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Abstract:
The in vitro protein synthesizing system of T2, an unclassified gram-negative extremely thermophilic
bacteria, was investigated. The ribosomes of this organism are comparable to those of E. coli in
sedimentation constant. The incorporation of 14C-lysine was followed using a synthetic messenger,
polyadenylic acid. The optimal conditions for this incorporation of 14C-lysine have been determined.

This in vitro system has a temperature optimum for activity at 55°C. The level of incorporation of
14C-lysine with this system is similar to that of E. coli at 37°C. At higher temperatures, the Tg system
is much more efficient in synthesizing 14C-lysine peptides than the E. coli system. 
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ABSTRACT

The in  v i tro  p ro te in  s y n th e s iz in g  sy s te m  of TV,, an  u n c la s s i f ie d  
g ra m -n e g a t iv e  ex tre m e ly  th e rm o p h il ic  b a c t e r i a , w as  in v e s t ig a te d . .  The 
r ib o so m es  of th is  o rgan ism  a re  com parab le  to  th o se  of Tb co li  in  s e d i ­
m en ta t io n  c o n s ta n t .  The in c o rp o ra t io n  o f  -*-4C - ly s in e  w a s  fo llow ed  u s in g  
a  s y n th e t ic  m e s s e n g e r ,  p o ly a d e n y l ic  a c id .  The op tim al c o n d it io n s  for 
th is  in co rp o ra t io n  of l ^ C - l y s i n e  have b e e n  d e te rm in ed .

This in  v itro  sy s te m  has  a tem p e ra tu re  optimum for a c t iv i ty  a t  
5 5 ° C . The le v e l  of in c o rp o ra t io n  of - ^ C - I y s in e  w ith  th is  sy s te m  is  
s im ila r  to  th a t  of .E. c o l i  a t  3 7 ° C .  At h ig h e r  t e m p e r a tu r e s , th e  Tg sy s te m  
i s  much more e f f ic ie n t  in  s y n th e s iz in g  1^ C - Iy s in e  p e p t id e s  than  the  E . 
c o l i  s y s te m .



I INTRODUCTION

R eproduction  and  grow th  of l iv in g  o rgan ism s  a re  in f lu en c ed  by  a 

v a r ie ty  of e n v iro n m en ta l  f a c t o r s . ■ Tem pera ture  is  one o f  th e  e a s i e s t  

v a r ia b le s  to  m e a s u r e . The high tem p e ra tu re  env ironm en ts  ex em plif ied  by 

hot sp r in g s  in  Y e llow stone  N a t io n a l  Park , I c e la n d ,  New Z e a la n d ,  J a p a n ,  

and  R u ss ia  p rov ide  un ique  o p p o r tu n i t ie s  to  s tu d y  the  e f fe c t  of tem pera tu re  

on the  d is t r ib u t io n  and  m e tab o lism  of l iv in g  o r g a n is m s .

P ro ca ry o tic  o r g a n i s m s , su c h  a s  b lu e -g re e n  a lg a e  and  b a c t e r i a , 

in h a b i t  these , the rm a l s p r in g s .  The tem p e ra tu re  of th e  en v iro n m en t,  a s  

w e l l  a s  pH , s a l i n i t y ,  n u t r i e n t s ,  and  l ig h t  in te n s i ty  de te rm ine  w hich  

o rgan ism  w i l l  p o p u la te  a  g iv en  sp r in g .  Brock (I)  has  show n  th a t  the  

te m p e ra tu re  optimum for b lu e -g re e n  a lg a e  h a s  a  d e f in i te  upper  lim it of 

75 C . H o w ev er ,  b a c te r ia  c an  be found grow ing in  poo ls  in  Y ellow stone  

N ational.  Park w here  the  w a te r  is  a c tu a l ly  s u p e rh e a te d .

There a re  many th e o r ie s  to  e x p la in  the  e x is t e n c e  o f  o rgan ism s 

l iv in g  in  s u c h  ex trem e env ironm en ts  and  th e y  can  be d iv id ed  in to  two 

g e n e ra l  c a te g o r ie s  (2).

The f i r s t  c a te g o ry  co n ce rn s  th e  rep u te d  a b i l i ty  of th e  o rgan ism  to  

ra p id ly  r e s y n th e s iz e  an y  dam aged  com ponen t of the  c e l l  and  th e re fo re , 

rem ain  e s s e n t i a l l y  u n d a m a g e d . This g e n e ra l  theory  d o es  n o t  seem  to 

hold  s in c e  an  o rgan ism  grow ing a t  70°C  sh o u ld  th e o re t ic a l ly  be ab le  to  

s y n th e s iz e  c e l l u la r  com ponen ts  a t  a ra te  of 16 t im es  th a t  a t  3 0°C 

a s su m in g  a doub ling  of r e a c t io n  ra te  for ev e ry  10° r i s e  in tem p e ra tu re .  

This a c c e le r a t i o n  of l i fe  p r o c e s s e s  has  n e v e r  b een  s h o w n .
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The s e c o n d  g e n e ra l  c a te g o ry  in fe rs  th a t  the  c e l l u la r  com ponen ts  of 

a  th e rm o p h il ic  o rgan ism  a re  in h e re n t ly  more h e a t  s ta b le  th a n  th e  com ­

ponents ' o f  m e so p h i l ic  o rg a n is m s .  M o st  o f  the  work c o n ce rn in g  th is  

c a te g o ry  d e a l t  w ith  i s o la t io n  and  s tu d y  of c e l lu la r  c o m p o n e n ts .

