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F i x a t i o n  o f  c o l i c i n  E3 t o  s e n s i t i v e  b a c t e r i a  i s  f o l l o w e d ,  a f t e r  a 
l a g  o f  2 t o  6 min, by t h e  r a p i d  deg rada t ion  o f  a l l  t he  RNA o f  t h e  
30s r ibosomal  s u b u n i t s ,  y i e l d i n g  a l a r g e  15.5s fragment and a s m a l l e r  
fragment, c o n t a i n i n g  t h e  3 I - t e r m i n a l  end o f  t h e  16s RNA. The smal l  
RNA fragment which was es t ima ted  t o  c o n s i s t  o f  about 52  n u c l e o t i d e s ,  
was r e t a i n e d  w i t h i n  t h e  30s s u b u n i t  i n  vivo and was subsequent ly  
recovered q u a n t i t a t i v e l y  w i t h o u t  apparent  f u r t h e r  deg rada t ion .  
t i c  s t u d i e s  o f  t h e  cleavage o f  16s RNA i n d i c a t e d  t h a t  t h i s  i s  t h e  
p r imary  and l e t h a l  e f f e c t  o f  c o l i c i n  E 3  and the  p r imary  cause o f  
t h e  observed i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  i n  vivo. Small amounts 
o f  an RNA fragment, a p p a r e n t l y  i d e n t i c a l  i n  s i z e  t o  t h e  smal l  E 3 -  
f ragment ,  were a l s o  i s o l a t e d  f rom 30s p a r t i c l e s  ob ta ined  f rom un- 
t r e a t e d  b a c t e r i a .  

Kine- 

1 I I NTRODUCT ION 

C o l i c i n s  i n i t i a l l y  b i n d  s p e c i f i c a l l y  t o  s u r f a c e  recep to rs  o f  s e n s i t i v e  b a c t e r i a  
and subsequent ly  promote changes i n  t h e  s y n t h e s i s  o r  s t r u c t u r e  o f  macromole- 
c u l e s  (c f  I ) .  As such they  a r e  u s e f u l  probes o f  t he  s t r u c t u r a l  o r g a n i z a t i o n  
o f  t h e  c e l l  membrane and i n  t h e  p resen t  s tudy we have con t inued  ou r  examina- 
t i o n  o f  t h e  i n t r a c e l l u l a r  consequences o f  E3 a c t i o n ,  i n  t h e  hope t h a t  u l t i m a t e -  
l y  t h i s  w i l l  a i d  t h e  unders tand ing  o f  t h e  col icin-membrane i n t e r a c t i o n  which 
i n i t i a l l y  precedes these e f f e c t s .  

Adsorp t i on  o f  c o l i c i n  E3 t o  t h e  c e l l  s u r f a c e  o f  s e n s i t i v e  b a c t e r i a  i s  f o l -  
lowed, a f t e r  a s h o r t  l ag ,  by complete suppress ion o f  p r o t e i n  syn thes i s  and c e l l  
death (2 ,3 ) .  I f  30s r ibosomal  p a r t i c l e s  a r e  subsequent ly  e x t r a c t e d  f rom t r e a t e d  
c e l l s  they a r e  found t o  be i n a c t i v e  i n  i n  v i t r o  p r o t e i n  s y n t h e s i s ,  a l t hough  
50s subun i t s  and cy top lasmic  enzyme f r a c t i o n s  a r e  f u l l y  a c t i v e  ( 4 ) .  Examina- 
t i o n  o f  these E3-30S subun i t s  revea ls  t h a t  t h e  16s RNA component i s  degraded 
by cleavage o f  t h e  molecule c l o s e  t o  t h e  3 I - te rm inus  ( 5 , 6 ) .  I n  a d d i t i o n ,  r i -  
bosomal r e c o n s t i t u t i o n  experiments have shown t h a t  t h e  r e s i d u a l  RNA and n o t  
t h e  30s subun i t  p r o t e i n  i s  assoc ia ted  w i t h  the  i n c a p a c i t y  o f  t h e  E3-30S pa r -  
t i c l e s  t o  f u n c t i o n  i n  v i t r o  (6 ) .  

We have now examined t h e  k i n e t i c s  o f  t he  f ragmen ta t i on  o f  16s RNA promoted 
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by c o l i c i n  E3 i n  an a t tempt  t o  e s t a b l i s h  whether t h i s  event  i s  a p r imary  e f f e c t  
o f  E 3  and t h e r e f o r e  t h e  cause o f  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  i n  vivo. 

