

not o n l y  an a c c u r a t e  a s s e s m e n t  of the m i d - p o i n t  of the 

t e m p e r a t u r e  t r a n s i t i o n  ( T m ) , and h e n c e  the s t a b i l i t y  of 

the h e l i c a l  r e g i o n s  w i t h i n  the m o l e c u l e s ,  but a l s o  d i s p l a y  

the b r e a d t h  and a s y m m e t r y  of the t r a n s i t i o n  as we l l .  T h e  

Tm of e l u t i o n  r e g i o n  2 RN A  is c a l c u l a t e d  as 64.4°C. The 

Tm c a l c u l a t e d  for 5s RNA is 54.0°C. T h i s  r e s u l t  a g r e e s  

v e r y  w e l l  w i t h  the Tm r e p o r t e d  for E. coli 5s RNA by 

Boed tker ( 1967).

Since Tm is g e n e r a l l y  a c c e p t e d  as a m e a s u r e  of the 

r e l a t i v e  s t a b i l i t y  of a ‘'■Ties of h e l i c e s  in RNAs, then it
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can be c o n c l u d e d  that the h y d r o g e n - b o n d e d  s e q u e n c e s  of 

e l u t i o n  re g i o n  2 RN A  are r e l a t i v e l y  m o r e  s t a b l e  to heat 

d e n a t u r a t i o n  than are those of 5s RNA.

One very i n t e r e s t i n g  f e a t u r e  about the t r a n s i t i o n  

o b t a i n e d  for e l u t i o n  r e g i o n  2 RNA is the b i p h a s i c  n a t u r e  

of the p r o f i l e  (Figure 12). This can be c o n t r a s t e d  w i t h  

the m o r e  g r a d u a l  t r a n s i t i o n  of 5s RNA (also F i g u r e  12) w h i c h  

is c o m p a t i b l e  w i t h  an a r r a n g e m e n t  of base p a i r s  either in 

short h e l i c a l  r e g i o n s ,  or at random. The br o a d ,  non-  

c o o p e r a t i v e  t r a n s i t i o n  o b s e r v e d  for e l u t i o n  r e g i o n  2 RNA 

at lower t e m p e r a t u r e s  can be e x p l a i n e d  by a s s u m i n g  that the 

m e l t i n g  of r e l a t i v e l y  sh o r t  h e l i c e s  that v a r y  in a v e r a g e  

base c o n t e n t ,  is o c c u r i n g .  V a r i a t i o n  of the s t a b i l i t y  of 

the h y d r o g e n  b o n d s  w i t h i n  these h e l i c e s  is a l s o  a s sumed.

The s h a r p e r  t r a n s i t i o n  o b s e r v e d  for e l u t i o n  r e g i o n  2 R N A  

at h i g h e r  t e m p e r a t u r e s  i n d i c a t e s  that r e g i o n s  w i t h  s t r o n g e r  

b a s e  pa i r s  - p o s s i b l y  G.C pairs — are b e i n g  m e l t e d ,  and 

s u g g e s t s  less " h e t e r o g e n e i t y "  (in terms of d i s t r i b u t i o n  and 

types of ba s e  p a i r s )  in these late m e l t i n g  reg i o n s .  For 

b o t h  e l u t i o n  r e g i o n  2 RNA, and 5s RNA it is e v i d e n t  that 

the h e l i x - c o i l  t r a n s i t i o n  is r e v e r s i b l e ,  and h e l i c i t y  is 

c o m p l e t e l y  r e s t o r e d  by s i m p l y  c o o l i n g  the s a m p l e s  (Figure 

12).

F o r m a l d e h y d e  R e a c t i o n  - F r a e n k e 1 - C o n r a t  (1954) has shown 

that f o r m a l d e h y d e  r e a c t s  w i t h  the a m l n o - g r o u p s  of c y t i d i n e ,
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a d e n o s i n e ,  and g u a n o s i n e ,  and that the r e a c t i o n  can be 

f o l l o w e d  s p e c t r o p h o t o m e t r i c a l l y . H y d r o g e n  b o n d s  i n v o l v i n g  

these a m i n o - g r o u p s  not only r e t a r d  this r e a c t i o n ,  but ev e n  

limit it ( F r a e n k e 1 - C o n r a t , 1954). S t e v e n s  and R o s e n f e l d  

(1966) h a v e  s t u d i e d  the r e a c t i o n  of f o r m a l d e h y d e  w i t h  n u c l e o ­

tides and have r e p o r t e d  on the f o r m a t i o n  of i n t e r m o  1 e c u l a r  

m e t h y l e n e  b r i d g e s  as a r e s u l t  of f o r m y l a t i o n .  H o w e v e r ,  this 

c r o s s  l i n k i n g  p r o c e s s  p r o c e e d s  at a v e r y  sl o w  rate, and 

has be e n  s h o w n  by these w o r k e r s  to take place far too s l o w l y  

to be s i g n i f i c a n t  u n d e r  the e x p e r i m e n t a l  c o n d i t i o n s  e m p l o y e d  

to s t u d y  the h e l i c i t y  of RNAs.

U t i l i z i n g  the f o r m y l a t i o n  r e a c t i o n ,  and e m p l o y i n g  

c o n d i t i o n s  in w h i c h  the f o r m a t i o n  of i n t e r m o l e c u l a r  m e t h y l ­

ene b r i d g e s  do e s  not o c c u r  (low f o r m a l d e h y d e  c o n c e n t r a t i o n ,  

sh o r t  r e a c t i o n  time), B o e d t k e r  (1967) has c a r r i e d  out an 

e x t e n s i v e  a n a l y s i s  of the s e c o n d a r y  s t r u c t u r e  of 5s RNA.

Th e  r e s u l t s  of her s t u d i e s  ha v e  b e e n  w e l l  s u b s t a n t i a t e d  

by C a n t o r  (1968) w h o  e m p l o y e d  an e n t i r e l y  d i f f e r e n t  a n a l y ­

ti c a l  m e t h o d  ( O p t i c a l  R o t a t o r y  D i s p e r s i o n )  to s t u d y  the 

s e c o n d a r y  s t r u c t u r e  of 5s RNA.

W h e n  e l u t i o n  r e g i o n  2 R N A  w a s  r e a c t e d  w i t h  1.1 M 

f o r m a l d e h y d e  in s t a n d a r d  p h o s p h a t e  b u f f e r  (pH 7.5), and 

the a b s o r b a n c e  s p e c t r u m  o b s e r v e d ,  a s l i g h t  shift in the 

a b s o r b a n c e  m a x i m u m  to l o n g e r  w a v e l e n g t h  is o b s e r v e d  ( Figure 

13 )• T h i s  shift is a c c o m p a n i e d  by an i n c r e a s e  in a b s o r p t i o n
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w h i c h  re f l e c t s  the extent of the f o r m a l d e h y d e  r e a c t i o n  with 

the p r i m a r y  amino groups. A similar result was o b tained  

when 5s RNA was rea c t e d  wi t h  1.1 M f o r m a l d e h y d e  (Figure 13).

Since the d u r a t i o n  of the f o r m a l d e h y d e  r e action is 

cri t i c a l  for m i n i m i z i n g  side rea c t i o n s ,  the extent of 

r e a c t i o n  of e l u t i o n  re g i o n  2 RNA with 1.1 M f o r m a l d e h y d e  

at 85°C was st u d i e d  as a f u n c t i o n  of time. The k i n e t i c s  

of r e a c t i o n  of e l u t i o n  region 2 RNA with f o r m a l d e h y d e  are 

shown in Figure 14. The RNA s o l u t i o n s  were incubated at 

85°C for the d e s i r e d  time interval, f a s t - c o o l e d ,  and the 

a b s o r b a n c e  m e a s u r e d  at 15°C at a w a v e l e n g t h  of 270 m i l l i ­

m i c r o n s ,  the w a v e l e n g t h  at w h i c h  the m a x i m u m  total change 

in a b s o r b a n c e  occurs after f o r m a l d e h y d e  r e a c t i o n  (Boedtker,

1967). A l t h o u g h  there is a small inc r e a s e  in a b s o r b a n c e  

at the later time poi n t s  (Figure 14), the r e a c t i o n  is 

e s s e n t i a l l y  c o m p l e t e  after 15 minutes. The inc r e m e n t  in 

a b s o r b a n c e  o b s e r v e d  at times g r e a t e r  than 15 m i n u t e s  could 

have r e s u l t e d  from an Inc r e a s e  in the e f f e c t i v e  f o r m a l d e h y d e  

c o n c e n t r a t i o n  caused by the c o n v e r s i o n  of the d i h y d r a t e  to 

the free aldehyde. B o e d t k e r  (1967) has also r e p o r t e d  that 

the r e a c t i o n  of E. coli tRNA with 1.1 M f o r m a l d e h y d e  is 

c o m p l e t e  after 15 m i n u t e s  at 85°C.

The d e n a t u r i n g  ef f e c t s  of f o r m a l d e h y d e  on e l u t i o n  

region 2 RNA and 5s RNA was next s t u d i e d  by o b s e r v i n g  the 

r e l a t i v e  d e p r e s s i o n  of the Tm of these 2 RNAs in the
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p r e s e n c e  of 1.1 M f o r m a l d e h y d e .  F i g u r e  15 s h o w s  the t r a n s ­

i t i o n  p r o f i l e s  o b t a i n e d .  T h e  Tm of b o t h  R N A s  is s i g n i f ­

i c a n t l y  d e p r e s s e d .  E l u t i o n  r e g i o n  2 R N A  n o w  ha s  a Tm  of 

4 8 . 4 ° C ,  r e p r e s e n t i n g  a d e p r e s s i o n  of 16°C, w h i l e  the Tm 

of 5s R N A  is d e p r e s s e d  1 0 . 3 ° C  to 4 3 . 7 ° C. T h i s  s h a r p  d e p r e s s ­

ion of the T m  of e l u t i o n  r e g i o n  2 RNA, c o m p a r e d  to that 

o b s e r v e d  for 5s RNA, c l e a r l y  i n d i c a t e s  that the d e n a t u r i n g  

e f f e c t s  of f o r m a l d e h y d e ,  as w e l l  as the s u b s e q u e n t  r e a c t i o n  

w i t h  the f r e e d  a m i n o  g r o u p s ,  o c c u r s  in a m o r e  c o o p e r a t i v e  

f a s h i o n  ( p a r t i c u l a r l y  at h i g h e r  t e m p e r a t u r e s )  for e l u t i o n  

r e g i o n  2 R N A  t h a n  for 5s RNA. T h i s  r e s u l t  is c o n s i s t e n t  

w i t h  the e a r l i e r  f i n d i n g  th a t  e l u t i o n  r e g i o n  2 R N A  c o n t a i n s  

late m e l t i n g  r e g i o n s  of h e l i c i t y ,  in w h i c h  the b a s e - p a i r s  

a r e  le s s  " h e t e r o g e n e o u s " ,  a n d  w h i c h  a r e  n o w  r e a d i l y  d e s t a b ­

i l i z e d  by f o r m a l d e h y d e .

E x a m i n a t i o n  of the c o o l i n g  p r o f i l e s  o b t a i n e d  w h e n  

f o r m a l d e h y d e  r e a c t e d  s a m p l e s  w e r e  a l l o w e d  to s l o w - c o o l  

c l e a r l y  s h o w s  the a b s e n c e  of r e a n n e a l i n g ,  s i n c e  the f o r m a l ­

d e h y d e  r e a c t e d  g r o u p s  are i n c a p a b l e  of r e f o r m i n g  h y d r o g e n  

b o n d s  ( F i g u r e  15).

W h e n  e l u t i o n  r e g i o n  2 RNA, and 5s R N A  s a m p l e s  w e r e  

h e a t e d  to 8 5 %  for 15 m i n u t e s  in the p r e s e n c e  of 1.1 M 

f o r m a l d e h y d e  and s t a n d a r d  p h o s p h a t e  b u f f e r ,  r a p i d l y  c o o l e d ,  

an d  the a b s o r b a n c e / t e m p e r a t u r e  p r o f i l e s  m e a s u r e d ,  b o t h  RNAs 

r e t a i n  the t y p i c a l  s i g m o i d  c u r v e  c h a r a c t e r i s t i c  of n o n -  

c o o p e r a t i v e  " m e l t i n g " ,  r e v e a l i n g  the i n s t a b i l i t y  of the
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HT * (1 - x ) Hs s + x Hds

HT - t o t a l  h y p o c h r o m i c  1 ty
H a s *  h y p o c h r o m i c i t y  due to s i n g l e  s t r a n d e d  r e g i o n s
Hds> h y p o c h r o m i c i t y  due to d o u b l e  s t r a n d e d  r e g i o n s
x « f r a c t i o n  of n u c l e o t i d e s  i n v o l v e d  in h e l i c a l  r e g i o n s

E l u t i o n  r e g i o n  2 RNA

HT - .20 7 
H s s -  .062
H d s - .3 (Bo e d t k e r ,  1967) 
x « . 6 1  
H e l i c l t y  « 61%

5s RNA

HT - .204 
H s s -  .063 
Hds- .3 
x - .60
H e l i c i t y  - 60%

T a b l e  5 . H y p o c h r o m i c i t y  c a l c u l a t i o n s  for e l u t i o n  r e g i o n  2 
and 5s RNA.
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" s t a c k e d "  base r e g i o n s  at h i g h e r  t e m p e r a t u r e s ,  af t e r  

f o r m a l d e h y d e  d e n a t u r a t i o n  has o c c u r e d  (F i g u r e  16),

A s i m i l a r  o b s e r v a t i o n  was also made by B o e d t k e r  (1967) for 

E. coli 5s RNA.

H y p o c h r o m i c i t y  S t u d i e s  - The d o u b l e  h e l i c a l  c o n t e n t  of 

e l u t i o n  r e g i o n  2 RNA w a s  next e x a m i n e d  by d e t e r m i n i n g  the 

h y p o c h r o m i c i t y  of u n r e a c t e d ,  and f o r m a l d e h y d e  r e a c t e d  RNA.