G aughran  (3) p o s tu la te d  th a t  th e  co m p o si t io n  o f  l ip id s  in a th e rm o ­

p h i l ic  b a c te r ia  may d ic ta te  th e  tem p e ra tu re  l im it  of grow th s in c e  an im a ls  

l iv e  a t  te m p e ra tu re s  b e lo w  th e i r  l ip id  m elting  po in ts  . This th eo ry  has  

b een  in v e s t ig a te d  by a num ber of au th o rs  w ith  c o n f l ic t in g  r e s u l t s .  Some 

of th i s  w ork w i l l  be  b r ie f ly  m en tioned  b e lo w .

Bauman and  Simmonds (4) in v e s t ig a te d  the  d is t r ib u t io n .o f  l ip id s  in  

a  F le x ib a c t e r i a , an  ex trem e th e rm o p h ile  w h ich  grows in  f i lam en tous  

b a c te r i a l  m a s s e s .  A lthough th e  g r e a t e s t  p e rc e n ta g e  of f a t ty  a c id s  w ere 

C^g com pared  to  in  m e so p h i l ic  b a c t e r i a , th e y  c o n c lu d e d  th a t  the  

d is t r ib u t io n  w a s  no t re m a rk a b le .

D aron (5) in v e s t ig a te d  the  d is t r ib u t io n  of l ip id s  in  a th e rm oph ilic  

s t r a in  of B a c i l l u s . He co n c lu d e d  th a t  th e  p roportion  of u n s a tu ra te d  fa t ty  

a c id s  v a r ie d  in v e r s e ly  w ith  the  tem. o ra tu re  and  the  g r e a te s t  p e rc en ta g e  

of t h e s e  f a t ty  a c id s  w a s  14%. H ow ever, th e  p roportion  of u n sa tu ra te d  

fa t ty  a c id s  d ep en d ed  g re a t ly  on the  e n e rg y  s o u rc e .

U n fo r tu n a te ly ,  th e re  has  not b e e n  enough ex p e r im en ta t io n  in l ip id  

r e s e a r c h  to  d e te rm in e  i f  the  membrane i s  re s p o n s ib le  for th e  therm al 

r e s i s t a n c e  o f  t h e s e  o rg a n ism s  .

Another p la u s ib le  e x p la n a t io n  for the rm oph ily  is  th a t  th e  DNA of
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th e s e  o rg an ism s  a re  more r e s i s t a n t  to  h e a t .  S ince  the  m elting  po in t of 

DNA is  r e la te d  to  th e  G -C  c o n te n t ,  i t  i s  c o n c e iv a b le  th a t  the rm oph iles  

co u ld  have  a  h ig h e r  G -C  c o n te n t  th a n  m e s o p h i le s .  Brock and  Freeze  (6) 

have  show n th a t  an  ex trem e th e rm o p h i le , T. a g u a t i c u s , h a s  a G -C  c o n ­

te n t  of 65%. On the  o th e r  h a n d , B . s te a ro th e rm o p h ilu s  h a s  a G -C  

c o n te n t  o f  44%. M e so p h i l ic  b a c te r ia  have  G -C  c o n te n ts  rang ing  from 

26.5% to  74% (7 ) .  T h e re fo re ,  the  G -C  c o n ten t  i s  u n l ik e ly  to  be r e s p o n ­

s ib le  for th e rm a l s t a b i l i t y .

A cu rre n t  f ie ld  of in te n s iv e  s tu d y  h a s  b e en  th e rm o p h il ic  p ro te in s  

and  th e i r  p ro te in  s y n th e s iz in g  m ach in e ry .  M o st  of the  ex p e r im en ta t io n  

h a s  b e e n  l im ited  to  th e  sp o re -fo rm in g  th e rm o p h il ic  s p e c ie s  of B a c i l lu s .

M uch of the  e a r ly  work w as  r e s t r ic te d  to  s t ru c tu ra l  p ro te in s  su ch  

a s  th e  f la g e l la  of B ac il lu s  (2) . T hese  f la g e l la e  show ed  much more h e a t  

s t a b i l i ty  th a n  f la g e l la e  from m e so p h i l ic  s t r a in s  and  w ere  more r e s i s t a n t  

to  c l a s s i c a l  d e n a tu r in g  a g e n ts  su c h  a s  u r e a ,  a c e ta m id e ,  an d  sodium 

d o d e cy l  s u l f a t e .

L a ter  ex p e r im en ts  com pared  the  p h y s ic a l  p ro p e r t ie s  of purif ied  

en zy m es  from th e rm o p h il ic  and  m e so p h i l ic  b a c te r ia .  M anning  and 

C am pbell  (8) c r y s ta l l i z e d  a - a m y la s e  from B_. s te a ro th e rm o p h i lu s  and 

de te rm in ed  th e  optimum tem p era tu re  for a c t iv i ty  to  be in  th e  55°C  to 

70°C  r a n g e . The m o le c u la r  w e ig h t  w as  de te rm ined  a s  1 5 ,6 0 0  da lto n s  

(9) com pared  to  4 8 ,6 5 0  d a l to n s  for a - a m y la s e  i s o la te d  from a m eso p h il ic  

s p e c i e s ,  B_. s u b t i l u s . A nother s tu d y  (10) show ed  th a t  th e  the rm oph ilic
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a - a m y la s e  c o n ta in e d  a 4. 5 fo ld  e x c e s s  of pro line  com pared  to  the  m e so -  

P hi l ie  enzym e  ̂ The d iso rd e re d  s t ru c tu re  re s u l t in g  from th e  high pro line 

c o n te n t  w as  p o s tu la te d  a s  th e  re a so n  for th e  therm al s t a b i l i t y .