2 ,  METHODS 

(a) Organisms 

Escherichia coZi CA38 was t h e  source o f  c o l i c i n  E3 .  E. c o l i  A 1 9  (met- 
RNase-I-) was used as t h e  c o l i c i n - s e n s i t i v e  s t r a i n .  
growth c o n d i t i o n s  have been desc r ibed  p r e v i o u s l y  ( 3 ) .  C o l i c i n  E 3  was used i n  
t h e  fo rm o f  t he  c rude  s t e r i l i z e d  supernatant  f r a c t i o n  r e s u l t i n g  f rom e i t h e r  
heat  shock o r  mitomycin-C i n d u c t i o n  o f  c u l t u r e s  o f  s t r a i n  CA38.  
and assay o f  t h i s  m a t e r i a l  was desc r ibed  p r e v i o u s l y  ( 3 ) .  

The s t r a i n s  and t h e  genera l  

The p r o d u c t i o n  

(b)  Growth conditions and treatment with co l ic in  E3 

S t r a i n  A 1 9  was grown w i t h  v igo rous  a e r a t i o n  i n  2 - l i t e r  f l a s k s  c o n t a i n i n g  
1.7 l i t e r s  o f  1 %  t r y p t o n e  b r o t h  (Oxoid) and 0.5% sodium c h l o r i d e .  C o l i c i n  E3 
was added a t  a f i n a l  c o n c e n t r a t i o n  of 50 u n i t s  p e r  m l  when the  c u l t u r e  reached 
a c e l l  d e n s i t y  o f  2 x 10' c e l l s  pe r  m l .  
c e l l s  a r e  k i l l e d  i n  15 min and t h e  mo lecu la r  m u l t i p l i c i t y  o f  c o l i c i n  E 3  i s  ap- 
p r o x i m a t e l y  2,500 molecules pe r  c e l l  ( 7 ) .  

Under these c o n d i t i o n s  99.9% o f  t h e  

( c )  Amino acid incorporation 

I n  o r d e r  t o  determine amino a c i d  i n c o r p o r a t i o n  i n  l a r g e - s c a l e  c u l t u r e s ,  
15 m l  volumes o f  c o l i c i n - t r e a t e d  o r  u n t r e a t e d  c e l l s  were removed and added t o  
f l a s k s  c o n t a i n i n g  8 pCi o f  13H] leuc ine  ( f i n a l  s p e c i f i c  a c t i v i t y  0.1 pCi pe r  
1-19 o f  c o l d  l e u c i n e  pe r  m l ) .  Dur ing  subsequent i n c u b a t i o n  a t  37",  1 m l  samples 
were removed a t  i n t e r v a l s  and mixed w i t h  1 m l  o f  i c e - c o l d  10% t r i c h l o r o a c e t i c  
a c i d  (TCA). A f t e r  s to rage  f o r  60 min on i c e  t h e  a c i d - p r e c i p i t a b l e  m a t e r i a l  
was c o l l e c t e d  by f i l t r a t i o n  and t h e  r a d i o a c t i v e  con ten t  determined i n  a Packard 
t r i -ca rb  s c i  n t  i 1 1 a t  i o n  coun te r .  

(d)  IsoZation of ribosoma2 subunits 

Samples, 250 m l ,  were taken a t  i n t e r v a l s  f rom c o n t r o l  o r  E3 - t rea ted  c u l -  
t u r e s  o f  s t r a i n  A 1 9  growing a t  37" and immediate ly  poured o n t o  I 5 0  m l  o f  crushed 
i c e  c o n t a i n i n g  sodium a z i d e  M )  a t  -20". Dur ing  t h i s  procedure t h e  mix-  
t u r e  was a g i t a t e d .  Coo l i ng  by t h i s  method was ex t reme ly  r a p i d ,  t h e  m i x t u r e  
reach ing  t h e  i c e  water  temperature i n  1 t o  1 . 5  min. A f t e r  h a r v e s t i n g  t h e  c e l l s  
by c e n t r i f u g a t i o n  a t  0" f o r  5 min a t  10,000 x g, t h e  c e l l s  were washed i n  100 
m l  o f  TA b u f f e r  (0.01 M Tr is-HC1,  0.05 M ammonium c h l o r i d e ,  pH 7.2) c o n t a i n i n g  