H y p o c h r o m i c i t y  - d e f i n e d  as 1 - A b s o r b a n c e  1 5 e C ( 2 5 5  mu) -
A b s o r b a n c e  8 5 ° C ( 2 5 5  mu) 

has be e n  u t i l i z e d  by B o e d t k e r  and K e l l i n g  (1967) to d e t e r ­

m i n e  the h e l i c a l  c o n t e n t  of 5s RNA. Si n c e  the total h y p o ­

c h r o m i c i t y  o b s e r v e d  for an RNA m o l e c u l e  is a s s u m e d  to be 

the sum of the c o n t r i b u t i o n s  f r o m  h e l i c a l  as w e l l  as 

s i n g l e  s t r a n d e d  " s t a c k e d "  r e g i o n s ,  then the f r a c t i o n  of the 

b a s e s  in h e l i c a l  r e g i o n s  can be d e r i v e d  from the r e l a t i o n ­

ship - Ht ■ (1 - x ) H s s  + xHds - w h e r e  Ht is the total

h y p o c h r o m i c i t y  of the u n r e a c t e d  RNA; Hss is the h y p o c h r o m ­

ic i t y  r e s u l t i n g  f r o m  s i n g l e  s t r a n d e d  r e g i o n s ;  and Hds is 

the h y p o c h r o m i c i t y  due to h e l i c a l  or d o u b l e  s t r a n d e d  

r e g i o n s .  T h e  f r a c t i o n  of the b a s e s  i n v o l v e d  in b a s e -  

p a i r i n g  is d e s i g n a t e d  by x.

U t i l i z i n g  the r e l a t i o n s h i p  g i v e n  a b o v e  the h y p o c h r o m ­

icity of u n r e a c t e d  and f o r m a l d e h y d e  r e a c t e d  e l u t i o n  r e g i o n  

2 R N A  is c a l c u l a t e d  as 0. 2 0 7  and 0.062 r e s p e c t i v e l y  

(Table 5). The f r a c t i o n  of b a s e s  (x) i n v o l v e d  In h e l i c a l
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r e g i o n s  in e l u t i o n  r e g i o n  2 R N A  is c a l c u l a t e d  to be 0.61.

A v a l u e  of 0. 6 0  was o b t a i n e d  for the h e l i c i t y  of 5s RNA, 

this r e s u l t  a g r e e s  v e r y  w e l l  w i t h  the r e s u l t s  o b t a i n e d  

by B o e d t k e r  and K e l l i n g  (1967) for E. coli 5s RN A  (0.63).

S U M M A R Y

Th e  n u c l e o t i d e  c o m p o s i t i o n  of e l u t i o n  r e g i o n  2 R N A  

has b e e n  s t u d i e d  by u t i l i z i n g  ion e x c h a n g e  c o l u m n  c h r o m a t ­

o g r a p h y  on D o w e x  r esins. A n a l y s i s  of a l k a l i n e  h y d r o l y s a t e s  

of b o t h  l a b e l e d  and u n l a b e l e d  s a m p l e s  of e l u t i o n  r e g i o n  2 

R N A  s h o w e d  c l e a r l y  that the d i s t r i b u t i o n  of the b a s e s  in 

this m o l e c u l e  is d i f f e r e n t  fr o m  that o b s e r v e d  for 5s RNA, as 

w e l l  as the ot h e r  E. coli s o l u b l e  and r i b o s o m a l  R N A  s p ecies.

U r i d i n e  3' (2'), 5' d i p h o s p h a t e  is the m a j o r  5' en d -

g r o u p  found for e l u t i o n  r e g i o n  2 RNA, and b a s e d  on the 

r e c o v e r y  of this b a s e  f r o m  h y d r o l y s a t e s ,  a c h a i n - l e n g t h  of 

148 n u c l e o t i d e s  wa s  c a l c u l a t e d  for this m o l e c u l e .  This 

r e s u l t  a g r e e s  v e r y  w e l l  w i t h  the r e s u l t  o b t a i n e d  for the 

c h a i n - l e n g t h  w h e n  the 3' e n d - g r o u p  is r e l e a s e d  by snake 

v e n o m  p h o s p h o d i e s t e r a s e .  U r i d i n e  is a l s o  the m a j o r  g r o u p  

r e l e a s e d  f r o m  the 3' end by the enzyme.

The m o l e c u l a r  w e i g h t  of e l u t i o n  r e g i o n  2 R N A  as 

d e t e r m i n e d  by s e d i m e n t a t i o n  e q u i l i b r i u m  a n a l y s i s  is 54,440, 

and shows g e n e r a l  a g r e e m e n t  w i t h  the m o l e c u l a r  w e i g h t
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c a l c u l a t e d  from the c h a i n - l e n g t h  of the m o l e c u l e  (Table 4).

O p t i c a l  a b s o r b a n c e  s t u d i e s  c a r r i e d  out in the p r e s e n c e  

and a b s e n c e  of 1.1 M f o r m a l d e h y d e  s h o w e d  that e l u t i o n  

r e g i o n  2 RNA (Tm 64.4°C) is m o r e  s t a b l e  to heat d e n a t u r a t i o n  

than is 5s RNA (Tm 54.0), and that this a d d e d  s t a b i l i t y  

can be a t t r i b u t e d  to the p r e s e n c e  of h o m o g e n e o u s  ba s e -  

p a i r e d  r e g i o n s  w i t h i n  the m o l e c u l e  w h i c h  show e v i d e n c e  of 

c o o p e r a t i v e  m e l t i n g  at h i g h e r  t e m p e r a t u r e s  ( F i g u r e  14a and 

14b) .

O b s e r v a t i o n  of the k i n e t i c s  of r e a c t i o n  of e l u t i o n  

r e g i o n  2 RN A  w i t h  1.1 M f o r m a l d e h y d e  s h o w e d  that the r e a c ­

tion is e s s e n t i a l l y  c o m p l e t e  a f t e r  15 m i n u t e s  at 85°C 

(Figure 16) .

W h e n  the Tm of e l u t i o n  r e g i o n  2 R N A  and 5s RNA was 

s t u d i e d  in the p r e s e n c e  of 1.1 M f o r m a l d e h y d e ,  a d e p r e s s i o n  

of 16°C wa s  o b s e r v e d  for e l u t i o n  r e g i o n  2 RNA, c o m p a r e d  

to a d e p r e s s i o n  of lO^C for 5s RNA. T h i s  r e s u l t  c l e a r l y  

r e f l e c t s  the d i f f e r e n c e  in the d i s t r i b u t i o n  of the h e l i c a l  

r e g i o n s  w i t h i n  th e s e  m o l e c u l e s .

F i n a l l y ,  h y p o c h r o m i c i t y  s t u d i e s  c a r r i e d  out on e l u t i o n  

r e g i o n  2 RN A  s h o w e d  that this m o l e c u l e ,  like 5s RNA, has 

60% of its s t r u c t u r e  in h e l i c a l  c o n f o r m a t i o n .



C H A P T E R  F O U R  

M e t a b o l i c  S t u d i e s
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I N T R O D U C T I O N

The p o s s i b i l i t y  that e l u t i o n  r e g i o n  2 RNA, s h o w n  in 

C h a p t e r  2 to be i s o l a t e d  from the c y t o p l a s m i c  c e l l u l a r  

f r a c t i o n ,  c o u l d  play a role in p r o t e i n  s y n t h e s i s ,  was 

tested by e x a m i n i n g  the ex t e n t  of its p a r t i c i p a t i o n  in the 

amino ac i d  a c t i v a t i o n ,  and c h a i n  t e r m i n a t i o n  st e p s  of p r o ­

tein s y n t h e s i s .  A s i m p l e  " c h a r g i n g "  as s a y  was u t i l i z e d  to 

test for a m i n o  acid a c c e p t o r  a c t i v i t y  in e l u t i o n  r e g i o n  2 

RNA. P a r t i c i p a t i o n  of e l u t i o n  r e g i o n  2 RNA in c h a i n  t e r ­

m i n a t i o n  was s t u d i e d  by m e a s u r i n g  the a b i l i t y  of this RNA 

to bind s p e c i f i c a l l y  to t e r m i n a t i o n  c o d o n s  c o n t a i n e d  in 

the r a n d o m  c o p o l y m e r  UAG, in the p r e s e n c e  of r i b o s o m e s .

To f u r t h e r  e x p l o r e  the o r i g i n  of e l u t i o n  r e g i o n  2 

RNA, and in p a r t i c u l a r  to rule out the p o s s i b i l i t y  of this 

RN A  b e i n g  a d e g r a d a t i o n  p r o d u c t  of the rRNAs, the b i o s y n ­

t hesis of e l u t i o n  r e g i o n  2 RNA wa s  st u d i e d .  T h i s  was 

a c c o m p l i s h e d  by e m p l o y i n g  e x p o n e n t i a l l y  g r o w i n g  " f r a g i l e "  

c u l t u r e s  of E. coli B ( d o u b l i n g  time 120 m i n u t e s )  in wh i c h

the s t a b l e  RNA s p e c i e s  w e r e  l a b e l e d  for 2 g e n e r a t i o n s  
14

w i t h  C u r a c i l ,  and the s y n t h e s i s  of ne w  RNA was m e a s u r e d
3

by f o l l o w i n g  the flow of H u r a c i l  into the v a r i o u s  RNA 

species ,

The r e s u l t s  of these m e t a b o l i c  s t u d i e s  w i l l  be p r e ­

se n t e d  in this C hapter.
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M A T E R I A L S  AND M E T H O D S  

A m i n o  A c i d  A c t i v a t i o n  A s s a y

I s o l a t i o n  of E n z y m e s  - The a m i n o  acid s y n t h e t a s e s  u s e d  to 

c h e c k  the a c c e p t o r  a c t i v i t y  of E l u t i o n  r e g i o n  2 RN A  w e r e  

i s o l a t e d  from E. coli B cells in the f o l l o w i n g  man n e r :

E. coli B cells w e r e  r u p t u r e d  in a h o m o g e n i z e r  ( 5 0 0 , 0 0 0  rpm, 

15 min. at 4 a C ) , and 1.0 ml of the f o l l o w i n g  b u f f e r  a d d e d  

per gram of cells p r e s e n t  - 10 m M  m a g n e s i u m  c h l o r i d e ,  25 mM 

p o t a s s i u m  c h l o r i d e ,  35mM Tris HC1 (pH 7.8 at 4 * 0 ,  0 . 2 5  mM 

suc r o s e ,  and 6 mM m e r c a p t o e t h a n o l  (added Just b e f o r e  uBe).

T h e  b r o k e n  c e l l s  we r e  c e n t r i f u g e d  at 1 2 , 0 0 0  x g for 30 min., 

an d  2 ug D N A s e  ad d e d  per ml of v i s c o u s  s u p e r n a t a n t .  The 

s u p e r n a t a n t  w a s  c e n t r i f u g e d  (1 hr. at 1 2 , 0 0 0  x g) to r e m o v e  

cell d e b r i s ,  t r a n s f e r r e d  to a p r e p a r a t i v e  u l t r a c e n t r i f u g e ,  

an d  c e n t r i f u g e d  for 2 h o u r s  at 3 0 , 0 0 0  x g. Th e  r e s u l t i n g  

s u p e r n a t a n t  was d i v i d e d  into 2 e q u a l  f r a c t i o n s  (approx. 20 

ml each), and c h r o m a t o g r a p h e d  on S e p h a d e x  G 25 ( coarse beads, 

2 x 30 cm co l u m n ) .  The e l u t i o n  b u f f e r  w a s  the same as the 

e x t r a c t i o n  b u f f e r .  The y e l l o w i s h  m a t e r i a l ,  plus 10 ml 

af t e r ,  wa s  c o l l e c t e d  in 1.0 ml f r a c t i o n s ,  and i m m e d i a t e l y  

frozen. R a p i d  f r e e z i n g  was fo u n d  to be n e c e s s a r y  si n c e  

s l o w  f r e e z i n g  a l w a y s  r e s u l t e d  in the i n a c t i v a t i o n  of some of 

the enz y m e s .  The p r o t e i n  c o n c e n t r a t i o n  of the p r e p a r a t i o n
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was u s u a l l y  11 mg/ml.

14 14
C A m i n o  Acids - The C a m i n o  a c i d s  used had the f o l l o w i n g

s p e c i f i c  a c t i v i t i e s :  L - A s p a r t i c  acid 130 m e / m M ; L - L e u c i n e

173 mc / m M ;  L - V a l i n e  142.8 m e /m M ; L - A r g i n i n e  191 m c / m M ;

L - P h e n y l a l a n i n e  255 m e / m M ; L - T h r e o n i n e  120 mc/ m M .  The
14

r e c o n s t i t u t e d  C p r o t e i n  h y d r o l y s a t e  c o n t a i n e d  the f o l l o w ­

ing a m i n o  acids: L - A l a n i n e  70 mc / m M ;  L - A r g i n i n e  130 mc/mM;

L - A s p a r t i c  acid 110 mc / m M ;  L - G l u t a m i c  acid 165 m e / m M ; 

L - I s o l e u c i n e  110 mc/mM; L - L e u c i n e  130 mc / m M ;  L - L y s i n e  

180 mc/ m M ;  L - P h e n y l a l a n i n e  168 mc / m M ;  L - P r o l i n e  110 mc/ m M ;  

L - S e r i n e  85 mc/ m M ;  L - T h r e o n i n e  100 m c / m M ;  L - T y r o s i n e  150 

mc / m M ;  and L - V a l i n e  100 mc/mM.