M any  o th e r  i s o la t e d  enzym es  h av e  b een  s tu d ie d  an d  a l th o u g h  th e re  

m ay be  some e x c e p t i o n s , m ost of the  en zy m es  from therm op h i le s  are  

much more r e s i s t a n t  to  h e a t  th an  th e  c o rre sp o n d in g  m e so p h i l ic  e n z y m e s .

S ince  a - a m y la s e  is  su c h  a sm all  p r o te in , i t  had  b een  though t th a t  

la rg e r  en zy m es  w ould  n o t  show  h e a t  r e s i s t a n c e .  S tud ies  of g ly c e r a ld e -  

hyde 3- p h o s p h a te  d e h y d ro g e n ase  (11) (M .W . = 1 3 0 ,0 0 0  d a l to n s )  from 

B. s te a ro th e rm o p h i lu s  s t i l l  show  r e s i s t a n c e  to  h e a t .  ' The com parison  of 

th is  enzym e to  m e so p h i l ic  enzym es  in  am ino a c id  co m p o s i t io n  does  not 

show n a n y  s ig n i f ic a n t  d if f e re n c e s  a l th o u g h  the  prim ary s e q u e n c e  is  no t 

know n.

The l i te ra tu re  in  th i s  f ie ld  is  becom ing  re p le te  w ith  ex am p les  of 

th e rm o s ta b le  e n z y m e s . A lthough the  r e a s o n  for th is  s t a b i l i ty  i s  unknown, 

the. a p p l ic a t io n  of s e q u e n c e  a n a ly s i s  and  X -ray  c ry s ta l lo g ra p h y  w ill  

prove v a lu a b le  in  d e te rm in ing  the  prim ary  s t ru c tu re  to  in d ic a te  th e  ty p es  

of in te ra c t io n s  n e c e s s a r y  to  confer  the rm a l s t a b i l i ty .  ,

W ith  the  i n t e r e s t  g e n e ra te d  in  the rm o p h il ic  p ro te in s ,  i t  w as  only  

n a tu ra l  th a t  th e  p ro te in  s y n th e s iz in g  m ach in ery  shou ld  be in v e s t ig a te d  

on a s u b c e l lu la r  l e v e l .  The f i r s t  rep o r ts  (12) of th e rm o s ta b le  amino 

a c id - a c t i v a t i n g  enzym es  s u g g e s te d  th a t  the rm o p h il ic  s y s te m s  cou ld  be 

u t i l iz e d  in  th e  s tu d y  of cod ing  p ro p e r t ie s  of m e ss e n g e r  RNA an d  in
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te m p e ra tu re - in d u c e d  m o d if ic a t io n s  of th is  m e ss e n g e r .

Friedm an an d  W e in s te in  (13) u se d  a s u b c e l lu la r  sy s te m  from B_.

s te a ro tb e rm o p h i lu s . They w ere  ab le  to  d em o n s tra te  th a t  in co rp o ra t io n  of
14 oC ^-labelled p h e n y la la n in e ,  l y s i n e , and  p ro line  w as  op tim al a t  55 C

to  60°C  u s in g  a  n a t iv e  m e ss e n g e r  RNA. They a l s o  sh o w ed  th a t  in co rp o r­

a t io n  o f  - ^ C - I y s in e  w a s  g re a te r  a t  65°C  th a n  a t  37°C  u s in g  sy n th e t ic  

p o ly a d e n y l ic  a c id  a s  m e s s e n g e r .  This g re a t ly  in c r e a s e d  inco rpo ra tion  

w a s  p o s tu la te d  a s  th e  e n h a n c e d  a b i l i ty  of a t ta ch m e n t  of m e ss e n g e r  to  

th e  r ib o so m e s  b e c a u s e  o f  the  lo s s  of s e c o n d a ry  s t ru c tu re  of the  m e s s e n ­

ger  a t  th e  h ig h e r  t e m p e r a tu r e . By c o m p ar iso n ,  an  E . c o l i  sy s te m  show ed 

on ly  10% in c o rp o ra t io n  a t  65° re la t iv e  to  b a s e  line  le v e l s  a t  3 7 °C .

T h ese  au th o rs  a l s o  d em o n s tra ted  th a t  th e  the rm a l d e n a tu re t io n  profile  

of t-RNA from B_. s tea ro tb e rm o p h i lu s  w as  n o t  s ig n i f ic a n t ly  d if fe ren t  

from th a t  of E . c o l i .