and son ica ted  a t  4" f o r  2 min i n  b u r s t s  o f  1 min w i t h  r e s t s  o f  30 sec. The 
son ica ted  suspensions were c l a r i f i e d  by c e n t r i f u g a t i o n  a t  0" f o r  5 min a t  10,000 
x g and t h e  supernatant  f r a c t i o n  c a r e f u l l y  removed and s t o r e d  a t  -20" f o r  1 
t o  2 h r  p r i o r  t o  l a y e r i n g  on 36 m l ,  5 t o  30% l i n e a r  sucrose g r a d i e n t s .  Sucrose 
was prepared i n  TA b u f f e r  c o n t a i n i n g  M magnesium s u l f a t e .  The g r a d i e n t s  
were c e n t r i f u g e d  i n  a Beckman L2-658 u l t r a c e n t r i f u g e  i n  an SW27 r o t o r  a t  3 "  
f o r  I 6  h r  and a t  20,000 rpm. The g r a d i e n t s  were analyzed w i t h  an l s c o  180 UV 
ana lyze r  a t  254 nm and t h e  f r a c t i o n s  c o n t a i n i n g  t h e  30s and 50s s u b u n i t s  were 
c a r e f u l l y  c o l l e c t e d  a v o i d i n g  con tamina t ion  o f  e i t h e r  f r a c t i o n  w i t h  t h e  o t h e r .  
Under these c o n d i t i o n s  no r e s i d u a l  70s p a r t i c l e s  were e v i d e n t ,  and thus  essen- 
t i a l l y  a l l  c e l l u l a r  ribosomes were conver ted  t o  s u b u n i t s .  F requen t l y  t h e  c o l -  
l e c t e d  subun i t s  were then sub jec ted  t o  a f u r t h e r  c y c l e  o f  sucrose d e n s i t y  g ra -  
d i e n t  c e n t r i f u g a t i o n  t o  ensure p u r i t y .  The f r a c t i o n s  c o n t a i n i n g  30s s u b u n i t s  
were c o l l e c t e d  i n  g l a s s  c e n t r i f u g e  tubes, t o  which were added 0.1 volume o f  

M magnesium s u l f a t e .  The c e l l s  were suspended i n  1.5 m l  o f  t h i s  b u f f e r  
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0.1 M magnesium a c e t a t e  and 0.7 volume o f  a b s o l u t e  e thano l  a t  -20". A f t e r  t ho -  
rough m i x i n g ,  t h e  tubes were s t o r e d  a t  -20" f o r  a t  l e a s t  30 min. The p r e c i p i -  
t a t e d  r ibosomal subun i t s  were c o l l e c t e d  by c e n t r i f u g a t i o n  a t  - 5 "  f o r  20 min a t  
20,000 x g, t h e  p e l l e t  d ra ined  and RNA e x t r a c t e d .  

(e) RNA extraction 

The 30s r ibosomal  p e l l e t  was suspended i n  0.9 m l  o f  TA b u f f e r  c o n t a i n i n g  
l o - *  M magnesium s u l f a t e  and shaken f o r  5 min a t  room temperature w i t h  0.1 m l  
10% (w/v) sodium dodecyl s u l f a t e .  RNA was e x t r a c t e d  a t  4" by shaking w i t h  wa te r -  
s a t u r a t e d  phenol and p r e c i p i t a t e d  f rom t h e  aqueous f r a c t i o n  w i t h  2 volumes o f  
e thano l  and potass ium a c e t a t e ,  f i n a l  c o n c e n t r a t i o n  0.2 M ,  f o r  30 min a t  -20" .  
The p r e c i p i t a t e  was c o l l e c t e d  by c e n t r i f u g a t i o n  a t  - 5 "  f o r  20 min a t  20,000 x 
g .  RNA was s i m i l a r l y  e x t r a c t e d  f rom 50s r ibosomal  subun i t s  i n  o r d e r  t o  o b t a i n  
a source o f  5s RNA f o r  mo lecu la r  we igh t  d e t e r m i n a t i o n s .  

( f )  PoZyacryZamide gel electrophoresis 

Gels 10 cm i n  l e n g t h  composed o f  3.5% (w/v) acry lamide,  0.09% (w/v) methy- 
lene b i s  ac ry lam ide  and 0.5% (w/v) agarose were made i n  t h e  Tris-EDTA b o r a t e  
b u f f e r  (pH 8 .3)  o f  Peacock and Dingman ( 8 ) .  The RNA p r e p a r a t i o n s  were d i s s o l v e d  
i n  a m i x t u r e  o f  2 mM d isodium EDTA, 50 mM sodium c h l o r i d e  and 30% sucrose; 0.025 
t o  0.04 m l  was then c a r e f u l l y  a p p l i e d  t o  t h e  g e l s .  A f t e r  60 min e l e c t r o p h o r e s i s  
a t  4" a t  a cons tan t  v o l t a g e  o f  150 v o l t s ,  t h e  g e l s  were removed f rom the  tubes, 
r i n s e d  i n  d i s t i l l e d  water  and scanned i n  a G i l f o r d  ge l  scanner a t  260 nm. Con- 
t r o l  exper iments e s t a b l i s h e d  t h a t  t he  r e l a t i o n s h i p  between a b s o r p t i o n  and amount 
o f  RNA p resen t  on g e l s  was e s s e n t i a l l y  l i n e a r  over  t h e  range o f  RNA concentra-  
t i o n s  encountered. The amount o f  t he  smal l  fragment RNA species was then c a l -  
c u l a t e d  f rom t h e  areas under the  peaks. For mo lecu la r  weight  de te rm ina t ions  
o f  smal l  RNA species,  12.5 o r  15% (w/v) g e l s  were used and agarose o m i t t e d .  
These samples were e lec t rophoresed  a t  4" f o r  3 t o  4 h r  a t  a cons tan t  v o l t a g e  
o f  250 v o l t s  b e f o r e  scanning a t  260 nm. When necessary, g e l s  were then s t a i n e d  
a f t e r  a 10 min r i n s e  i n  6% (v / v )  a c e t i c  a c i d  a t  37" by immersion f o r  a t  l e a s t  
60 min i n  0.2% (w/v) methylene b l u e  i n  0.2 M sodium a c e t a t e  and 0.2 M a c e t i c  
a c i d .  Excess s t a i n  was removed by thorough washing w i t h  seve ra l  changes o f  
d i s t i l l e d  wa te r .  