" C h a r g i n g 1' B u f f e r  - The c o n s t i t u t i o n  of the b u f f e r  us e d 

in the " c h a r g i n g "  e x p e r i m e n t s  was as fol l o w s :  50 mM i m i d a ­

zole (pH 7.5); 5 mM a d e n o s i n e  t r i p h o s p h a t e  ( p o t a s s i u m  salt)

n e u t r a l i z e d  wi t h  1.0 M p o t a s s i u m  h y d r o x i d e ;  2 m M  d l t h i o -  

t h r e i t o l ;  20 m M  p o t a s s i u m  c h l o r i d e ;  13 mM m a g n e s i u m  c h l o r i d e  

d i s s o l v e d  in 50 ml of d i s t i l l e d  wa t e r .  The pH w a s  a d j u s t e d  

to 7.5 w i t h  1 N h y d r o c h l o r i c  acid.

RN A  - All RNA s a m p l e s  w e r e  p u r i f i e d  by S e p h a d e x  G 100 

r e c h r o m a t o g r a p h y .  The c o n c e n t r a t i o n  of s a m p l e  u s e d  was 

u s u a l l y  10.0 m i c r o g r a m s  of RNA per m i c r o l i t e r  of 50 mM
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i m i d a z o l e  b u f f e r  (pH 7,3) c o n t a i n i n g  13.5 m M  m a g n e s i u m  

c h l o r i d e .

A s s a y  M i x t u r e  - The as s a y  m i x t u r e  u s u a l l y  c o n s i s t e d  of 

" c h a r g i n g "  b u f f e r ,  RNA, e n z y m e  e x t r a c t i o n  b u f f e r ,  e n z y m e s  

and a m i n o  a c i d s  in the a p p r o p r i a t e  c o n c e n t r a t i o n s ,  all in a 

total v o l u m e  of 0 . 5 2 5  ml. The s a m p l e s  w e r e  i n c u b a t e d  for 

30 m i n u t e s  at 25°C. At the end of the i n c u b a t i o n  period, 

the s a m p l e s  we r e  i m m e d i a t e l y  p l a c e d  on Ice, and 50 ul a l i ­

quots r e m o v e d ,  and p i p e t t e d  (in t r i p l i c a t e )  o n t o  25 mm 

fi l t e r  p a p e r  di s c s  ( W h a t m a n  #1). The s o a k e d  d i s c s  we r e  

then 1m m e d i a t e l y  s a t u r a t e d  w i t h  50 m i c r o l i t e r s  of cold 

t r i c h l o r o a c e t i c  acid (10% s o l u t i o n )  c o n t a i n i n g  1.0 m g / m l  

of the u n l a b e l e d  a m i n o  a c l d ( s )  b e i n g  tested. The s a m p l e s ,  

p r e c i p i t a t e d  on the d i s c s ,  w e r e  then s t o r e d  at 4*0 for 15 

m i n u t e s .  The d i s c s  w e r e  w a s h e d  3 times (5 m i n u t e s  each 

time) w i t h  5% t r i c h l o r o a c e t i c  acid, and f i n a l l y  w i t h  an 

a 1 c o h o 1 / e t h e r  s o l u t i o n  (1:1) for 10 m i n u t e s .  Th e  dr i e d 

d i s c s  w e r e  p l a c e d  in s c i n t i l l a t i o n  vi a l s ,  10 ml of t o l u e n e 

s c i n t i l l a t i o n  fl u i d  added, and the r a d i o a c t i v i t y  m e a s u r e d  

u t i l i z i n g  a li q u i d  s c i n t i l l a t i o n  counter.

B i n d i n g  E x p e r i m e n t s  

14
C P h e n y 1a l a n y 1 - t R N A  P r e p a r a t i o n  - E. coli B tRNA, o b t a i n e d  

from S e p h a d e x  G 100 c o l u m n  f r a c t i o n a t i o n  of cr u d e  sRNA
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14 l k
s a m p l e s  wa s  used to p r e p a r e  C p h e n y l a l a n y l - t R N A . C

p h e n y l a l a n i n e  w i t h  s p e c i f i c  a c t i v i t y  255 m c / m M  w a s  o b t a i n e d  

c o m m e r c i a l l y .  The a s s a y  m i x t u r e  us e d  for " c h a r g i n g "  the 

tRNA w i t h  p h e n y l a l a n i n e  was i d e n t i c a l  to that d e s c r i b e d  

for the a m i n o  acid a c t i v a t i o n  assay. The v o l u m e  of the 

r e a c t i o n  m i x t u r e  us e d  was h o w e v e r  s c a l e d  up t w o - f o l d .

A f t e r  i n c u b a t i o n  of the r e a c t i o n  m i x t u r e ,  the s a m p l e s  

w e r e  c h i l l e d  , and 1.0 ml of w a t e r  s a t u r a t e d  p h e n o l  added.

Th e  m i x t u r e  was s h a k e n  v i g o r o u s l y  for 10 m i n u t e s ,  and c e n t ­

r i f u g e d .  The a q u e o u s  la y e r  wa s  p i p e t t e d  off, w a s h e d  4 times 

w i t h  2 v o l u m e s  of ether, and a f t e r  r e m o v a l  of the et h e r  

w i t h  n i t r o g e n ,  p r e c i p i t a t e d  w i t h  0.1 v o l u m e  of p o t a s s i u m  

a c e t a t e  (20%), and 2.5 v o l u m e s  of eth a n o l .  The p r e c i p i t a t e  

w a s  s t o r e d  o v e r n i g h t  at -10°C. Th e  RN A  wa s  f i n a l l y  c o l l e c ­

ted by c e n t r i f u g a t i o n ,  and s t o r e d  u n t i l  r e a d y  for use.

14 14
C L a b e l e d  E l u t i o n  R e g i o n  2 RN A  - The E. coli C l a b e l e d

e l u t i o n  r e g i o n  2 RN A  wa s  p r e p a r e d  from cells g r o w n  to late

log p h a s e  in 0 . 1 %  D i f c o  n u t r i e n t  b r o t h  c o n t a i n i n g  1.0 uc/ml 
14

C u r a c i l .  S e p h a d e x  G 100 f r a c t i o n a t i o n  y i e l d e d  the 4 

e l u t i o n  reg i o n s .  O n l y  the p e a k  tube from e l u t i o n  r e g i o n  

2 was used in th e s e  e x p e r i m e n t s .

B i n d i n g  A s s a y  - The b i n d i n g  a s s a y  used wa s  e s s e n t i a l l y  that 

of N i r e n b e r g  a n d  Leder (1964). Ea c h  50 ul r e a c t i o n  m i x t u r e
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c o n t a i n e d  0.1 M T r i s - a c e t a t e  (pH 7.2); 0.02 M m a g n e s i u m

a c e t a t e ;  0.05 M p o t a s s i u m  c h l o r i d e ;  2.0 ^ 2 6 0  u n l ts °f

E. coll B r i b o s o m e s  (washed 3 times); and, as i n d i c a t e d  for

each e x p e r i m e n t ,  p o l y u r i d y l i c  acid, or the r a n d o m  c o p o l y m e r
14

UAG , c o m p r i s e d  of e q u i m o l a r  a m o u n t s  of U, A, and G. C
14

l a b e l e d  e l u t i o n  r e g i o n  2 RNA, and C p h e n y l a l a n y 1 - t R N A  

w e r e  used as the R N A  c o m p o n e n t s .  The r e a c t i o n  m i x t u r e  

wa s  kept at 24°C, and the l a b e l e d  RNA ad d e d  last to i n i t i a t e 

the b i n d i n g .  I n c u b a t i o n  was u s u a l l y  c a r r i e d  out for 20 min. 

A f t e r  i n c u b a t i o n  the tubes w e r e  p l a c e d  on ice, d i l u t e d  with

3.0 ml of b u f f e r  c o n t a i n i n g  0.1 M T r i s - a c e t a t e  (pH 7.2),

0.02 M m a g n e s i u m  a c e t a t e ,  and 0.05 M p o t a s s i u m  chl o r i d e .

The d i l u t e d  r e a c t i o n  m i x t u r e  was th e n  f i l t e r e d  u n d e r  s u c ­

tion, a n d  w a s h e d  3 times w i t h  3 m l  p o r t i o n s  of the d i l u t i n g  

b u f f e r ,  and f i n a l l y  d r i e d  in an oven. The r a d i o a c t i v i t y  

of each disc w a s  d e t e r m i n e d  on a l i q u i d  s c i n t i l l a t i o n  

c o u n t e r ,  u t i l i z i n g  t o l u e n e  s c i n t i l l a t i o n  fluid.

K i n e t i c  S t u d i e s

G r o w t h  of Cells - F r a g i l e  c u l t u r e s  of E. coli B we r e  p r o ­

d u c e d  by g r o w i n g  cells In the f o l l o w i n g  m e d i u m :  p o t a s s i u m

m o n o h y d r o g e n  p h o s p h a t e ,  1.12 g: p o t a s s i u m  d i h y d r o g e n

p h o s p h a t e ,  0.48 g: a m m o n i u m  s u l f a t e ,  0.5 g: m a g n e s i u m  s u l ­

fate, 7 H 2 0 , 0.49 g; ? e r r i c  chl o r i d e .  0.51 g; and g l u c o s e ,

2 g. 0.5 M s o d i u m  s u l f a t e  was used to i n d u c e  fra g i l i t y .
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P e p t o n e  M e d i u m  - The p e p t o n e  m e d i u m  used c o n s i s t e d  of 10.0 

g r a m s  of p e p t o n e  (Dlfco), 5.0 gr a m s  of s o d i u m  c h l o r i d e ,  and 

1.2 g r a m s  D - g l u c o s e  per liter of water.

N u t r i e n t  Broth - N u t r i e n t  b r o t h  ha d  the f o l l o w i n g  c o m p o s ­

it i o n  per liter: 8.0 g r a m s  of n u t r i e n t  b r o t h  (Bacto, d e h y ­

d r a t e d ) ,  5.0 g r a m s  of g l u c o s e ,  and 18.0 grams of agar (Dlfco).

M o n i t o r i n g  The G r o w t h  - G r o w t h  of c u l t u r e s  was m o n i t o r e d  

by r e c o r d i n g  the c h a n g e  in o p t i c a l  d e n s i t y  at 540 mu, as well 

as by d e t e r m i n i n g  the v i a b l e  cell count, o b t a i n e d  by p l a t i n g  

c e l l s  on n u t r i e n t  broth.

L a b e l i n g  of RNA - 180 ml of " f r a g i l e "  m e d i u m  w e r e  i n o c u l a t e d  

w i t h  E. coli B ce l l s  from a f r e s h l y  g r o w n  c u l t u r e  as f o l ­

lows: 20 ml of cells g r o w n  in p e p t o n e  w e r e  spun do w n  at

6 , 0 0 0  x g for 10 m i n u t e s ,  and r e s u s p e n d e d  in 20 ml of fresh 

p e p t o n e  medium. The s u s p e n d e d  c e l l s  w e r e  i m m e d i a t e l y  added

to the fl a s k  c o n t a i n i n g  the " f r a g i l e "  m e d i u m .  1.0 ml of 
14

C u r a c i l  (100 uc) of s p e c i f i c  a c t i v i t y  0 . 4 8 9  uc/ug, was

a d d e d  to the flask, and the ce l l s  a l l o w e d  to g r o w  for two

g e n e r a t i o n s  (4 h o u r s  a p p r o x i m a t e l y ) .  A f t e r  2 g e n e r a t i o n s
3

of g r o w t h ,  3.2 ml of H u r a c i l ,  of s p e c i f i c  a c t i v i t y  183

u c/ug, w e r e  a d d e d  (1.6 me). A l i q u o t s  of the c u l t u r e  w e r e
3

r e m o v e d  at the d e s i r e d  time i n t e r v a l s ,  and the flow of H
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label into the v a r i o u s  RNA c o m p o n e n t s  d e t e r m i n e d .

R e m o v a l  of A l i q u o t s  - 25 ml a l i q u o t s  w e r e  r e m o v e d  f r o m  the

c u l t u r e  at the f o l l o w i n g  time i n t e r v a l s :  zero time (immed-
3

iately pr i o r  to H u r a c i l  a d d i t i o n ) ,  20 s e c o n d s ,  and 1, 2,

4, 6, and 8 m i n u t e s .  For ea c h  time point, g r o w t h  of the

ce l l s  w a s  c o m p l e t e l y  a r r e s t e d  by t r a n s f e r r i n g  the a l i q u o t  

of cells to a fl a s k  c o n t a i n i n g  c r u s h e d  ice, and 0.25 ml 

of M p o t a s s i u m  c y anide.

R N A  I s o l a t i o n  - T h e  cells w e r e  h a r v e s t e d  by c e n t r i f u g a t i o n ,  

and m i x e d  w i t h  a p p r o x i m a t e l y  300 g r a m s  of u n l a b e l e d  cells. 

T o t a l  R N A  was i s o l a t e d  by the p h e n o l  p r o c e d u r e  d e s c r i b e d  

in C h a p t e r  2. Cold M s o d i u m  c h l o r i d e  was us e d  to s e p a r a t e  

the s R N A  from the hi g h  m o l e c u l a r  w e i g h t  rRNA. Th e  s R N A  

f r a c t i o n s  w e r e  p r e c i p i t a t e d  tw i c e  w i t h  e t h a n o l  (95?) p r i o r  

to S e p h a d e x  G 100 f r a c t i o n a t i o n  (see F i g u r e  17).