A lg rana ti  and  Lengyel (14) a l s o  in v e s t ig a te d  a  s u b c e l lu la r  sy s te m  

from B_. s te a ro tb e rm o p h i lu s  b u t em ployed  a  random copo lym er of a d en y l ic  

and  u r id y l ic  a c id .  They w ere  in te r e s t e d  in  de te rm in ing  how much in c o r ­

p o ra t io n  w ould  o c cu r  a t  h ig h e r  te m p e ra tu re  b e c a u s e  of the  h igh  degree  

of s e c o n d a ry  s t ru c tu re  in  th is  co p o ly m er.  They found th a t  th is  sy n th e t ic  

m e s s e n g e r  w as  c o m p le te ly  in a c t iv e  in  th e  E_. co li  sy s te m  bu t had some 

a c t i v i ty  a t  37°C  in  th e  th e rm o p h il ic  s y s te m .  This a c t i v i ty  w as  in c re a s e d  

3 - fo ld  w hen  in c u b a te d  a t  6 5 ° C .

In a d d i t io n  to  h e a t  r e s i s t a n t  am ino a c id - a c t iv a t in g  e n z y m e s .
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th e rm o p h il ic  b a c te r ia  a l s o  p o s s e s s  h e a t  r e s i s t a n t  r ib o s o m e s . Friedm an 

(15) p re h e a te d  E_.. c o l i  and  B,. s te a ro th e rm o p h i lu s  r ib o so m es  for 15 min­

u te s  a t  6 5 °C . He then  t e s t e d  the  a b i l i ty  of th e s e  r ib o so m es  to  in co rp o r­

a te  ^ ^ C -p h e n y la la n in e  a t  37°C  u s in g  p o ly u r id y lic  a c id  a s  m e sse n g e r .  

W ith  th is  p re t r e a tm e n t ,  E . co li  r ib o so m es  cou ld  in co rp o ra te  on ly  5% of 

th a t  o b se rv e d  a t  37°C  w ith  no p re tre a tm e n t .  The r ib o so m es  of B . 

s te a ro th e rm o p h i lu s  w ere  v i r tu a l ly  u n a ffe c ted  s in c e  th e y  in co rp o ra ted  

80% of th a t  o b se rv ed  a t  37°C  w ith  no pre t r e a tm e n t .

E x ten s iv e  s tu d y  of the rm a l d e n a tu ra t io n  p ro f i le s  of r ib o so m es  by 

Pace  and  Cam pbell(IG ) d e m o n s tra ted  th a t  th e  r ibosom es  of th e rm oph ile s  

had  a much h ig h e r  m elting  p o in t th an  th o s e  of m e s o p h i le s .  This o b s e r ­

v a t io n  led  the  au th o rs  to  s p e c u la te  th a t  th e  m elting  p o in t of th e  ribosom e 

may s e t  th e  upper lim it  of g ro w th .

The v a s t  m a jo rity  of th e  r e s e a rc h  on th e rm oph ilic  o rg an ism s  has 

u t i l iz e d  sp o re -fo rm in g  th e rm o p h il ic  s p e c ie s  of B a c i l lu s .  R ecen tly ,  a 

n o n -s p o ru la t in g  ex trem e  the rm oph ile  w h ich  i s  g ra m -n e g a t iv e  has  been  

d e sc r ib e d  by  Brock and  F reeze  (6) . This o rgan ism  w as  o r ig in a l ly  i s o ­

la te d  from Y ellow stone  N a t io n a l  Park a l th o u g h  i t  c an  be found in  su ch  

d iv e rs e  s p o ts  a s  th e  hot w a te r  h e a te r s  of com m ercia l lau n d ro m ats  (17). 

This o rgan ism  has  b e en  c l a s s i f i e d  Thermus a q u a t io ns and  i t  i s  an 

o b l ig a te  ae ro b e  w ith  an  optimum grow th tem pera tu re  of 70o C.,

Zeikus e t  a l .  (1.8) have  in v e s t ig a te d  some of the  p h y s ic a l  and 

c h e m ic a l  p ro p e r t ie s  of the  r ibosom es  and  RNA from th is  o rg an ism . The
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rib o so m es  c o n ta in  59% p ro te in  and 41% RNA com pared  to  59% RNA and 

41% p ro te in  in  B . s tea ro th e rm o p h i lu s  bu t th is  find ing  may re f le c t  d if fe r ­

e n t  c u l tu ra l  c o n d i t io n s .  The the rm al d e n a tu ra t io n  p ro file  o f  r ibosom es 

e x h ib i te d  a  m elting  tem p e ra tu re  o f  SG0 C and  the  au th o rs  c o rre la te  the  

tem p e ra tu re  l im it  of grow th w i th  th is  m elting  p o in t .

Further in v e s t ig a t io n  by S te l lw a g e n  (19) h a s  show n th a t  th is  o rg a n ­

ism  p o s s e s s e s  ex trem e ly  th e rm o s ta b le  e n z y m e s . He s tu d ie d  e n o la s e  

from T. a g u a t ic u s  and  found th a t  the  enzym e w as com posed  o f 8 eq u a l  

p o ly p ep tid e  c h a in s  and  had op tim al a c t i v i ty  a t  9 0 °C . Above 9 0 ° ,  the  

enzym e ra p id ly  d e n a tu r e d .

F reeze  (20) has  a l s o  show n th a t  f ru c to se  d ip h o sp h a te  a ld o la s e  from 

T. a g u a t ic u s  has  a  tem p e ra tu re  optimum of 9 0°C bu t he w orked  w ith  a 

p a r t i a l ly  p u rif ied  en zy m e .