3, RESULTS 

(a) Measurements of 16s RNA cleavage 

We have p r e v i o u s l y  shown (5) t h a t  t he  l a r g e  fragment RNA (ca 15 .5s)  ob- 
t a i n e d  f rom E3-30S subun i t s  i s  separable f rom normal 16s RNA on sucrose gra-  
d i e n t s .  R e s o l u t i o n  o f  t h e  2 spec ies i s  d i f f i c u l t ,  however; and at tempts were 
made t o  separate the  2 types o f  RNA on 3% po lyac ry lam ide  g e l s  by the method o f  
Peacock and Dingman ( 8 ) .  Separa t i on  by t h i s  technique a l s o  proved t o  be d i f -  
f i c u l t  and as shown i n  F i g .  1 ,  r e s o l u t i o n  was poor even when approx ima te l y  e- 
qual  amounts o f  16s and 15s RNA were p resen t .  Never the less F i g .  l shows t h a t  
when 30s r ibosomal RNA i s  e x t r a c t e d  a t  i n t e r v a l s  f rom E3- t rea ted  c u l t u r e s  t h e r e  
i s  a r a p i d  convers ion  o f  165 t o  15.5s RNA a t  some p o i n t  between 3 and 10 min 
a f t e r  a d d i t i o n  o f  c o l i c i n .  Since p r o t e i n  s y n t h e s i s  was comp le te l y  i n h i b i t e d  
by 9 t o  12 min under these c o n d i t i o n s ,  RNA deg rada t ion  was e v i d e n t l y  c l o s e l y  
assoc ia ted  w i t h  c e s s a t i o n  o f  p r o t e i n  s y n t h e s i s .  

ment produced i n  t r e a t e d  c u l t u r e s  f rom 16s RNA, as an a l t e r n a t i v e  and perhaps 
a more'precise measure o f  c o l i c i n  a c t i o n .  
u n i t s  per  l o7  c e l l s )  f o r  10 min; t h e  c u l t u r e  was r a p i d l y  cooled,  and 30s pa r -  
t i c l e s  e x t r a c t e d  and p u r i f i e d  as desc r ibed  i n  Methods. F i n a l l y  t h e  t o t a l  RNA 

A t t e n t i o n  was then tu rned  t o  t h e  d e t e c t i o n  o f  t he  smal l  3 ' - t e r m i n a l  f r a g -  

S t r a i n  A 1 9  was t r e a t e d  w i t h  E3 (2.5 
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F ig .  1. Degradat ion o f  16s RNA i n  E3 - t rea ted  c u l t u r e s .  S t r a i n  
A 1 9  growing e x p b n e n t i a l l y  i n  t r y p t o n e  b r o t h  was t r e a t e d  w i t h  c o l i c i n  
E3 (2.5 u n i t s  pe r  lo7 c e l l s )  a t  t i m e  zero.  
i n t e r v a l s  and RNA e x t r a c t e d  f rom i s o l a t e d  30s ribosomes as desc r ibed  
i n  Methods. C o n t r o l  165 and E3-RNA were e lec t rophoresed  i n  3% p o l y -  
ac ry lam ide  g e l s  c o n t a i n i n g  0.1% agarose and t h e  g e l s  scanned a t  
260 nm. Shown a r e  t r a c i n g s  o f  t h e  main peaks observed. (a) 20 ug 
16s RNA f rom u n t r e a t e d  c u l t u r e s ;  (b)  20 pg RNA f rom c u l t u r e s  t r e a t e d  
w i t h  E 3  f o r  3 min;  ( c )  20 ug "16s" RNA f rom c u l t u r e s  t r e a t e d  w i t h  
E 3  f o r  10 min; (d)  10 pg c o n t r o l  165 RNA and 10 ug  o f  E3-RNA as i n  

Samples were removed a t  

( c ) .  