S e p h a d e x  G 100 F r a c t i o n a t i o n  of s R N A  - The s R N A  s a m p l e s  

w e r e  f r a c t i o n a t e d  on S e p h a d e x  G 100 c o l u m n s  (2.5 x 150 cm), 

u s i n g  M s o d i u m  c h l o r i d e  as the e l u t i n g  b uffer. 4.0 ml 

f r a c t i o n s  we r e  c o l l e c t e d  for each a n a l y s i s .

F r a c t i o n a t i o n  of 1 M S o d i u m  C h l o r i d e  I n s o l u b l e  RNA - 1 M 

s o d i u m  c h l o r i d e  i n s o l u b l e  RNA p r e p a r a t i o n s  w e r e  f r a c t i o n a t e d



Add 2 vol. 887c phenol 
Shake 4 hours 
Centrifuge discard phenol 
layer interface

Aqueous Phase

Add 0.1 vol. 207, KAC (pH 5.0) 
and 2.5 vols. A b s . alcohol 
Let stand overnight 
Centrifuge and collect ppt

Precipitate

add 2.5 vols abs. 
alcohol. Let 
stand overnight 
centrifuge to 
collect ppt

Precipitate
Dry in vacuo.
Suspend in 3 ml
Dist water. Add
0.1 vol 207. KAC
2.5 vols abs.
alcohol. Let
stand overnight
Centrifuge
Dry in vacuo

sRNA

Insoluble

Suspend in 3 ml dist 
water, add 0.1 vol 
207o KAC pH 5.0 
2.5 vols abs. 
alcohol. Let stand 
overnight. Centrifuge 
to collect ppt

Prec ipi tate
Dry in vacuo.
Suspend in 3 ml Dist 
water, add 0.1 vol 
207. KAC pH 5.0. 2.5 
vols abs. alcohol 
Let stand overnight 
Centrifuge to collect
ppt
Dry in vacuo

1 M NACl insoluble 
________RNA

I
Supernatant

Suspend in 3 ml cold M NACl 
Mix thoroughly for 4 hours 
Centrifuge

Z  1_______
Pellet 1 M NACl

Figure 17. Flow Sheet for Preparation of sRNA and 1 M NACl Insoluble 
RNA From Fragile *^C ^H labeled E Coli Cells
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on m e t h y l a t e d  a l b u m i n  k e i s e l g u h r  (MAK) c o l u m n s ,  u t i l i z i n g  

the p r o c e d u r e  of Dr. G o l d s t e i n  ( u n p u b l i s h e d ) ,  and w i t h  the 

expert t e c h n i c a l  a s s i s t a n c e  of H i s s  R. Sipl.

G r a d i e n t  P r o c e d u r e  E m p l o y e d  in M A K  C o l u m n  F r a c t i o n a t i o n  - 

A g r a d i e n t  m a k e r  c o n t a i n i n g  180 ml of 0.4 M s o d i u m  c h l o r i d e ,  

0.05 M s o d i u m  p h o s p h a t e  m o n o b a s i c  b u f f e r  (pH 6.7) in the 

m i x i n g  c h a m b e r ,  and 180 ml of 1.2 M s o d i u m  c h l o r i d e ,  0 . 0 5  M 

s o d i u m  p h o s p h a t e  m o n o b a s i c  b u f f e r  (pH 6.7) in the r e s e r v o i r ,  

w a s  used to p r o d u c e  a l i n e a r  g r a d i e n t .  The f l o w - r a t e  of 

the c o l u m n  was a d j u s t e d  to 78 m l / h r  w i t h  a p e r i s t a l t i c  pump. 

F r a c t i o n  v o l u m e s  of 2 ml w e r e  c o l l e c t e d  for a n a l y s i s .  The 

u l t r a v i o l e t  a b s o r p t i o n  of each R N A  p r e p a r a t i o n  wa s  m o n i t o r e d  

on an a n a l y z e r  at 254 mu.

3 14
A s s a y  of R a d i o a c t i v i t y  - For a n a l y s i s  of the H and C 

r a d i o a c t i v i t y  in the c o l u m n  e f f l u e n t ,  the f o l l o w i n g  p r o ­

ce d u r e  wa s  used: 2 ml a l i q u o t s  we r e  ta k e n  fr o m  each f r a c ­

tion, and 0.5 mg of b o v i n e  s e r u m  a l b u m i n  ad d e d ,  f o l l o w e d  

by 0.5 ml of t r i c h l o r a c e t i c  acid (20%). The p r e c i p i t a t e  

was a l l o w e d  to s e t t l e  (20 m i n u t e s )  b e f o r e  f i l t e r i n g  on t o  

a glass fi l t e r  disc. E a c h  disc w a s  w a s h e d  3 times w i t h  

5% t r i c h l o r o a c e t i c  acid, d r i e d  in an oven at 90°C, and 

c o u n t e d  in a l i q u i d  s c i n t i l l a t i o n  c o u n t e r  u s i n g  10 ml of
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3 14
t o l u e n e  s c i n t i l l a t i o n  fluid. T h e  H and C a c t i v i t i e s

w e r e  d e t e r m i n e d  s i m u l t a n e o u s l y .  Q u e n c h i n g  was found to be

u n i f o r m  t h r o u g h o u t  the c o u n t i n g  r a n g e s  e x a m i n e d .  The c o u n t -
3 14

ing c o n d i t i o n s  used g a v e  e f f i c i e n c i e s  for H and C of
14

43% and 71%, r e s p e c t i v e l y ,  wi t h  9% of the C a c t i v i t y
3

c o n t a m i n a t i n g  the H cha n n e l .  Less than a h a l f  of 1% of 
3 14

the H a c t i v i t y  a p p e a r e d  in the C c h a n n e l .

R E S U L T S

A m i n o  A c i d  A c t i v a t i o n  A s s a y  - In o r d e r  to test the a c t i v i t y
14

of the a m i n o  a c i d  s y n t h e t a s e s ,  C l a b e l e d  a m i n o  a c i d s  w e r e  

first r e a c t e d  w i t h  tRNA. Th e  c o m p o n e n t s  of the c h a r g i n g  

r e a c t i o n  m i x t u r e  are g i v e n  in T a b l e  6. T h e  d a t a  p r e s e n t e d  

in T a b l e  7 d e m o n s t r a t e  the a b i l i t y  of t R N A  to a c c e p t  a m i n o  

a c i d s  u n d e r  these e x p e r i m e n t a l  c o n d i t i o n s .

W h e n  e l u t i o n  r e g i o n  2 RNA w a s  t e s t e d  u n d e r  the same 

c o n d i t i o n s ,  no I n c o r p o r a t i o n  of r a d i o a c t i v i t y  into the

t r i c h l o r o a c e t i c  a c i d  p r e c i p i t a b l e  m a t e r i a l  is o b s e r v e d .
14

T h e  use of a C p r o t e i n  h y d r o l y s a t e  p e r m i t t e d  e l u t i o n  

r e g i o n  2 RNA to be t e s t e d  w i t h  a w i d e r  v a r i e t y  of a m i n o  

acids. W h e n  the a s s a y  wa s  c a r r i e d  out w i t h  such a h y d r o l ­

ysate, no a c t i v i t y  is a g a i n  o b s e r v e d  for e l u t i o n  r e g i o n  2 

R N A  (Table 7). T h e s e  f i n d i n g s  c l e a r l y  s h o w  that e l u t i o n  

r e g i o n  2 R N A  is u n a b l e  to p a r t i c i p a t e  in the " c h a r g i n g "  

r e a c t i o n  of p r o t e i n  s y n t h e s i s .
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B i n d i n g  S t u d i e s  - The t e r m i n a t i o n  of p r o t e i n  s y n t h e s i s  in 

E. coll has been s t u d i e d  in n u m e r o u s  l a b o r a t o r i e s .  R e s u l t s  

of g e n e t i c  (B r e n n e r  e_t a_l* 1965) and b i o c h e m i c a l  ( B r e t s c h e r ,

1968) s t u d i e s  s h o w  that the s y n t h e s i s  of a p e p t i d e  c h a i n  is 

t e r m i n a t e d ,  up o n  t r a n s l a t i o n  of the m R N A  co d o n s  UAA, U A G , 

or UGA. C a p e c c h i  (1967) has s h o w n  that r e l e a s e  (R) f a c t o r s  

are r e q u i r e d  for the r e c o g n i t i o n  of th e s e  t e r m i n a t o r  codons. 

A l t h o u g h  the s u b s t r a t e  of the R f a c t o r s  seems to be the 

r i b o s o m e - m R N A - p e p t i d y 1 t R N A  c o m p l e x ,  yet it is not cl e a r  

w h e t h e r  the m e c h a n i s m  of a c t i o n  of the R f a c t o r s  i n v o l v e s  

the p a r t i c i p a t i o n  of a n o t h e r  m o l e c u l e .  Such a m o l e c u l e  

w o u l d  read the codon, but w o u l d  be u n a b l e  to c a r r y  an 

a m i n o  acid. S c o l n l c k  et a 1 . (1968) have, in fact, s u g g e s t e d  

that o t h e r  m o l e c u l e s ,  p o s s i b l y  R N A s , co u l d  i n t e r a c t  w i t h  

the R f a c t o r s ,  w h i c h  c o u l d  then act as t r a n s l a t o r s  of the 

t e r m i n a t o r  codons.

S i n c e  m a n y  i n v e s t i g a t o r s  h a v e  s e a r c h e d  in v a i n  for 

a t R N A  s p e c i e s  that c o u l d  f u l f i l l  the a b o v e  role, it s e e m e d  

w o r t h w h i l e  to i n v e s t i g a t e  the a b i l i t y  of e l u t i o n  r e g i o n  2 

R N A  to " r e c o g n i z e "  the t e r m i n a t o r  s i gnals. A s i m p l e  b i n d ­

ing e x p e r i m e n t  w a s  t h e r e f o r e  c a r r i e d  out, i n v o l v i n g  r i b o ­

s o m e s ,  e l u t i o n  r e g i o n  2 RNA, and a s y n t h e t i c  m e s s e n g e r  - 

p o l y  UA G  - c o n t a i n i n g  t e r m i n a t o r  c o d o n s  in r a n d o m  d i s t r i -  

bu t i o n .
14

The a s s a y  used m e a s u r e s  the b i n d i n g  of C l a b e l e d
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" c h a r g i n g " R N A E n z y m e E n z y m e Am ino
buf f er b u f f e r ac i d

0 . 2 5  ml 0.25 m 1 1.0 ml - 0 . 1 5  ml
<250 ug ) (1.6 mg) (50 u c )

T a b 1 e 6 . C o m p o n e n t s  of the r e a c t i o n  m i x t u r e  used in the 
a m i n o  a c i d  a c t i v a t i o n  assay.
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A m i n o  acid S p e c i f i c  a c t i v i t y  T o t a l  CP M  a c c e p t e d

E l u t i o n  tRNA
r e g i o n  2

L a s p a r t i c  
acid

130 me / mM 31 ,060

L le u c i n e 175 me /mM - 74 , 880

L v a l i n e 142 me /«M - 9 ,580

L a r g i n i n e 190 m c / m M 196 20 , 180

L p h e n y l a l a n i n e 255 me /mM - 7 1 , 8 1 0

L t h r e o n i n e 120 m c / m M 76 21 ,030

P r o t e i n
h y d r o l y s a t e

(Bee
and

mat er ials 
me t h o d s )

- 67 ,240

Tab 1e 7 . A m i n o  acid a c t i v a t i o n  s t u d i e s  on e l u t i o n  r e g i o n  2 
and t R N A .
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O l i g o n u c l e o t i d e 1 4 C p h e - t R N A  
b o u n d  to r i b o ­
somes ( uu M )

C e l u t i o n  r e g i o n  
2 RNA b o u n d  to rib- 
o s o m e s  (uu M )

None

UAG

UUU

0 . 8 3  

1.18 

2 . 10

.038

.040

.040

14T a b 1 e 6 . The b i n d i n g  of C p h e n y l a l a n y 1 - tRNA an d  e l u t i o n  
r e g i o n  2 R N A  to p o l y u r l d y l i c  acid, and the r a n d o m  
c o p o l y m e r  UAG, in the p r e s e n c e  of r i b o s o m e s .  
l^C p h e - t R N A  (9.38 uuM) or e l u t i o n  r e g i o n  2 RNA 
(9.1 u u M ) , 25 m u M  poly U or p o l y  UAG, and r i b o ­
somes (2.0 A 2 6 O un i t s )  w e r e  i n c u b a t e d  at 24°C for 
20 m i n u t e s .  C o m p o n e n t s  of the r e a c t i o n  m i x t u r e  
are d e s c r i b e d  in m a t e r i a l s  and m e t h o d s  page 91.
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RNA to the r i b o s o m e s  s i m p l y  by d e t e r m i n i n g  the a m o u n t  of 

r a d i o a c t i v i t y  r e t a i n e d  by the fil t e r s .  Since c e l l u l o s e  

n i t r a t e  f i l t e r s  have b e e n  s h o w n  to r e t a i n  r i b o s o m e s ,  then 

the f o r m a t i o n  of a c o m p l e x  b e t w e e n  r i b o s o m e s ,  m e s s e n g e r ,  

and la b e l e d  RN A  w o u l d  be i n d i c a t i v e  of s p e c i f i c  r e c o g n i t i o n  

of t r i n u c l e o t i d e  s e q u e n c e s  by the RNA. Such s p e c i f i c i t y  

of b i n d i n g  has a l r e a d y  b e e n  am p l y  d e m o n s t r a t e d  by N i r e n b e r g  

and L e d e r  (1964).
14

The d a t a  of Table 8 show that w h e n  C p h e n y l a l a n y l -  

tRNA is i n c u b a t e d  w i t h  r i b o s o m e s  in the a b s e n c e  of p o l y ­

n u c l e o t i d e ,  little r a d i o a c t i v i t y  is r e t a i n e d  by the filters. 