A lthough enzym es  and  r ibosom es  from T. a g u a t ic u s  have  been  i s o ­

l a t e d ,  th e re  hav e  b e e n  no rep o rts  of p ro te in  s y n th e s i s  in  a  s u b c e l lu la r  

s y s te m .  This sy s te m  w il l  u n d o u b ted ly  be c la r i f ie d  in a few  y e a r s .



2 EXPERIMENTAL RATIONALE

M o st  in v e s t ig a t io n s  on the  p ro te in  s y n th e s iz in g  m ach in ery  of 

th e rm o p h il ic  b a c te r ia  have  b e en  l im ited  to  sp o re - fo rm in g ,  g ra m -p o s i t iv e  

o rg an ism s  s u c h  a s  B. s te a ro th e rm o p h i lu s . The re s u l t s  of t h e s e  i n v e s t i ­

g a t io n s  have  b e en  com pared  to  E . c o l l , a  g ra m -n e g a t iv e  b a c te r ia  common 

to  the  low er d ig e s t iv e  t r a c t  of m an .

R e c e n t ly ,  an  ex tre m e ly  th e rm o p h il ic  b a c te r ia  d e s ig n a te d  a s  Tg w as  

i s o l a t e d  by  U h lr ich  (21),. This o rg a n ism ,  a l th o u g h  u n c l a s s i f i e d ,  r e s e m ­

b le s  T. a g u a t i c u s  w h ich  w a s  i s o la t e d  by  Brock (6) . It i s  g ra m -n e g a t iv e  

an d  n o n - s p o ru la t in g  and  forms long  f i lam en ts  a t  h igh  te m p e ra tu re s .

This o rgan ism  w as  found to  be in d u c ib le  for 3 - g a l a c to s id a s e  (21), 

an  in d u c ib le  enzym e w h ich  has  b e e n -w e ll  c h a r a c te r iz e d .  This enzym e 

w as  in d u ced  by  l a c to s e  and  r e p r e s s e d  by  g lu c o se  in th e  c l a s s i c  m anner 

(22) . H o w ev e r , th is  enzym e w as  th e rm o s ta b le  and  e x h ib i te d  maxim al 

a c t i v i ty  a t  7 0 ° C .

S ince  th is  ex trem e the rm oph ile  s h a r e s  some o f th e  common a t t r i ­

b u te s  p o s s e s s e d  by  E . c o l i ,  i t  w as  of i n t e r e s t  to  de te rm in e  i f  the  

p ro te in  s y n th e s iz in g  m ach in ery  of th is  o rgan ism  is  s im ila r  to  th a t  of E . 

c o l i .

The prim ary  p u rp o se  of th is  s tu d y  i s  to  de term ine  w h e th e r  a s u b -  

c e l lu la r  p ro te in  s y n th e s iz in g  sy s te m  i s o la te d  from Tg is  c a p a b le  of 

in co rp o ra t in g  1^ C - Iy s in e  u s in g  p o ly a d e n y l ic  a c id  a s  m e s s e n g e r .  The 

tem p e ra tu re  d e p en d e n c e  on th is  in c o rp o ra t io n  w as  to  be s tu d ie d  and the
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- co n d i t io n s  for maximum a c t iv i ty  w ere  to be d e te rm in ed . Sed im en ta tion  

v e lo c i ty  e x p er im en ts  w ere  to  be perform ed u t i l iz in g  p u rif ied  r ibosom es  to  

in d ic a te  the  s iz e  of th e s e  r ib o s o m e s .



3 MATERIALS AND METHODS

(a) B ac te r ia l  s t r a i n s : Tg , an  u n c la s s i f ie d  th e rm o p h il ic  b a c te r ia  re s e m ­

b lin g  Thermus a g u a t ic u s  , w as  o b ta in e d  from Dr. J. Terry U hlrich  (21) 

a s  a frozen  c u l tu r e . This b a c te r ia  w as  u sed  a s  a so u rce  of r ibosom es 

and  enzym es  em ployed  in  th is  s tu d y .  R ibosom es and  en zy m es  from 

E s c h e r ic h ia  c o l i  MRE-600 u t i l iz e d  in  p a ra l le l  s tu d ie s  w ere  a generous 

g if t  from M r. C h ar le s  A. R o essn e r  of th e  Zoology and  Entom ology D epart  

m en t,  M ontana  S ta te  U n iv e rs i ty .

(b) B ac te r ia l  g row th m e d ia : Regular s tu d ie s  em ployed  a growth medium 

co n ta in in g  0.2% tryp tone  (D ifco) p lu s  0.2% y e a s t  e x t r a c t  (Difco) in  a 

b a s a l  s a l t s  so lu t io n  co n ta in in g :  0.04 g (NH4)2SO4 , 0.07 g KOI, 0.22 g 

N a C l , 0.7 g  N agHPO4 - 7Hg0 , 0.01 g C a(N O 3)2 • 4H20  , 0.01 gM gS04 ' 

7H gO , and  5.0 mis of H u tn e r1 s t ra c e  e lem en t  so lu t io n  (23) per l i te r  of 

s in g ly  d i s t i l l e d  w a te r .  The pH w as  a d ju s te d  to  8.2 w ith  0. 8 N NaOH 

and a u to c la v e d  for 45 m in u te s -a t  15 -20  lb s  of s team  p r e s s u r e .