was e x t r a c t e d  and analyzed on 15 and 12.5% po lyac ry lam ide  g e l s  t o g e t h e r  w i t h  
5s and u n f r a c t i o n a t e d  4s RNA as markers. The r e s u l t s  a r e  shown i n  F i g .  2a where 
t h e  RNA ob ta ined  f rom t h e  E3-30s p a r t i c l e s  i s  seen as an a p p a r e n t l y  homogeneous 
band moving f a s t e r  t han  4s t R N A .  
marker RNA molecules (F ig .  2b) and assuming a l i n e a r  r e l a t i o n s h i p  between l o g  
mo lecu la r  we igh t  and r e l a t i v e  m o b i l i t y ,  t h e  mo lecu la r  we igh t  o f  t h e  E3 fragment 
was c a l c u l a t e d  t o  be 1.74 x l o 4  d a l t o n s  and t h e r e f o r e  e q u i v a l e n t  t o  about 52 
n u c l e o t i d e s .  T h i s  agrees w e l l  w i t h  t h e  e s t i m a t i o n  o f  50 n u c l e o t i d e s  f o r  t h e  
3 I - t e r m i n a l  fragment by Bowman et aZ. (6 ) .  Consequently, a f t e r  c leavage o f  a l l  
c e l l u l a r  16s RNA, t h e  3 I - t e r m i n a l  f ragment ,  assuming i t  i s  n o t  f u r t h e r  degraded, 
should c o n s t i t u t e  3.3% o f  t h e  t o t a l  30s s u b u n i t  RNA. 

From t h e  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  o f  t h e  

(b)  Kinetics of small fragment RNA formation in E3-treated ceZZs 

E x p o n e n t i a l l y  growing c u l t u r e s  o f  s t r a i n  A 1 9  i n  t r y p t o n e  b r o t h  medium were 
t r e a t e d  w i t h  E3 (2.5 u n i t s  pe r  lo7 c e l l s )  and i n c o r p o r a t i o n  o f  [ 3 H ] l e u c i n e  de- 
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I I 
I I u : u . :  -A 

03 04 *5 06 07 08 *9 
MOBILITY RELATIVE TO EROMPHENOL BLUE 

F i g .  2. Mo lecu la r  we igh t  d e t e r m i n a t i o n  o f  t he  small  E3-RNA 
fragment. C u l t u r e s  t r e a t e d  w i t h  E 3  f o r  10 min as i n  F ig .  1 .  Ap- 
p r o x i m a t e l y  300 ug t o t a l  30s r ibosomal  RNA f rom E3- t rea ted  c e l l s  
was mixed w i t h  equal  amounts o f  50s r ibosomal  RNA (source o f  5s  
RNA) and u n f r a c t i o n a t e d  4s-RNA and a p p l i e d  t o  15% and 12.5% p o l y -  
ac ry lam ide  g e l s .  (a) Appearance o f  a p o r t i o n  o f  a 15% g e l  a f t e r  
s t a i n i n g  w i t h  methylene b l u e ;  e l e c t r o p h o r e s i s  was f rom l e f t  t o  
r i g h t ;  (b) 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  o f  RNA spec ies  r e l a t i v e  t o  
bomophenol b l u e  was determined f rom uns ta ined  g e l s ;  15% g e l s , ~ ;  
12.5% g e l s ,  A .  
small E3-RNA fragment. 

The dashed l i n e s  i n d i c a t e  the  p o s i t i o n  o f  t h e  
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termined a t  i n t e r v a l s .  As shown i n  F i g .  3a i n c o r p o r a t i o n  i n i t i a l l y  con t inued  
no rma l l y  b u t  t hen  ceased between 4 and 7 min a f t e r  a d d i t i o n  of c o l i c i n .  
t he  same exper iment  a d d i t i o n a l  samples were removed a t  i n t e r v a l s ,  r a p i d l y  coo led  
and 30s subun i t s  e x t r a c t e d  and p u r i f i e d .  F i n a l l y  t o t a l  RNA was e x t r a c t e d  f rom 
t h e  30s p a r t i c l e s  and analyzed on 3.5% po lyac ry lam ide  g e l s .  The g e l s  were 
scanned a t  260 nm and t h e  amount o f  each RNA species p resen t  determined f rom 
t h e  areas under t h e  peaks. The r e s u l t s  a r e  p l o t t e d  i n  F i g .  3b and t h e  appear- 
ance o f  t h e  same g e l s  l a t e r  s t a i n e d  w i t h  methylene b l u e  i s  shown i n  F i g .  4. 
Between 2 and 3 min a f t e r  a d d i t i o n  o f  c o l i c i n  t h e  amount o f  E3 fragment RNA 
i s  seen t o  i nc rease  r a p i d l y  reach ing  a maximum a f t e r  about  20 min a t  a p p r o x i -  
ma te l y  4% o f  t h e  t o t a l  30s s u b u n i t  RNA. Th i s  i n d i c a t e s ,  as expected, t h a t  t h e  
i n t r a c e l l u l a r  conve rs ion  o f  16s RNA t o  t h e  fragmented form i s  l a r g e l y  complete 
and t h a t  t h e  smal l  3 ' - t e r m i n a l  fragment i s  be ing  recovered f rom i s o l a t e d  30s 
p a r t i c l e s  w i t h o u t  much loss o r  f u r t h e r  deg rada t ion .  