What l i t t l e  is r e t a i n e d  r e p r e s e n t s  n o n - s p e c i f i c  b i n d i n g  of 

the RNA to the r i b o s o m e s .  Wh e n  the e x p e r i m e n t  is p e r f o r m e d  

u s i n g  the UAG c o p o l y m e r  , an i n c r e a s e  in the a m o u n t  of 

r a d i o a c t i v i t y  bo u n d  to the f i l t e r s  is o b s e r v e d ,  i n d i c a t i n g  

some a s s o c i a t i o n  of the p h e n y l a l a n y l - t R N A  wi t h  t r i n u c l e o t i d e  

s e q u e n c e s  w i t h i n  the UAG chain. In the p r e s e n c e  of p o l y -

u r i d y l i c  acid how e v e r ,  a m a r k e d  s t i m u l a t i o n  of the b i n d i n g  
14

of C p h e n y l a  1a n y 1 - 1RNA to the r i b o s o m e s  is o b s e r v e d .

The b i n d i n g  of e l u t i o n  r e g i o n  2 RNA to the r i b o s o m e s  

was next tested in an a s s a y  s y s t e m  c o n t a i n i n g  e i t h e r  r a n d o m  

c o p o l y m e r  UAG, or p o l y u r i d y l i c  acid. T a b l e  8 s u m m a r i z e s  

the r e s u l t s  o b t a i n e d  f r o m  these e x p e r i m e n t s .  No s i g n i f i c a n t  

r e t e n s i o n  of r a d i o a c t i v i t y  by the f i l t e r s  is o b s e r v e d  for 

e i t h e r  of the p o l y n u c l e o t i d e s ,  d e m o n s t r a t i n g  the i n a b i l i t y
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of e l u t i o n  r e g i o n  2 RNA to bind to n u c l e o t i d e  s e q u e n c e s  in 

these m e s s e n g e r s .

The n a t u r e  of the R f actors had not be e n  r e p o r t e d  

w h e n  these e x p e r i m e n t s  w e r e  p e r f o r m e d .  It t h e r e f o r e  could 

be a r g u e d  that these p r o t e i n s  are n e c e s s a r y  to p r otno t e the 

i n t e r a c t i o n  of e l u t i o n  r e g i o n  2 RN A  w i t h  the t e r m i n a t o r  

codons. H o w e v e r ,  the m o r e  recent e x p e r i m e n t s  of C a s k e y  e t 

a 1 . (1968) n e g a t e  any role for an R N A  m o l e c u l e  ( p a r t i c u l a r l y

of the size of e l u t i o n  r e g i o n  2 RNA) in chain t e r m i n a t i o n .

K i n e t i c  S t u d i e s  - M o s t  s t u d i e s  on the k i n e t i c s  of RNA s y n ­

th e s i s  have been c a r r i e d  out on c u l t u r e s  w h o s e  g r o w t h  was 

i n t e r r u p t e d  by the use of i n h i b i t o r s .  U n d e r  th e s e  c o n d i ­

tions a w i d e  v a r i e t y  of r i b o n u c l e o p r o t e i n  p a r t i c l e s  a c c u m ­

ulate. H o w e v e r ,  it has not been c l e a r l y  e s t a b l i s h e d  w h e t h e r  

the RNA s p e c i e s  c o n t a i n e d  in these p a r t i c l e s  r e p r e s e n t  a 

form of p r e c u r s o r  that n a t u r a l l y  e x i s t s  w i t h i n  the cell, 

or w h e t h e r  they are a n o m a l o u s  b y - p r o d u c t s  of the g r o w t h  

c o n d i t i o n s .

The more d i r e c t  s t u d i e s  of RN A  b i o s y n t h e s i s  c a r r i e d  

out by Me C a r t h y  and B r i t t e n  (1962), and M a n g i a r o t t i  ej^ a l . 

(1968) s i m p l y  f o l l o w  the flow of a r a d i o a c t i v e  p r e c u r s o r  

into RNA c h a i n s ,  and ha v e  p r o v i d e d  m u c h  i n f o r m a t i o n  on the 

b i o s y n t h e s i s  of E. coli r i b o s o m a l  RNA. O n e  a t t r a c t i v e  f e a ­

ture of this a p p r o a c h  is that it a l l o w s  for the s e p a r a t i o n
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of p r e c u r s o r  r R N A  s p e c i e s  from the tnRNA f r a g m e n t s  that had 

p r e v i o u s l y  o b s c u r e d  m u c h  of these p r e c u r s o r  s p e c i e s  in s e d ­

i m e n t a t i o n  p r o f i l e s .

U t i l i z i n g  this a p p r o a c h ,  and e m p l o y i n g  " f r a g i l e "  

c u l t u r e s  of E. coli ( d o u b l i n g  time 120 m i n u t e s ) ,  M a n g i a r o t t i  

e t a l . (1968) has s h o w n  that r i b o s o m a l  p r e c u r s o r  RNAs r e p r e ­

sent an a r r a y  of i n c o m p l e t e  RNA c h a i n s  w h i c h  s e d i m e n t  in a 

b r o a d  r e g i o n  b e t w e e n  4s and 16s on s e d i m e n t a t i o n  a n a l y s i s .  

T h e s e  w o r k e r s  have al s o  shown that the n e w l y  f o r m e d  r R N A  

r e m a i n s  in the c y t o p l a s m  for at least 6 m i n u t e s  p r i o r  to 

b e i n g  i n c o r p o r a t e d  into p o l y s o m e s .

Since e l u t i o n  r e g i o n  2 RNA is fo u n d  in the c y t o p l a s m i c  

f r a c t i o n  (2% of the s R N A ) , it is q u i t e  p o s s i b l e  that it 

c o u l d  be a r i b o s o m a l  p r e c u r s o r  RN A  w h i c h  a p p e a r s  in the 

c y t o p l a s m  p r i o r  to b e i n g  i n c o r p o r a t e d  into r i b o s o m e s .  In 

o r d e r  to test this p o s s i b i l i t y ,  a t h o r o u g h  s t u d y  of the 

k i n e t i c s  of s y n t h e s i s  of e l u t i o n  r e g i o n  2 RNA, and the ot h e r 

s t a b l e  s R N A  and r R N A  s p e c i e s  was u n d e r t a k e n .

" F r a g i l e "  c u l t u r e s  we r e  used for these s t u d i e s ,  and 

F i g u r e  18 (inset) shows the g r o w t h  p r o f i l e  o b s e r v e d  fr o m  

m e a s u r i n g  the o p t i c a l  d e n s i t y  (540 mu) of such a c ulture.

T h e  v i a b l e  cell c o u n t  (Table 9), m e a s u r e d  by p l a t i n g  a l i ­

q u o t s  of the c u l t u r e  on n u t r i e n t  br o t h ,  v e r i f i e s  that u n d e r  

th e s e  c o n d i t i o n s  of g r o w t h  the ce l l s  are d i v i d i n g  e x p o n e n ­

t i a l l y  (see al s o  M a n g i a r o t t i  and S c h l e s s i n g e r  , 1966).
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S e p h a d e x  G 100 and M A K  c o l u m n  c h r o m a t o g r a p h y  of the

s R N A  and rR N A  s a m p l e s  i s o l a t e d  f r o m  c e l l s  g r o w n  for 2 ge n -
14

e r a t i o n s  in the p r e s e n c e  of C u r a c i l  (zero time) sh o w s  the 

t y p i c a l  d i s t r i b u t i o n  of the s R N A  and r R N A  s p e c i e s ,  r e s p e c ­

tively. The d i s t r i b u t i o n  of the 4 pe a k  r e g i o n s  of sRNA 

( Figure 18a) is c o n s i s t e n t  w i t h  the d i s t r i b u t i o n  o b s e r v e d  

for u n l a b e l e d  s R N A  i s o l a t e d  f r o m  c e l l s  g r o w n  in n o n - s y n t h e t i c

m e d i u m  (see F i g u r e  4a). M A K  c o l u m n  c h r o m a t o g r a p h y  of the 
14

C 1 M s o d i u m  c h l o r i d e  i n s o l u b l e  RNA ( F i g u r e  18b) shows

the c h a r a c t e r i s t i c  peaks of 16s and 23s rRNA. T h e s e  s p e c i e s

c o c h r o m a t o g r a p h  w i t h  u n l a b e l e d  16s and 23s r R N A  (not shown).
3

The i n t r o d u c t i o n  of H u r a c i l  to the c u l t u r e  i m m e d ­

i a t e l y  f o l l o w i n g  the s a m p l i n g  of the zero time, a l l o w e d  the 

s y n t h e s i s  of RN A  c h a i n s  to be f o l l o w e d  over an 8 m i n u t e  p e r ­

iod in the p r e s e n c e  of this i s o t o p e .  T h i s  was d o n e  by
3 14

s i m p l y  c a l c u l a t i n g  the ra t i o  of H to C for each s p e c i e s

of RNA. F i g u r e  19a shows a plot of the d a t a  o b t a i n e d  w h e n  
3 14
H/ C r a t i o s  of the cr u d e  s R N A  ans 1 M i n s o l u b l e  RNA s a m ­

ples r e p r e s e n t i n g  the v a r i o u s  time i n t e r v a l s  w e r e  c a l c u -
3

lated. It is q u i t e  e v i d e n t  that the rate of the H u r a c i l  

u p t a k e  by the 1 M s o d i u m  c h l o r i d e  RNA e x c e e d s  that o b s e r v e d  

for ths sRNA, t h r o u g h o u t  the l a b e l i n g  p eriod. T h e s e  d a t a  

are c o n s i s t e n t  w i t h  the d a t a  of M a n g i a r o t t i  e_t̂  a_l. (1968) 

w h o  s h o w e d  s i m i l a r  l a b e l i n g  k i n e t i c s  for E. coli sR N A  and 

rRNA .

W h e n  the sRNA and r R N A  p r e p a r a t i o n s  we r e  r e s o l v e d  into
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T i m e - h o u r s  0D 540 mu Cell count

8
0 .18 . 3 x 1 0

8
2 .40 . 7 x 1 0

8
4 .85 1.8 x 10

T a b l e  9 . V i a b l e  ce l l  co u n t  o b t a i n e d  for " f r a g i l e "  g r o w i n g
G. coli B ( d o u b l i n g  time 120 m i n u t e s  at 37°C).
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T i m e E l u t i o n
s R N A

r e g i o n s E l u t i o n
r R N A

reg ions

1 2 3 4 16s 23s

2 0 sec. . 209 . 298 .181 .186 . 245 . 282

1 min. . 333 . 733 . 305 . 2 38 .536 . 643

2 min. .615 1. 393 .421 . 347 1. 369 . 997

4 m i n . 1. 5 2 9 3 . 2 2 6 1 . 050 . 710 1. 8 9 5 2 . 066

6 min. 3. 2 6 6 6 . 1 3 0 2 . 0 2 8 1 . 1 7 4 3 .922 3 . 8 3 1

8 min. 3. 0 6 4 5 . 9 2 4 2 .552 1. 513 4 .406 4 . 2 7 1

T a b l e  1 0 . H / * ^ C  r a t i o s  c a l c u l a t e d  for the v a r i o u s  s t a b l e
s R N A  and r R N A  s p e c i e s  o v e r  an 8 m i n u t e  l a b e l i n g  
p e r i  o d .
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Slope

L o g / L o g

T a b l e  11.

E l u t i o n  R e g i o n s  E l u t i o n  R e g i o n s
s R N A  rRNA

2 3 4 16s 23s

. 7 7 .88 . 68 . 52 .79 . 75

S l o p e s  ( l o g/log) of the v a r i o u s  s t a b l e  s R N A  and 
r R N A  sp e c i e s .  V a l u e s  d e r i v e d  f r o m  d a t a  in T a b l e  
10 .
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F ig yire 1 8 . (a) E l u t i o n  p r o f i l e  ( S e p h a d e x  G 100) of ^ 4 C
l a b e l e d  s R N A  i s o l a t e d  from f r a g i l e  E. coll cells.

(b) E l u t i o n  p r o f i l e  (MAK) of 1 4 C l a b e l e d  1 M 
s o d i u m  c h l o r i d e  I n s o l u b l e  R N A  I s o l a t e d  from 
f r a g i l e  E. coll cells.

*

(inset) T y p i c a l  g r o w t h  c u r v e  o b t a i n e d  for 
fr a g i l e  g r o w i n g  c u l t u r e s .
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F i g u r e  19 Plot of 3h / 1^C r a t i o s  c a l c u l a t e d  for RNA s a m p l e s  
i s o l a t e d  f r o m  f r a g i l e  cells in w h i c h  the "old" 
R NA was l a b e l e d  for 2 g e n e r a t i o n s  w i t h  l^C 
u r a c i l ,  and the "n e w "  RNA l a b e l e d  w i t h  u r a c i l
ov e r  an 8 m i n u t e  pe r i o d .  (a) r a t i o s  o b t a i n e d  
for unf rac t ionat;ed r i b o s o m a l  ^ n d  s o l u b l e  RNA;
(b) r a t i o s  o b t a i n e d  for the v a r i o u s  r i b o s o m a l  * 
and s o l u b l e  RN A  f r a c t i o n s .
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their c o n s t i t u e n t  R N A s , a very m a r k e d  v a r i a t i o n  is o b s e r v e d  

in the rate of s y n t h e s i s  of the d i f f e r e n t  RNA s p e c i e s  ( F i g ­

ure 19 and T a b l e  10). T h e s e  r a t e s  were d e t e r m i n e d  by c a 1 - 
3 1A

c u l a t i n g  the H/ C ratios for the pe a k  tubes of each e l u ­

tion region. The cu r v e s  o b t a i n e d  (Figure 19b) show that 20
3

s e c o n d s  and 1 m i n u t e  after the I n t r o d u c t i o n  of the H u r a c i l

label, the rate of s y n t h e s i s  of e l u t i o n  r e g i o n  2 RN A  s l i g h t l y

e x c e e d s  that of 23s RNA, but is mu c h  g r e a t e r  than that of the
3

ot h e r  RNAs shown. A f t e r  2 m i n u t e s  of l a b e l i n g  w i t h  H u r a ­

cil 16s R N A  s y n t h e s i s  c l o s e l y  a p p r o a c h e s  that of e l u t i o n  

r e g i o n  2 RNA, but does not o v e r t a k e  it. The r a p i d  rate of 

s y n t h e s i s  of e l u t i o n  r e g i o n  2 RN A  p e r s i s t s  t h r o u g h o u t  the 

l a b e l i n g  period. The r e l a t i v e  rates of s y n t h e s i s  of the 

o t h e r  RN A  s p e c i e s  i n c r e a s i n g  in the f o l l o w i n g  order: As RNA

(which has the s l o w e s t  rate), 5s RNA, e l u t i o n  r e g i o n  1 RNA, 

16s RNA, a n d  23s RNA.