(c) In cu b a tio n  c o n d i t io n s :  A R esea rch  S p e c ia l t ie s  tu b e  h e a te r  (M odel 

# 2 1 2 8A) w as  u s e d  for in c u b a t io n  of u n sh ak e n  tube  c u l t u r e s .

Batch c u l tu re s  w ere  grown in  a New Brunswick G yrotory  Shaker 

(M odel #625) w h ich  w as  a d a p te d  to  accom m odate  12 2 - l i t e r  cu ltu re  

f l a k s .  A c o n s ta n t  a i r  tem p era tu re  (70° ± 2°C) w as  u s e d .  A g ita t io n  

prov ided  the  on ly  m eans  of a e ra t in g  t h e s e  c u l tu re s  w ith  a concom m itan t 

in c r e a s e  in  g e n e ra t io n  t im e . Growth w as  m onitored  by w ithdraw ing
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a l iq u o ts  and  d e te rm in ing  th e  tu rb id i ty  o f  640 nm in  a B ausch  & Lomb 

S p e c tro n ic  2 0 (24).

W hen  tu rb id i ty  re a c h e d  a le v e l  co rre sp o n d in g  to  m id - lo g a r i th m ic  

p h a se  (Ag^g of 0.40 to  0.50) the  cu ltu re  f l a s k s  were rem oved from the  

s h a k e r  and  t ra n s fe r re d  to  the  co ld  room ( 4 ° C ) . After 1-2 hours of 

c o o l in g , . th e  c u l tu re s  w ere  h a rv e s te d  w ith  a  S ha rp ie s  Super C e n t r i fu g e , 

Type T - I . The c e l l s  w ere  rem oved from th e  r o to r , r e s u sp e n d e d  in  an 

ap p ro p r ia te  b u ffe r ,  and  recen tr i fu g e d  in  the  Sorvall RC-2 a t  7 ,0 0 0  x g ,  

0 ° C ,  f o r '30 m in u te s .  The c le a r  s u p e rn a ta n t  w as  d e c a n te d  and  the  c e l l s  

w ere  s to re d  a t  - 2 0°C  u n t i l  u s e .

(d) R ib o n u c lea se  rem oval: Any co n tam in a tin g  RNAase a c t iv i ty  w as 

rem oved by  th e  fo llow ing  m e th o d s .  (I)  G la s s w a re  w as  h e a te d  a t  240°C  

ov e rn ig h t b e fo re  u s e .  (2) Buffers w ere  b e n to n i te  t r e a te d  fo r 4 hours by 

add ing  2 drops of a  b e n to n i te  s u s p e n s io n .  They w ere  th e n  m il l ip o re -

f i I te red  and  s to re d  in the  c o ld .  (3) N a lg en e  or p o ly ca rb o n a te  tu b es  w ere  

so ak e d  in 5% HgOg for 30 m inu tes  and  th e n  r in se d  w ith  co p io u s  am ounts  

of doub ly  d i s t i l l e d  w a te r .  (4) O ther m a te r ia l  w as  a u to c la v e d  for 20 

m in tu es  a t  15 lb s  o f  s te a m  p re s s u re .

(e) B uffers : All bu ffe rs  w ere  p repared  w ith  d o u b ly -d i s t i l l e d  w a te r  w h ich  

had  a minimum s p e c i f ic  r e s i s t a n c e  of 670 KAcm *. This d o u b ly -d i s t i l l e d  

w a te r  w as  p rep a red  from h o u se  d i s t i l l e d  w a te r  w ith  a C orning AG-2 

d i s t i l l a t io n  a p p a r a t u s .
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N e c e s s a r y  pH a d ju s tm e n ts  w ere  m ade w ith  c o n s ta n t  bo il ing  hydro ­

c h lo r ic  a c id  (the  c o n s ta n t  bo il in g  portion  o f  a  d i s t i l l e d  1:2 mixture of a 

re a g e n t  h y d ro ch lo r ic  a c id  w ith  d i s t i l l e d  w ater)..  The pH m easu rem en ts  

w ere  m ade w ith  a C orning  M odel 12 pH M ete r  a f te r  p rio r  s ta n d a rd iz a t io n  

w ith  th e  ap p ro p r ia te  C olem an pH s t a n d a r d s .

All bu ffe rs  w ere  t r e a te d  w ith  b e n to n i te  to  s e l e c t i v e ly  remove any  

co n tam in a t in g  r ib o n u c le a s e  a c t i v i ty .  Two drops of a b e n to n i te  s u s p e n s io n  

w ere  ad d ed  to  a l i t e r  of b u ffe r ,  a l lo w ed  to  s ta n d  a t  4°C  for a t  l e a s t  four 

h o u rs ,  and  th e n  rem oved  by f i l t ra t io n  th rough  a 50 mm M illipore  n i t ro ­

c e l lu lo s e  f i l t e r ,  in to  a h e a t  t r e a te d  r e a g e n t  b o t t le  u s in g  a s te r i le  

M ill ipo re  su c t io n  f i l t ra t io n  a p p a r a tu s . After f i l t r a t io n ,  the  buffers  w ere  

s to red  a t  4 ° C .