c a t e  t h a t  16s-RNA degrada t ion  i s  a p r imary  e f f e c t  of c o l i c i n  E3 and t h a t  i t  
c l o s e l y  p a r a l l e l s  t h e  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s .  I n  f a c t ,  F i g .  3b i n -  
d i c a t e s  t h a t  t h e  i n i t i a t i o n  o f  16s RNA c leavage may precede i n h i b i t i o n  o f  p ro -  
t e i n  s y n t h e s i s  by 1 t o  2 min.  Th is  r e s u l t  has been ob ta ined  i n  repeated ex- 
per iments and i s  a l s o  e v i d e n t  i n  F i g .  5.  P o s s i b l e  i n t e r p r e t a t i o n s  o f  t h i s  
f i n d i n g  w i l l  be considered i n  the D iscuss ion .  F i n a l l y ,  as shown i n  F i g .  3b 
and as found i n  t h e  m a j o r i t y  o f  s i m i l a r  exper iments,  s i g n i f i c a n t  l e v e l s  o f  smal l  
mo lecu la r  we igh t  RNA was a l s o  found i n  30s s u b u n i t s  f r o m  u n t r e a t e d  c u l t u r e s .  
The p o s s i b l e  s i g n i f i c a n c e  o f  t h i s  w i l l  a l s o  be d iscussed.  

I n  

The k i n e t i c s  o f  t h e  appearance o f  t h e  smal l  fragment RNA t h e r e f o r e  i n d i -  

( c )  Kinetics of smaZZ fragment RNA formation 
induced by low concentrations of E3 

The t i m i n g  o f  t h e  onset o f  p r o t e i n  s y n t h e s i s  i n h i b i t i o n  induced by E 3  i s  
a f u n c t i o n  o f  t h e  c o l i c i n  c o n c e n t r a t i o n  ( 3 ) .  Thus, as shown i n  F i g .  5a, cu l -  
t u r e s  t r e a t e d  w i t h  o n l y  0.5 u n i t s  E3 pe r  l o 7  c e l l s  c o n t i n u e  t o  i n c o r p o r a t e  
[ 3 H ] l e u c i n e  f o r  a t  l e a s t  7 min b e f o r e  t h e  r a t e  slows and i n h i b i t i o n  i s  complete 
about 13 min a f t e r  a d d i t i o n  o f  c o l i c i n .  Under these  c o n d i t i o n s  t h e  appearance 
o f  increased amounts o f  t h e  smal l  fragment i n  30s subun i t s  was a l s o  delayed 
u n t i l  between 5 and 10 min a f t e r  a d d i t i o n  of c o l i c i n  when t h e  amount o f  t h e  
fragment a b r u p t l y  increased ( F i g .  5 b ) .  Thus t h e  t r i g g e r i n g  o f  165 RNA degra- 
d a t i o n  l i k e  t h e  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s ,  a process which i t  c l o s e l y  
p a r a l l e l s ,  i s  a l s o  E3-concen t ra t i on  dependent. 

4, DISCUSSION 
Both l a r g e  and smal l  RNA fragments can be e x t r a c t e d  f rom 30s r ibosomal 

p a r t i c l e s  i s o l a t e d  f rom E3- t rea ted  c e l l s .  The s m a l l e r  fragment i s  about  52 
n u c l e o t i d e s  l ong  and presumably c o n t a i n s  t h e  3 ' - t e r m i n a l  end o f  normal 16s RNA 
as found p r e v i o u s l y  by Bowman et aZ. ( 6 ) .  The k i n e t i c s  o f  t h e  f o r m a t i o n  o f  
t h i s  fragment i n d i c a t e  t h a t  t h e  s p e c i f i c  c leavage o f  16s RNA i s  a p r imary  e f -  
f e c t  o f  c o l i c i n  a c t i o n  on s e n s i t i v e  c e l l s  and t h e r e f o r e  the p robab le  cause o f  
p r o t e i n  s y n t h e s i s  i n h i b i t i o n  in vivo.  I n i t i a t i o n  o f  RNA deg rada t ion  was ob- 
served approx ima te l y  2 min and 6 min a f t e r  a d d i t i o n  o f  2.5 and 0.5 u n i t s  E 3  pe r  
l o 7  c e l l s  r e s p e c t i v e l y ;  these l a g  p e r i o d  correspond v e r y  c l o s e l y  t o  t h e  t ime  
d u r i n g  which t r e a t e d  c e l l s  a r e  rescueable by t r y p s i n  d i g e s t i o n  o f  t h e  s u r f a c e  
bound c o l i c i n  (Sen io r  and Ho l l and ,  i n  p r e p a r a t i o n ) .  Cleavage o f  t h e  16s RNA 
molecule i s  t h e r e f o r e  p robab ly  a l e t h a l  event .  