C a l c u l a t i o n  of the s l o p e s  of the c u r v e s  s h o w n  in 

F i g u r e  19b yie l d s  v a l u e s  w h i c h  a g a i n  v e r i f y  e l u t i o n  r e g i o n  

2 RN A  to be the m o s t  r a p i d l y  s y n t h e s i z e d  R N A  s p e c i e s  (Table 

1 1 ) •

Si n c e  e l u t i o n  r e g i o n  2 RN A  d i s p l a y s  the m o s t  rapid
3

rate of s y n t h e s i s  t h r o u g h o u t  the H l a b e l i n g  p e r i o d ,  this 

R N A  ca n n o t  be a d e g r a d a t i o n  p r o d u c t  of the h i g h e r  m o l e c u l a r  

w e i g h t  rRNAs. T h i s  c o n c l u s i o n  is al s o  s u p p o r t e d  by the 

r e s u l t s  o b t a i n e d  from e n d - g r o u p  a n a l y s i s  of this m o l e c u l e .
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Since the rate of RN A  s y n t h e s i s  in b a c t e r i a l  ce l l s  is 

a p r o d u c t  of the n u m b e r  of RNA ch a i n s  u n d e r  c o n s t r u c t i o n ,  

and the rate at w h i c h  n u c l e o t i d e  r e s i d u e s  are a d d e d  to each 

c h a i n  (Winslow and L a z z a r i n i , 1969), then it m u s t  be a s s u m e d

that either mo r e  ch a i n s  are b e i n g  i n i t i a t e d  for e l u t i o n  

r e g i o n  2 RNA than for the other RN A  s p e c i e s ,  or that the 

rate of a d d i t i o n  of n u c l e o t i d e s  to the g r o w i n g  c h a i n s  of 

e l u t i o n  reg i o n  2 RNA e x c e e d s  that of the o t h e r  R N A  s pecies. 

M u c h  of the p u b l i s h e d  d a t a  on R N A  s y n t h e s i s ,  h o w e v e r ,  are 

c o n s i s t e n t  wi t h  the n o t i o n  that the rate of m o v e m e n t  of 

R N A  p o l y m e r a s e  on DNA is s i m i l a r  fr o m  one c i s t r o n  to a n o t h e r  

(see M a n g i a r o t t i  e_t a_l. 1968). T h i s  then w o u l d  favor the 

f o r m e r  p o s s i b i l i t y .

Pigott and M i d g e l e y  (1968) ha v e  shown, b a s e d  on 

r e s u l t s  o b t a i n e d  from h y b r i d i z a t i o n  e x p e r i m e n t s ,  that 70% 

of the r a p i d l y  l a b e l e d  R N A  in E. coli is r R N A  p r e c u r s o r  

m o l e c u l e s .  The o t h e r  30% in m R N A  w h i c h  is u s u a l l y  a s s o c ­

iated w i t h  the p o l y s o m e s .

A l t h o u g h  no d e f i n i t e  p r e c u r a o r / p r o d u c t  r e l a t i o n s h i p  

can be e s t a b l i s h e d  for e l u t i o n  r e g i o n  2 RN A  and the r R N A s  

(see curves F i g u r e  19b), it is still t e m p t i n g  to c o n c l u d e  

that e l u t i o n  r e g i o n  2 RN A  is a p r e c u r s o r  to rRNA. T h i s  

c o n c l u s i o n  is b a s e d  on two lines of e v i d e n c e ;  the ra p i d  

rate of l a b e l i n g  o b s e r v e d  for e l u t i o n  r e g i o n  2 RNA, as w e l l  

as the data o b t a i n e d  in C h a p t e r  2 w h i c h  s u g g e s t  that e l u t i o n
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r e g i o n  2 is a c y t o p l a s m i c  RNA.

Al l  of the r i b o s o m a l  p r e c u r s o r  RNAs o b s e r v e d  in E. 

co l i  s y s t e m s  to date ( D a h l b e r g  and P e a c o c k ,  1970; A d e s n i k  

and L e v i n t h a l ,  1969), are m o l e c u l e s  w i t h  m o l e c u l a r  w e i g h t s  

s i m i l a r  to t h o s e  of the m a t u r e  r R N A  s p e c i e s  ( b a s e d  on e l e c ­

t r o p h o r e t i c  m o b i l i t y  on p o l y a c r y l a m i d e  g e l s ) .  E l u t i o n  r e g ­

ion 2 RNA, b e c a u s e  of its s i z e  ( 5 4 , 4 4 0  d a l t o n s )  c o u l d  t h e r e ­

fore be r e p r e s e n t a t i v e  of a m u c h  e a r l i e r  s t a g e  in the s y n ­

t h e s i s  of the rR N A s .

On the o t h e r  h a n d  the p o s s i b i l i t y  r e m a i n s  that e l u ­

t i o n  r e g i o n  2 R N A  c o u l d  be a s p e c i e s  of m R N A  w h i c h  is s o l ­

u b l e  in cold M s o d i u m  c h l o r i d e ,  an d  has s o m e h o w  b e c o m e  

u n u s u a l l y  s t a b i l i z e d .  R a p i d l y  l a b e l e d  l o w  m o l e c u l a r  w e i g h t  

R N A s  h a v e  b e e n  I s o l a t e d  f r o m  o t h e r  s y s t e m s  (King an d  F i t c h e n ,  

1968; G a r d n e r  and H o a g l a n d ,  1968), a n d  it h a s  b e e n  s u g g e s t e d  

that t h e s e  m o l e c u l e s  a r e  p o s s i b l y  m R N A s  w h i c h  h a v e  b e c o m e  

u n u s u a l l y  s t a b i l i z e d  by a s s o c i a t i o n  w i t h  the c e l l u l a r  me m - 

b r a n e .

W h e t h e r  e l u t i o n  r e g i o n  2 R N A  is s u c h  a s t a b l e  m e s s ­

e n g e r  r e l e a s e d  from the c e l l u l a r  m e m b r a n e  by the i s o l a t i o n  

p r o c e d u r e ,  is not k n o w n .  H o w e v e r ,  its r a p i d  ra t e  of s y n ­

t h e s i s ,  c o u p l e d  w i t h  its m a r k e d  s t a b i l i t y ,  c e r t a i n l y  s u g g e s t s  

a b i o l o g i c a l  r o l e  for this m o l e c u l e .

A l t h o u g h  the l a b e l e d  s R N A  i s o l a t e d  f r o m  the " f r a g i l e "  

c e l l s  u s e d  in t h e s e  e x p e r i m e n t s  d i s p l a y s  the s a m e  S e p h a d e x
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G 100 e l u t i o n  p r o f i l e  as that o b s e r v e d  for sR N A  I s o l a t e d  

from cells g r o w n  In n o n - s y n t h e t i c  media, it n e v e r t h e l e s s  

had to be c l e a r l y  d e m o n s t r a t e d  that th e s e  RNA s p e c i e s  b e h a v e  

the same e l e c t r o p h o r e t i c a l l y .  Peak tubes we r e  t h e r e f o r e  

po o l e d  from each e l u t i o n  region, and the RNA p r e c i p i t a t e d  

d i r e c t l y  from M s o d i u m  c h l o r i d e  using a b s o l u t e  a l c o h o l .

The dried RNA was then d i s s o l v e d  in w a t e r  (50 u l ) , and 

a p p l i e d  to 8% p o l y a c r y l a m i d e  gels for e l e c t r o p h o r e s i s .  E l u ­

tion r e g i o n  2 RNA m i g r a t e s  as a sin g l e  p e a k  (Fi g u r e  20a) 

d i s p l a y i n g  the same e l e c t r o p h o r e t i c  m o b i l i t y  as u n l a b e l e d  

p r e p a r a t i o n s .  The l a b e l e d  As and 5s RNA s a m p l e s  al s o  d i s ­

p l a y  their u s u a l  e l e c t r o p h o r e t i c  b e h a v i o r  on 8% p o l y a c r y l ­

a m i d e  gels ( Figure 20 b and c).

E l e c t r o p h o r e s i s  of e l u t i o n  r e g i o n  1 RNA (2.7% gels) 

r e v e a l s  R N A  peaks w h i c h  a p p e a r  to have s i m i l a r  m o b i l i t i e s  

to those o b s e r v e d  for 16s and 23s r R N A , run u n d e r  i d e n t i c a l  

c o n d i t i o n s  (Figure 20 d and e). A s i m i l a r  r e s u l t  was 

o b t a i n e d  for u n l a b e l e d  e l u t i o n  r e g i o n  1 RNA by V a l e n t i  

( u n p u b l i s h e d  data) who n o t i c e d  that e l e c t r o p h o r e s i s  of 

f r e s h l y  p r e p a r e d ,  u n l a b e l e d  e l u t i o n  r e g i o n  1 RN A  ( m a t e r i a l  

p r e c i p i t a t e d  i m m e d i a t e l y  f o l l o w i n g  S e p h a d e x  G 100 c h r o m a t ­

o g r a p h y )  y i e l d s  2 RNA ba n d s  w h i c h  d i s p l a y  s i m i l a r  e l e c t r o ­

p h o r e t i c  m o b i l i t i e s  to the r R N A s . V a l e n t i  also o b s e r v e d  that 

the s t a b i l i t y  of these 2 high m o l e c u l a r  w e i g h t  RN A  spe c i e s  

v a r i e s  w i t h  the m a n n e r  and d u r a t i o n  of storage. If, for 

e x a m p l e ,  e l u t i o n  r e g i o n  1 f r a c t i o n s  we r e  a l l o w e d  to stand
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14Fi g u r e  2 0 . P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  of C
l a b e l e d  s R N A  fra c t i o n s .  (a) e l u t i o n  r e g i o n  2 
RNA; (b) 5s RNA; (c) 4s RNA; (d) e l u t i o n  r e g i o n  
1 RNA, l a b e l e d  16s and 23s r R N A  ( o b t a i n e d
c o m m e r c i a l l y )  are s h o w n  I t (e).

The r i m m e d  gels w e r e  f r a c t i o n a t e d  and the C 
'count 8 / m 1n u t e  d e t e r m i n e d  for each fraction.
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for a few days at 4°C In M s o d i u m  c h l o r i d e ,  the m a t e r i a l  

was c o m p l e t e l y  d e g r a d e d .  On the other hand, i m m e d i a t e  

p r e c i p i t a t i o n  of the f r a c t i o n s  after gel f i l t r a t i o n ,  f o l ­

lowed by s t o r a g e  of the dried p r e c i p i t a t e s  at -10°C, slows 

up the d e g r a d a t i o n  pr o c e s s ,  a l t h o u g h  it does not p r e v e n t  it. 

T h e  exact n a t u r e  of the 2 hi g h  m o l e c u l a r  w e i g h t  c o m p o n e n t s  

o b s e r v e d  in e l u t i o n  r e g i o n  1 RN A  p r e p a r a t i o n s  r e m a i n s  to 

be d e t e r m i n e d .

S U M M A R Y

The a b i l i t y  of e l u t i o n  r e g i o n  2 R N A  to p a r t i c i p a t e

in the " c h a r g i n g "  r e a c t i o n  of p r o t e i n  s y n t h e s i s  was in v e s -
14

t i g a t e d  u s i n g  a v a r i e t y  of C l a b e l e d  a m i n o  acids. No 

a c t i v i t y  w a s  d e t e c t e d  for e l u t i o n  r e g i o n  2 RNA, i n d i c a t i n g  

that this RNA is u n a b l e  to p a r t i c i p a t e  in the " c h a r g i n g "  

r ea c t i o n .

The i n v e s t i g a t i o n  of the p o s s i b l e  i n v o l v e m e n t  of

e l u t i o n  r e g i o n  2 RN A  in p o l y p e p t i d e  c h a i n  t e r m i n a t i o n  was

next tested, us i n g  the s i m p l e  b i n d i n g  a s s a y  of N i r e n b e r g
14

and Leder (1964). In this a s s a y  C l a b e l e d  e l u t i o n  r e g i o n  

2 RNA was tes t e d  for its a b i l i t y  to " r e c o g n i z e "  s p e c i f i c  

t e r m i n a t o r  s i g n a l s  p r e s e n t  in the r a n d o m  c o p o l y m e r  UAG.