Buffer CA

0.01 M Mg (OAc)2

0.01 M Tris

The bu ffe r  w a s  a d ju s te d  to  pH 7.8 a t  40 C w ith  c o n s ta n t  b o il in g  H C l, 

b e n to n i te  t r e a te d  for 4 h o u r s , and  th en  f i l t e r e d .

Buffer PB 

0.5 M N H 4 Cl 

0.01 M Mg(OAc)2 

0.01 M Tris

The buffer  w as  a d ju s te d  to  pH 7.8. a t  4 °C  w ith  c o n s ta n t  b o il in g  H C l ,
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b e n to n i te  t r e a te d  for 4 h o u r s , and  th en  f i l t e r e d .

Buffer OC 

0.25 M NH4 C l 

0.01 M Mg(OAc)2 

0.01 M Tris

The bu ffer  w a s  a d ju s te d  to  pH 7.8 a t  4 °  C w ith  c o n s ta n t  b o il in g  H C l, • 

b e n to n i te  t r e a te d  for 4 h o u r s , and th e n  f i l te r e d .

Buffer CD

1.0 M NH4 C l 

0.01 M Mg(OAc)2 

0.01 M Tris

The bu ffer  w a s  a d ju s te d  to  pH 7.8 a t  4°C  w ith  c o n s ta n t  b o i l in g  H C l, 

b e n to n i te  t r e a te d  for 4 hours and  th e n  f i l t e r e d .

Buffer N 

0.08 M NH4 Cl 

0.011 M Mg(OAc)2 

0 .1 M Tris

The buffer  w as  a d ju s te d  to  pH 8.1 a t  4 °C  (pH 7.8 a t  3 7 °C  b e c a u s e  of 

Tris ) w ith  c o n s ta n t  b o il in g  H C l, b e n to n i te  t r e a te d  for 4 h o u r s , and then  

f i l t e r e d .
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BC-O

.0 .1  M NH4 HCO3

No a d ju s tm e n t  w as  n e c e s s a r y ;  the  pH w as  7.88 a t  room tem pera tu re  

(2 O0 C ). It w as  b e n to n i te  t r e a te d  for 4 hours  and  th en  f i l te r e d .

B C - I 0~

0.1 M N H 4 HCO3 

0.01 M Mg(OAc)2

No a d ju s tm e n t  w a s  n e c e s s a ry ;  the  pH  w as  7.88 a t  room te m p e ra tu re , 

(2 0 ° C ) . It w as  b e n to n i te  t r e a te d  for 4 hours and th en  f i l te r e d .

BCz SO-

0.1 M NH4 HCO3 .

0.05 M Mg(OAc)2

No a d ju s tm e n t  w as  n e c e s s a r y ;  th e  pH w a s  7.88 a t  room tem pera tu re  

(2 0 ° ) .  It w as  b e n to n i te  t r e a te d  for 4 hours  and  then  f i l te r e d .

5 0 -3 0

0 .1 M KCl

0.01 M Tris

0.001 M M gC l2 -GH2 O

The buffer  w as  a d ju s te d  to  pH 7.2 a t  4°C  w ith  c o n s ta n t  bo il in g  H C l, 

b e n to n i te  t r e a te d  for 4 hours and  then  f i l te r e d .
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0.01 M Tris 

0.05 M K C l'

0.011 M Mg(OAc)2

The bu ffer  w as  a d ju s te d  to  pH 5.2 a t  4 C w ith  g la c ia l  a c e t i c  a c id ,  b e n ­

to n i te  t r e a te d  for 4 h o u r s , and  th e n  f i l te r e d .

W hen  a su lfh y d ry l  p ro te c to r  w as  d e s i r e d ,  2 -m e rc a p to e th a n o l  w as  

ad d ed  to g ive  a f in a l  c o n c e n tra t io n  of 0 .006 M. This a d d i t io n  to  the  

buffer Was m ade j u s t  p rio r to  u s e . '  T hese  buffers  a re  d e s ig n a te d  (+) .

(f) R eagen ts  and  c h em ica ls

DNAase: R ib o n u c lea se  f r e e .  O b ta in ed  from W orth ing ton  B io c h e m ic a ls . 

1^ C - L y s in e : S p e c if ic  a c t i v i ty  of 318 m C i/m  m ol. P u rch a sed  from the  

R ad io ch em ica l C e n t r e , Amersham

Solub le  RNA: C o n ta in s  " s t r ip p e d "  E . c o l i t -R N A . P u rc h a se d  from 

.C a lb io ch e m , c a t .  #557112 .

S p e rm id ine : P u rch ased  from C a lb io c h e m , c a t .  #5 6766.

T u n g s ta te  re a g e n t  (.a^): P repared  from e q u a l  volum e m ixture  of and 

^ 2 ( s e e  b e lo w ) .

0. 6 N t r i c h lo r o a c e t ic  a c id .  A d ju s ted  to  pH .2 w ith  s o l id  p e l le t s  of 

N aO H .

CC2 : 0.02 N sodium  tu n g s t a t e .  A d jus ted  to  pH 2 w ith  s o l id  t r ic h lo ro ­

pH 5' ■

a c e t i c  a c id .
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(g) R ibosom al p re p a ra t io n : Laboratory  m a te r ia ls  and  buffers  u sed  in  th is  

p re p a ra t io n  w ere  m ade r ib o n u c le a s e - f r e e  by  h e a t  t r e a tm e n t ,  b en to n ite  

w a s h in g ,  or e q u iv a le n t  p r o c e d u r e s . This p rocedure  i s  a s l ig h t  m o d if ic a ­

t io n  o f  S ta n le y ,  S a l a s , W ahba  and  O choa (25).