t he  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  i n  t h e  same c u l t u r e .  A l though g r e a t  c a r e  
was taken t o  ensure ve ry  r a p i d  c o o l i n g  i n  t h e  presence o f  sodium a z i d e  d u r i n g  
breakage o f  t r e a t e d  c e l l s ,  p r i o r  t o  i s o l a t i o n  o f  305 p a r t i c l e s ,  we cannot ex- 
c lude  t h e  p o s s i b i l i t y  t h a t  t he  i n i t i a t i o n  o f  c o l i c i n  a c t i o n  and the  cleavage 
of 16s RNA con t inued  1 t o  2 m i n  a f t e r  sampling. I n  t h i s  case t h e  appearance 

Fragmentat ion o f  16s RNA was u s u a l l y  observed t o  precede by 1 t o  2 min 
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5 10 15 20 25 
TIME AFTER E3 ADDITION (MIN) 

F i g .  3. K i n e t i c s  o f  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  and t h e  
appearance o f  t h e  smal l  RNA fragment. (a) I n c o r p o r a t i o n  o f  [ 3 H ] -  
l e u c i n e  (added a t  1.5 min) i n  c o n t r o l  c u l t u r e s  and c u l t u r e s  t r e a t e d  
w i t h  E 3  (2 .5  u n i t s  per  l o 7  c e l l s )  a t  zero;  (b) samples o f  t r e a t e d  
and u n t r e a t e d  c u l t u r e s  removed a t  i n t e r v a l s  and t o t a l  RNA e x t r a c t e d  
from p u r i f i e d  30s ribosomes. RNA was e lec t rophoresed  on 3.5% 
po lyac ry lam ide  g e l s  c o n t a i n i n g  0.5% agarose, and t h e  p r o p o r t i o n  o f  
each species p resen t  determined f rom the  areas under the  peaks 
a f t e r  scanning a t  260 nm. The amount o f  t h e  smal l  E3-fragment 
p resen t ,  expressed as a pe rcen t  o f  t o t a l  30s subun i t  RNA a p p l i e d  
t o  g e l ,  i s  p l o t t e d  a g a i n s t  time,.. Amount o f  smal l  mo lecu la r  
we igh t  RNA i n  un t rea ted  c u l t u r e s  i s  shown by 0. 
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F i g .  4 .  Appearance o f  3.5% 
ac ry lam ide  g e l s  used i n  F i g .  3 
a f t e r  s t a i n i n g  w i t h  methylene 
b lue .  
1 :  RWA f rom u n t r e a t e d  c o n t r o l  
2 :  E3 t rea tmen t  f o r  1.5 min 
3 :  E 3  f o r  3 m in  
4 :  E3 f o r  6 min 
5 :  E 3  f o r  12 min 
6:  E 3  f o r  22 min 
Gels 1 and 2 loaded w i t h  234 
pg RNA; g e l s  3 and 4 w i t h  
I65 pg RNA; g e l s  5 and 6 
w i t h  193 ug RNA. The n a t u r e  
o f  t h e  s t a i n e d  bands a t  t h e  
top  o f  t h e  g e l  i s  unknown, 
b u t  may rep resen t  p recu rso r  
16s RNA. 

o f  degraded 16s RNA a p p a r e n t l y  p r i o r  t o  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  may n o t  
be s i g n i f i c a n t .  A l t e r n a t i v e l y ,  30s subun i t s  r e c e i v i n g  a l e t h a l  f r a c t u r e  t o  
t h e  RNA component may neve r the less  be capable o f  comp le t i ng  nascent po lypep-  
t i d e  cha ins  and hence the  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  would be delayed. I n  
r e l a t i o n  t o  t h i s  we have p r e v i o u s l y  shown t h a t  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  

o f  p h y s i c a l  i n -  i n  E 3  t r e a t e d  c e l l s  i s  p r e c i s e l y  p a r a l l e l e d  by the  development 
s t a b i l i t y  o f  50-30s couples.  Fur thermore nascent po l ypep t ides  
s i v e l y  more i ncomp le te l y  chased f rom polysome f r a c t i o n s  ( 3 ) .  
suggest t h a t  t h e  3 ' - t e r m i n a l  end o f  16s RNA may be i n v o l v e d  i n  
o f  30 and 505 s u b u n i t s  and t h a t  f ragmen ta t i on  o f  16s RNA i n  t h  
b l o c k  t h e  normal p o l y p e p t i d e  t e r m i n a t i o n  mechanism, i f  n o t  t he  
tens ion  o f  DolvDeDtide chains.  T h i s  i n t e r D r e t a t i o n  demands t h  

become progres-  
hese r e s u l t s  
c o r r e c t  c o u p l i n g  
s r e g i o n  may 
con t i nued ex- 
t t h e  3 I - te rm inus  

o f  16s RNA be i o c a t e d  c l o s e  t o  i f  n o t  exposed on t h e  s u r f a c e  o f  t h e  30s sub- 
u n i t .  I n  suppor t  o f  t h i s ,  Ehresmann et al. (9)  have r e c e n t l y  found t h a t  a 3 ' -  
t e r m i n a l  fragment (40  n u c l e o t i d e s )  can be d e l e t e d  f rom 16s RNA by i n c u b a t i o n  
o f  30s s u b u n i t s  w i t h  TI-RNase in v i t ro .  I n  a d d i t i o n  Bowman e t  al. (6) r e p o r t e d  
t h a t  E 3 - 1 5 S  RNA p l u s  30s r ibosomal p r o t e i n s  can be assembled i n t o  a v i r t u a l l y  
i n t a c t  a l t hough  non- func t i ona l  30s p a r t i c l e ,  i n d i c a t i n g  t h a t  t h e  whole 16s 
RNA i s  n o t  r e q u i r e d  f o r  30s p a r t i c l e  assembly. 