Th e  r e s u l t s  of these e x p e r i m e n t s  sh o w e d  that e l u t i o n  r e g i o n  

2 RNA d o e s  not bind in a c o m p l e m e n t a r y  f a s h i o n  to the UAG 

c o p o l y m e r  in the p r e s e n c e  of r i b o s o m e s .  Such c o m p l e m e n t a r i t y
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was c l e a r l y  d e m o n s t r a t e d  w h e n  p h e n y 1a 1 any 1 - tRNA wa s  m i x e d

w i t h  r i b o s o m e s  and p o l y u r i d y l i c  acid. T h e s e  r e s u l t s  do not

c o m p l e t e l y  rule out a role for e l u t i o n  re g i o n  2 R N A  in

c h a i n  t e r m i n a t i o n ,  a l t h o u g h  such a role seems lass l i k e l y

in v i e w  of the re c e n t  r e p o r t s  on the c h a r a c t e r i z a t i o n  of

the r e l e a s e  f a c t o r s  ( C a s k e y  ê t a_l . 19 6 8).

T h e  k i n e t i c s  of l a b e l i n g  of e l u t i o n  r e g i o n  2 RNA,

and the other s t a b l e  s R N A  and rRNA s p e c i e s  was n e x t  e x a m i n e d
3

by i n t r o d u c i n g  H u r a c i l  to an e x p o n e n t i a l l y  g r o w i n g
14

" f r a g i l e "  c u l t u r e  a l r e a d y  l a b e l e d  wi t h  C u r a c i l  for 2
3

g e n e r a t i o n s ,  an d  o b s e r v i n g  the flow of H label into the
14

v a r i o u s  s t a b l e  ( C) R N A  sp e c i e s .  E l u t i o n  r e g i o n  2 R N A  was 

s h o w n  to be the most r a p i d l y  l a b e l e d  s p e c i e s  of RNA, wi t h  

its rate of s y n t h e s i s  e x c e e d i n g  that of all of the ot h e r  

RNAs ov e r  an 8 m i n u t e  l a b e l i n g  period. It is t h e r e f o r e  

c o n c l u d e d  that e l u t i o n  r e g i o n  2 R N A  is not a d e g r a d a t i o n  

p r o d u c t  of rRNA.

A l t h o u g h  no d e f i n i t e  p r e c u r s o r / p r o d u c t  r e l a t i o n s h i p  

can be e s t a b l i s h e d  for e l u t i o n  r e g i o n  2 RNA and the rRNAs, 

it has b e e n  s u g g e s t e d  that this R N A  ( e l u t i o n  r e g i o n  2) is 

a p r e c u r s o r  to rRNA. This c o n c l u s i o n  1 b b a s e d  on two lines 

of e v i d e n c e ;  the rapid rate of l a b e l i n g  o b s e r v e d  for e l u ­

tion r e g i o n  2, and the d a t a  ( C h a p t e r  2) w h i c h  s u g g e s t  that 

it is a c y t o p l a s m i c  RNA.

H o w e v e r  the p o s s i b i l i t y  of e l u t i o n  r e g i o n  2 RNA b e i n g  

a s t a b l e  m R N A  was not r u l e d  out by these e x p e r i m e n t s .
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P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  of the sRNA s p e c i e s  

i s o l a t e d  from the " f r a g i l e "  cells s h o w e d  that th e s e  RNAs 

are h o m o g e n e o u s ,  and h a v e  the same e l e c t r o p h o r e t i c  m o b i l i ­

ties as their c o u n t e r p a r t s  i s o l a t e d  from u n l a b e l e d  cells, 

g r o w n  un d e r  d i f f e r e n t  c u l t u r e  c o n d i t i o n s .
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The d e t e c t i o n  of e l u t i o n  r e g i o n  2 RN A  in s R N A  p r e p a r a ­

ti o n s  i s o l a t e d  fr o m  u n i n f e c t e d  S. coli c e l l s ,  has a d d e d  yet 

a n o t h e r  RN A  to the list of low m o l e c u l a r  w e i g h t  RN A  m o l e ­

cu l e s  p r e s e n t  in this o r g a n i s m .  The list a l r e a d y  i n c l u d e s  

5s RNA, and 4s RNA, b o t h  s t a b l e  s p e c i e s  w h i c h  h a v e  b e e n  

e x t e n s i v e l y  s t u d i e d .  S i n c e  5s and 4s RNA h a v e  b e e n  s h o w n  

to be i n t e g r a l  c o m p o n e n t s  of the t r a n s l a t i o n a l  m a c h i n e r y ,  

it is t e m p t i n g  to t h i n k  of e l u t i o n  r e g i o n  2 R N A  as a n o t h e r  

m o l e c u l e  w h i c h  p a r t i c i p a t e s  in the t r a n s l a t i o n a l  p r o c e s s .

Th e  s t u d i e s  r e p o r t e d  in this t h e s i s  ha v e  c l e a r l y  

e s t a b l i s h e d  the h o m o g e n e i t y ,  and u n i q u e n e s s  of t h i s  m o l e ­

cule, and in a d d i t i o n ,  h a v e  s h o w n  that e l u t i o n  r e g i o n  2 

R H A  is a s t a b l e  s p e c i e s .

G e l  f i l t r a t i o n  a n a l y s i s  ( S e p h a d e x  G 100), and p o l y ­

a c r y l a m i d e  ge l  e l e c t r o p h o r e s i s  h a v e  b o t h  s h o w n  that e l u t i o n  

r e g i o n  2 R N A  is I s o l a t e d  in its e n t i r e t y  f r o m  the s u p e r ­

n a t a n t  c e l l u l a r  f r a c t i o n .  T h i s  R N A  is e a s i l y  p u r i f i e d  by 

S e p h a d e x  G 100 r e c h r o m a t o g r a p h y ; it m i g r a t e s  as a d i s c r e t e ,  

h o m o g e n e o u s  b a n d  on p o l y a c r y l a m i d e  gels; and has a b a s e  

c o m p o s i t i o n  w h i c h  is d i s t i n c t l y  d i f f e r e n t  f r o m  that of the 

o t h e r  E. c o l i  RNAs. E l u t i o n  r e g i o n  2 RN A  has n m o l e c u l a r  

w e i g h t  of 5 4 , 4 4 0  d a l t o n s  (chain l e n g t h  of 142 to 148- 10%), 

b e a r s  a 5 ' p h o s p h o r y l a t e d  end, and a 3' h y d r o x y l a t e d  end
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of uri d i n e ,  and does not c o n t a i n  any m i n o r  n u c l e o t i d e s .

P h y s i c a l  s t u d i e s  d e s i g n e d  to probe the s e c o n d a r y  

s t r u c t u r e  of the m o l e c u l e ,  have shown that like 5s RNA, 60% 

of the m o l e c u l e  is in the h e l i c a l  c o n f o r m a t i o n .  The he l i c e s  

h o w e v e r ,  d i s p l a y  a g r e a t e r  s t a b i l i t y  to heat d e n a t u r a t i o n  

(Tm 6 4.4°C) than the h e l i c e s  p resent in 5s RNA (Tm 5 4 .0°C). 

T h e s e  r e s u l t s  s u g g e s t  a c o m p l e t e l y  d i f f e r e n t  d i s t r i b u t i o n  

of the h e l i c a l  r e g i o n s  w i t h i n  the two m o l e c u l e s ,  wi t h  the 

h e l i c e s  in e l u t i o n  r e g i o n  2 RNA d i f f e r i n g  from those of 

5s RNA ei t h e r  in length, or s t a b i l i t y  of the base pairs, 

or both.

E l u t i o n  r e g i o n  2 RNA does not p o s s e s s  the a h i l i t y  to 

p a r t i c i p a t e  in the a m i n o  acid a c t i v a t i o n ,  or c h a i n  t e r m i n ­

a t i o n  e v e n t s  of p r o t e i n  s y n t h e s i s .

The r e s u l t s  of k i n e t i c  e x p e r i m e n t s  have s h o w n  that 

the rate of s y n t h e s i s  of e l u t i o n  re g i o n  2 RNA e x c e e d s  that 

of the o t h e r  s R N A  and r R N A  s p e c i e s  over an 8 m i n u t e  l a b e l i n g  

period. This is a clear i n d i c a t i o n  that e l u t i o n  r e g i o n  2 

RN A  is not a d e g r a d a t i o n  p r o d u c t  of the r i b o s o m a l  RNAs.

Si n c e  the r a p i d l y  l a b e l e d  RNA in E. coli has been 

s h o w n  to be e i t h e r  r i b o s o m a l  p r e c u r s o r  RNA (70%), or m R N A  

(30%) (Pigott and M i d g l e y ,  1968), it is quite p o s s i b l e  that 

e l u t i o n  r e g i o n  2 R N A  co u l d  be a me m b e r  of one of these 

g r o u p s  of RNA. If it is a m e s s e n g e r  RNA, then it w o u l d  be 

r e p r e s e n t a t i v e  of a type of m e s s e n g e r  w h i c h  has b e c o m e
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u n u s u a l l y  s t a b i l i z e d .  A l t e r n a t i v e l y ,  a s s u m i n g  it to be a 

r i b o s o m a l  p r e c u r s o r  RNA, then it seems that the p r o c e s s e s  

i n v o l v e d  in the s y n t h e s i s  of m a t u r e  r R N A  m o l e c u l e s  in 

E. coli are d i f f e r e n t  from those o p e r a t i n g  in m a m m a l i a n  

cells. The t r a n s i t i o n  from p r e c u r s o r  to m a t u r e  form of 

r i b o s o m a l  RNA in E. coli w o u l d  t h e r e f o r e  i n v o l v e  the e x t e n ­

sion of a p r e c u r s o r  m o l e c u l e ,  r a t h e r  than the c l e a v a g e  of 

a la r g e r  mol e c u l e .



B I B L I O G R A P H Y



121

Ad e s n i k , 

Baev , A .

B a n e r j e e ,

B e k h o r , I

Be 1j a n s k 1

B e l j a n s k l

Blake, R .

B o e d t k e r  , 

Boed tker ,

B r e n n e r  ,

Bret scher 

B r i t t e n ,  

B r o w n  lee,

C a n n o n , M

M. and L e v i n t h a l ,  C. J o u r n a l  of M o l e c u l a r  B i o l o g y ,

46, 281, (1969).

A., V e n k s t e r n ,  T. V, M i r z a b e k o v ,  A. D., K r u t i l i n a ,

A. I., Li, L. and Ax elrod, V . D. M o l e c u l a r  B i o l o g y ,

1 , 7 54 , (1967) .

A. K., R e n s i n g ,  U. and A u g u s t ,  J. T. J o u r n a l  of 

M o l e c u l a r  B i o l o g y , 45, 181, (1969).

. , Rung, G. and B onner, J. J o u r n a l  of M o l e c u l a r  

B i o l o g y  . 39 , 351 , (1969).

, M, , F i s c h e r - F e r r a r o , C. and B o u r g a r e l ,  P.

E u r o p e a n  J o u r n a l  of B i o c h e m i s t r y , 4, 184, (1968).

, M and B o u r g a r e l ,  P. C R A c a d e m y  o f S c i e n c es 

P a r i s , 266, 845, (1968).

, F resco, J. R. and L a n g r i d g e ,  R. N a t u r e , 2 25 ,

32, (1970).

H. B i o c h e m i s t r y , 6, 2217, (1967).

H. and K e l l i n g ,  D. G. B i o c h e m i c a l  a n d B i o p h y s i c a l  

R e s e a r c h  C o m m u n i c a t i o n s , 29, 758, (1967).

S., S t r e t t o n ,  A. 0. W. and K a p l a n ,  S. N a t u r e , 206

992, (1965).

, M. S. J o u r n a l  of M o l e c u l a r  B i o l o g y , 34, 131, (1968)

J. and D a v i d s o n ,  E. S c i e n c e . 165, 349, (1969).

G., S anger, F. and Bar r e l l ,  B. N a t u r e  , 215 , 737 , 

(1967).

. and R i c h a r d s ,  E. G. B i o c h e m i c a l  J o u r n a l ,  103,

23c, (1967) .



122

Cantor, C 

Cap e c c h i , 

Caskey, C 

C h a u v u a u , 

C 1 a r k , 1 ,

Cohn, W .

Comb, D .,

D a h l b  erg,

Davis, B .

D i n g m a n ,  < 

Doty, P . ,

Dube, S , ]

P r o c e e d i n g s  of The n a t i o n a l  A c a d e m y  of S c i e n c e s  , 

59, 478, (1968).

M . P r o c e e d i n g s  of The N a t i o n a l  A c a d e m y  of 

S c i e n c e s , 58, 1144, (1967).

, T., T o m p k i n s ,  R., S c o l n i c k ,  E., Caryk, T. and

N i r e n b e r g ,  M. S c i e n c e , 162 , 135 , (1968).

J . , Moult1 , Y., R o u i l l e r ,  C. and S c h n e e b e l i ,  J.

J our n a 1 o f Cell B i o l o g y  , 12, 17, (1962).

C., D octor, B. P., Hol m e s ,  K. C., Klug, A., M a r k e r ,  

K. A., M orris, S. J. and Pa r a d i e s ,  H. H. N a t u r e ,

2 19, 1222 , ( 1 968 ).

K . Jo_u_r_n aJL_ of The A m e r i c a n  C h e m i c a l  S o c i e t y , 7 2,

1 4 7 1 , ( 19 50) .

Sarkar, N., De Vallet, J. and P i n z i n o ,  C. J o u r n a 1 

o_t_ M o l o c u 1 a r B i o l o g y  , 12, 509, (1965).

A . E . and Pea c o c k ,  A . C . F e d e r a t i o n  P r o c e e d i n g s  ,

29, 604, (1970).

J . A n n a l s  of The New York A c a d e m y  of S c i e n c e s ,

12 1 , 404 , ( 1964 ) .

and P e a c o c k ,  A. B i o c h e m i s t r y , 7, 659, (1968).

B o e d t k e r ,  H., F resco, J., H a s e l k o r n ,  R. and Litt, M. 

P r o c e e d i n g s  of The N a t i o n a l  A c a d e m y  of S c i e n c e s  ,

45, 482, (1959).

, M a r k e r ,  K. A., Clark, B, F. C. and Cory, S.

N a t u r e , 218, 232, (1968).



Dubin, D. T. and G u n a l p ,  A. B l o c h l m i c a  et B i o p h y s i c a  A c t a , 

134, 106, (1967).

D u d o c k ,  B. S., Katz, G., T a y l o r ,  E. K. and H o l l e y  R. W.

P r o c e e d i n g s  of The N a t i o n a l  A c a d e m y  of S c i e n c e s ,

62, 941, (1969).

E lson, D. B l o c h l m i c a  et B i o p h y s i c a  A c t a , 53, 232, (1961).

Fink, R., Cline, R., M c G a u g h e y ,  C. and Fink, K. A n a l y  t i c a 1 

C h e m i s t r y , 28, 4, (1956),

F orget, D. G. and W e i s s m a n ,  S. M. Ha ture , 213 , 878 , ( 1967 ).

Forget, B. G. and W e i s s m a n ,  S. M. S c i e n c e , 158, 1695, (1968)

F r a e n k e l - C o n r a t ,  H. B i o c h i m i c a  et B i o p h y s i c a  A c t a , 15,

307, (1954).

F r a n z e  de F e r n a n d e z ,  M. T., Eoy a n g ,  L. and A u g u s t ,  J. T.

N a t u r e  , 219 , 588 , (1968).

G a l i b e r t ,  F., L a r s e n ,  C. J., L e l o n g ,  J. and B o i r o n ,  M.

N a t u r e  , 207 , 1039 , ( 1965).

G a l i b e r t ,  F., L e l o n g ,  J., L a r s e n ,  C. and B oiron, M. J o u r n a l  

of M o l e c u l a r  B i o l o g y , 21, 385, (1966).

G a r d n e r ,  J. A. A. and H o a g l a n d ,  M. B. J o u r n a l  of B i o l o g i c a l  

C h e m i s t r y . 243, 10, (1968).

G o l d s t e i n ,  A . , K i r s c h b a u m ,  J. and Ro m a n ,  A. P r o c e e d i n g s  of

The N a t i o n a l  A c a d e m y  of S c i e n c e s , 54, 1669, (1965)

G o o d m a n ,  H. M., A b e l s o n ,  J., Landy, A., B r e n n e r ,  S. and 

Smith, J. D. N a t u r e , 217, 1019, (1968).

G o s w a m i ,  P., Barr, G. C. and M u n r o ,  H. N. B l o c h l m i c a  et 

B i o p h y s i c a  A c t a , 55, 408, (1962).



H e n d l e r ,  

H e n d l e r ,

H e n d l e r  ,

H I n d l e y , 

Hoag l a n d ,

Hodn et1 ,

Ho i l e y ,  R

Holley, R

H u a n g , R . 

H u a n g , R .

H u 1 1 in , T

K e 1 ly , R -

R . W . N a t u r e , 193, 821, (1962).

R. W. and Tani, J. B l o c h l m i c a  et B i o p h y s i c a  Ac t a

80, 294, (1964).

R. W., B a n f i e l d ,  W, G., Tani, J. and Kuff, E.

B l o c h l m i c a  et B i o p h y s i c a  A c t a , 80, 307, (1964).

J. J o u r n a l  of M o l e c u l a r  B i o l o g y , 30, 125, (1967)

M., Z a m e c n l c ,  P. and S t e p h e n s o n ,  M. B l o c h l m i c a

et B i o p h y s i c a  A c t a , 24, 215, (1957).

J. L. and Busch, H. J o u r n a l  of B i o l o g i c a l  

C h e m i s  t ry , 243 , 6334 , (1968).

. W., A p g a r ,  J., D o c t o r ,  B. P., F a r r o w ,  J., 

M a r i n i ,  M, and M e r r i l l ,  S. H. J o u r n a l  of 

B i o l o g i c a l  C h e m i s t r y , 236, 200, (1961).

. W., A p g a r ,  J., E v e r e t t ,  G. A., M a d i s o n ,  J. T.

M a r q u i s s e ,  M., M e r r i l l ,  S. H., P e n s w i c k ,  J. R. 

and Z a m i r ,  A. S c i e n c e , 147, 1462, (1965).

C. F e d e r a t i o n  P r o c e e d i n g s , 26, 1933, (1967).

and B onner, J. P r o c e e d i n g s  of The N a t i o n a l  

A c a d e m y  of S c i e n c e s , 54, 960, (1965).

. and B r e s k o w ,  G. E x p e r i m e n t a l  Ce l l  R e s e a r c h ,

11, 664, (1956).

B., G o u l d ,  J. L. and S i n s h e i m e r ,  R. L. J o u r n a l  

of M o l e c u l a r  B i o l o g y . 11, 56 2, (1965).



125

King, H. W. S. B l o c h l m i c a  et B i o p h y s i c a  A c t a , 134, 194,

(1967) .

King, H. W. and F i t s c h e n ,  W. Biochlntica et B i o p h y s i c a  A c t a , 

155, 32, (1968).

K i r t i k a r ,  D. and K a j i , A. J o u r n a l  of B i o l o g i c a l  C h e m i s t r y ,

243, 5345, (1968).

K night, E. and D a r n e l l ,  J. E. J o u r n a l  of M o l e c u l a r  B i o l o g y ,

28, 491, (1967).

L e v i t t ,  M. N a t u r e  , 224 , 759 , (1969).

Lewis, J. B. and Doty, P. N a t u r e  , 225, 510, (1970).

Lodish, H. F. and Z i n d e r ,  N. D. J o u r n a l  of M o l e c u l a r  

B i o l o g y , 19, 333, (19 66).

L o e n i n g ,  U. E. B i o c h e m i c a l  J o u r n a l , 102, 251, (1967).

Lunt, M. R. and S i n s h e i m e r ,  R. L. J o u r n a l  of M o l e c u l a r

B i o l o g y , 18, 541, (1966).

Me Carthy, g. and B r i t t e n ,  R. B i o p h y s i c a l  J o u r n a l , 2, 35, 

(1962) .

M a d i s o n ,  J. T. , E v e r e t t ,  G. A. and K u n g , H. S c i e n c e ,

153, 531, (1966).

M a i z e l ,  J. V. S c i e n c e  . 151, 988 , (1966).

M a n g i a r o t t i ,  G. and S c h 1 e s s i n g e r , D. Nat u r e , 211 , 761 , (1966).

M a n g i a r o t t i ,  G., A p i r i o n ,  D., S c h 1 e s s i n g e r  , D. and S i l e n g o ,

L. B i o c h e m i s t r y , 7, 456, (1968).

M a r c o t - Q u e i r o z , J., J u l i e n ,  J., R o s s e t ,  R. and M o n i e r ,  R.

Bull . Soc . Ch ltn. Biol . . 47 , 183 , (1965).



126

M a r k h a m ,  R. and Smith, J. D. B i o c h e m i c a l  J o u r n a l , 52,

558, (1952).

M i d g l e y ,  J. B l o c h l m i c a  et B i o p h y s i c a  A c t a , 61, 513, (1962).

N a k a m u r a ,  T. , P r e s t a y k o ,  A. W. and Busch, H. Jo u  r n a 1 o f 

B i o l o g i c a l  C h e m i s t r y , 243, 1368, (1968).

N i r e n b e r g ,  M. and Le d e r ,  P. S c i e n c e , 145, 1399, (1964).

Ohe, K. and W e i s s m a n ,  S. M. S c i e n c e , 167, 879, (1970).

O r n s t e i n ,  L. A n n a l s  of The N e w  Yo r k  A c a d e m y  of S c i e n c e s ,

121, 321, (1964).

Os a w a ,  S. , T a k a t a ,  K. a n d  Hotta, Y. B l o c h l m i c a  et B i o p h y s i c a  

A c t a , 28, 271, (1958).

Osawa, S. B i o c h i m i c a  et B i o p h y s i c a  A c t a , 42, 244, (1960).

Pene, J . , K n i g h t ,  E. and D a r n e l l ,  J. J o u r n a l  of M o l e c u l a r  

B i o l o g y , 33, 609, (1968).

P igott, G. H. and M i d g l e y ,  J. B i o c h e m i c a l  J o u r n a l , 110,

251, (1968).

R a a c k e ,  I. D. B i o c h e m i c a l  and B i o p h y s i c a l  R e s e a r c h  

C o m m u n  i c a t i o n s , 31 , 4 , (1968).

R a j B h a n d a r y ,  U. L., Chang, S. H., S tuart, A. F a u l k n e r ,  R.  D., 

H o s k i n s o n ,  R. M. and K h o r a n a ,  H. G. P r o c e e d  1 ng s 

of The N a t i o n a l  A c a d e m y  of S c i e n c e s , 57, 751, (1967).

Rein, A. and Penman, S. B i o c h i m i c a  et B i o p h y s i c a  A c t a ,

190 , 1 , (1969) .

R i c h a r d s ,  E. G., Coll, J. A. and G r a t z e r ,  W. B. A n a l y t i c a l  

B i o c h e m i s t r y , 12, 526, (1965).



127

R o s s e t , R. and H o n i e r ,  R. B l o c h l m i c a  et B i o p h y s i c a  A c t a  ,

68, 653, (1963).

R osset, R., M o n i e r ,  R. and J u l i e n ,  J. Bull. Soc . Chim. Biol.

46, 87, (1964).

Sanger, F., B r o w n l e e ,  G. G. and Bar r e l l ,  B. J o u r n a l  of 

M o l e c u l a r  B i o l o g y , 13, 373, (1965).

S c h e r r e r ,  K. and D a r n e l l ,  J. E. B i o c h e m i c a l  and B i o p h y s i c a l  

R e s e a r c h  C o m m u n i c a t i o n s , 11, 549, (1962).

S c h l e i c h ,  T. and G o l d s t e i n ,  J. P r o c e e d i n g s  of The N a t i o n a l  

A c a d e m y  of S c i e n c e s , 52, 744, (1964).

S c h l e i c h ,  T. and G o l d s t e i n ,  J. J o u r n a l  of M o l e c u l a r  

B i o l o g y , 15, 136, (1966).

S c h l e i c h ,  T. and G o l d s t e i n ,  J. S c i e n c e , 150, 1166, (1965).

S c h l e s s i n g e r ,  D. J o u r n a l  of M o l e c u l a r  B i o l o g y , 7, 569, (1963).

S c o l n i c k ,  E., T o m p k i n s ,  R., C a s k e y ,  T. and N i r e n b e r g ,  M.

P r o c e e d i n g s  of The N a t i o n a l  A c a d e m y  of S c i e n c e s  ,

61, 768, (1968).

S hapot, V. and Pitot, H. C. B i o c h i m i c a  et B i o p h y s i c a  A c t a ,

119, 37, (1966).

S oeiro, R . , Va u g h a n ,  J. R., W a r n e r ,  J. E. and D a r n e l l ,  J.

J o u r n a l  of Cell R e s e a r c h , 39, 112, (1968).

S p i e g e l m a n ,  S. Cold S p r i n g  H a r b o r  S y m p o s i u m  of Q u a n t a t a t l v e  

B i o l o g y , 26, 75, (1961).

S t a e h e l l n ,  M., R o g g , H., Ba g u l e y ,  B. C., G i n s b e r g ,  T. and

W e h r l i ,  W. N a t u r e . 219, 1363, (1968).



128

Ste v e n s ,  C. and R o s e n f e l d , A. B i o c h e m i s t r y , 5, 2714, (1966).

T a k a n a m l ,  M. J o u r n a l  of M o l e c u l a r  B i o l o g y , 23, 135, (1967).

Tani, J. and H e n d l e r ,  R. W. B i o c h i m i c a  et B i o p h y s i c a  A c t a ,

80, 279, (1964).

T u l e g e n o v a ,  L. S., R o d i o n o v a ,  N. P. and S h a p o t ,  V. S.

B i o c h e m l c a  et B i o p h y s i c a  A c t a , 166, 265, (1968).

W a t s o n ,  J. D. and Ralph, R. K. J o u r n a l  of M o l e c u l a r  

B i o l o g y , 22, 67, (1966).

W e i n b e r g ,  R. A. and P e n m a n ,  S. J o u r n a l  of M o l e c u l a r  

B i o l o g y  . 38, 289 , (1968).

W e i n b e r g ,  R. A. and P enman, S. B i o c h i m i c a  et B i o p h y s i c a  

Ac t a  , 190, 10 , (1969).

W i n s l o w ,  R. and L a z z a r i n i ,  R. J o u r n a l  of B i o l o g i c a l  

C h e m i s t r y  , 244 , 1128, (1969).

Yaniv, M. and B a r r e l l ,  B. G. N a t u r e , 222, 278, (1969).

Z achau, H., Acs, G. and L i p m a n n ,  F. P r o c e e d i n g s  of The 

N a t i o n a l  A c a d e m y  of S c i e n c e s , 44, 885, (1958).

Z a c h a u ,  H. G., D o t t i n g ,  D. and F e l d m a n ,  H. Z. P h y s i o l o g i c a l  

C h e m i s t r y , 347, 212, (1966).

Z a p i s e k ,  W . F., S a p o n a r a ,  A. G. and Enger, M. D. B i o c h e m i s t r y ,

8, 1170, (1969).

Z e h a v i - W i 1 1 n e r , T. and Comb, D. J o u r n a l  of M o l e c u l a r  

B i o l o g y  , 16 , 250 , (1966).