f rom E3-30s p a r t i c l e s ,  i t  appears t h a t  e s s e n t i a l l y  a l l  165 RNA i s  conve r ted  t o  
From t h e  mo lecu la r  s i z e  and p r o p o r t i o n  o f  t h e  smal l  RNA fragment recovered 
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the 
f u l  
d a t  

fragmented fo rm i n  t h e  c e l l  and t h a t  t h e  smal l  3 ' - t e r m i n a l  p o r t i o n  can be 
y recovered f rom i s o l a t e d  30s p a r t i c l e s  w i t h  l i t t l e  i f  any a d d i t i o n a l  degra- 
on. Bowman e t  aZ. (6) r e p o r t e d  i n  c o n t r a s t  t h a t  most o f  t h e  smal l  f r a g -  

ment was l o s t  f rom the  30s p a r t i c l e  and'was p resen t  i n  t h e  c e l l  cy top lasm. 
The reason f o r  t h i s  d iscrepancy i s  n o t  c l e a r  except  t h a t  i n  t h e  p resen t  s tudy 
30s p a r t i c l e s  were always i s o l a t e d  a f t e r  r e l a t i v e l y  s h o r t  i n c u b a t i o n  t imes i n  
t h e  presence o f  E3.  

An i n t r i g u i n g  f e a t u r e  o f  t h i s  s tudy  was the  presence o f  smal l  amounts o f  
an RNA species,  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  equal t o  t h a t  o f  t h e  E 3  f r a g -  
ment, i n  30s subun i t s  f rom u n t r e a t e d  c u l t u r e s .  Bowman e t  al. (6) a l s o  repo r ted  
t h e  presence o f  sma l l ,  b u t  s i g n i f i c a n t ,  amounts o f  15.5s RNA i n  16s RNA pre-  
p a r a t i o n s  ob ta ined  f rom u n t r e a t e d  c u l t u r e s  and thus i t  seems p o s s i b l e  t h a t  a t  
l e a s t  some o f  t h e  30s p a r t i c l e s  i s o l a t e d  f rom normal c e l l s  c o n t a i n  fragmented 
16s RNA i d e n t i c a l  t o  t h a t  found i n  E3-30s p a r t i c l e s .  Such degraded molecules 
may e x i s t  in v i v o ,  o r  they  may a r i s e  d u r i n g  i s o l a t i o n .  F u r t h e r  s tudy  i s  r e -  
q u i r e d  t o  determine t h i s .  

Whi le  t h i s  work was i n  p r e p a r a t i o n  Boon (10) has r e p o r t e d  t h a t  p u r i f i e d  
E3 w i l l  f ragment t h e  RNA o f  t h e  305 r ibosomal s u b u n i t  i n  a comp le te l y  c e l l -  
f r e e  system. S i m i l a r  r e s u l t s  have been ob ta ined  by Bowman e t  aZ. ( 1 1 )  who 
have f u r t h e r  shown t h a t  t h i s  in v i t r o  r e a c t i o n  a l s o  c leaves 16s RNA c l o s e  t o  
t h e  3 ' - t e r m i n u s .  
o n l y  proceeds i n  whole ribosomes and n o t  w i t h  f r e e  16s RNA. The p o s s i b i l i t y  
remains t h e r e f o r e  t h a t  c o l i c i n  E3 i t s e l f  i s  n o t  a nuc lease b u t  t h a t  t he  i n t e r -  
a c t i o n  o f  t h i s  mo lecu le  w i t h  30s p a r t i c l e s  promotes t h e  re lease  o f  a ribosome- 
bound enzyme and t h a t  t h i s  enzyme i s  r e s p o n s i b l e  f o r  t he  degrada t ion  o f  a smal l  
f r a c t i o n  o f  t h e  16s RNA observed by us t o  be p resen t  i n  u n t r e a t e d  c e l l s .  Fur-  
t h e r  s tudy o f  t h e  E 3  d i r e c t e d  c leavage o f  165 RNA in v i t r o  should now revea l  
t h e  p r e c i s e  mechanism o f  t he  degrada t i ve  process.  

Both groups have found however t h a t  t h e  c leavage r e a c t i o n  

A.C.R. Samson and B.W. Sen 
o f  B e i t  Memorial Fe l l owsh ips .  
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