S e v e n ty - f iv e  gram s of frozen  TV, c e l l s  were  th aw ed  and  buffer OA-  

( or N ) w as  a d d ed  (I  m l /g  of w e t  c e l l s ) .  The re s u l t in g  s u s p e n s io n  w as  

s t i r re d  u n t i l  a c o n s i s t e n t  s lu rry  w as  o b ta in e d .  (T hese  o p e ra t io n s  and 

s u b s e q u e n t  o p e ra t io n s  w ere  ca rr ied  ou t a t  Od C u n le s s  o th e rw ise  s p e c i ­

f i e d ) .

The s lu r ry  w as  p a s s e d  th rough a F rench  P res su re  C e l l  (Aminco
o

Power L abora to ry  P re s s )  a t  a p re s s u re  of 1 5 ,0 0 0  I b s / i n  for 3 com ple te  

p a s s e s .  After th e  f i r s t  p a s s ,  100 /Ug of DNAase I w ere  a d d e d .  The 

broken  c e l l  s u s p e n s io n  w a s  in c u b a te d  for an  a d d i t io n a l  30 m inutes  to  

a l lo w  co m p le te  d ig e s t io n  of DNA.

The c e l l  ly s a t e  w as  c en tr ifu g ed  a t  1 8 ,0 0 0  rpm for 45 m inutes  in  

th e  30 ro to r  of th e  Sp inco  L -2 u l t r a c e n t r i f u g e . The su p e rn a ta n t  w as 

t r a n s fe r re d  in to  c l e a n ,  p re t r e a te d  tu b e s  and  recen tr i fu g e d  a t  18 ,000  rpm 

(3 0 ,0 0 0  xg) for 2 h o u r s .

The top  9 0% of S -30  s u p e rn a ta n t  w as  t ra n s fe r re d  in to  t re a te d  50 

Ti tu b e s  and  spun  a t  5 0 ,0 0 0  rpm (1 7 0 ,0 0 0  xg) for 3 h o u rs .  The top 90% 

of th is  s u p e rn a ta n t  w as  rem oved With a s t e r i l e  sy ringe  and  re c en tr ifuged

5 0 ,0 0 0  rpm for 3 h o u r s . The upper 75% o f th is  su p e rn a ta n t  (purified  

S- IOO) w as  rem oved and  d iv id ed  in to  3.0 ml a l iq u o ts .  T hese  a l iq u o ts
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w ere  s to re d  a t  - 9 0°C in  the  REVCO f re e z e r  u n t i l  u s e .

The p e l le t s  r e s u l t in g  from the  f i r s t  5 0 ,0 0 0  rpm c e n tr i fu g a t io n  w ere  

co v ered  w ith  I. 5 mis of bu ffer  B+ and  a l lo w ed  to  so lu b i l iz e  overn igh t in  

th e  re f r ig e ra to r  w ith  o c c a s io n a l  s t i r r in g .  The tu b e s  w ere  th e n  f i l led  

w ith  bu ffer  B+ and  cen tr ifu g ed  a t  2 5 ,0 0 0  rpm (Low Speed W ash) in  the  

50 Ti r o to r .

The top  90% of the  su p e rn a ta n t  w a s  rem oved w ith  a s te r i l e  sy ringe  

and  t ra n s fe r re d  i n t o  t r e a te d  tu b e s  . It w as  th e n  cen tr ifu g ed  a t  4 0 ,0 0 0  

rpm for 4 h o u rs .  The s u p e rn a ta n t  w as  rem oved w ith  a s te r i l e  sy ringe  

and  the  p e l l e t s  w ere  co v ered  w ith  I. 5 mis of buffer OC+ and  a l lo w ed  to  

s o lu b i l iz e  o v e rn ig h t .

The r ib o so m a l s u s p e n s io n  w as  d i lu te d  to  ~ 5 0  mis w ith  buffer OC

and  a p p l ie d  to  d ie th y la m in o e th an e  (D E A L )-cellu lose  co lum n ( s e e

M a te r ia l s  and  M ethods: DEAE colum n p repa ra t ion )  w h ich  had b een
+ +

p re v io u s ly  e q u i l ib ra te d  w ith  OC . A pproxim ate ly  I l i t e r  of OC w as  

p a s s e d  th rough  the  colum n and  the  e lu a te  m onito red .

The co lum n w a s  th en  e lu te d  w ith  I l i t e r  of buffer OD . F rac tions  

w ere  c o l le c te d  and  th e  AggQ w as  d e te rm in e d .  The f rac t io n s  co n ta in in g  

the  g r e a te s t  am ount of Aggg m a te r ia l  w ere  pooled  and  c en tr ifu g ed  a t

4 0 ,0 0 0  rpm for 4 hours  in  the  50 Ti ro to r .  The p e l le t s  from th is  c e n t r i -  

fuga tion  w ere  c o v ered  w ith  1.0 mis of bu ffer  BC-IO and a l lo w ed  to 

s o lu b i l iz e  for 4 h o u rs .  The c o n ce n tra t io n -w a s  e s t im a te d  by  Aggg 

m e a s u re m e n ts , th e  r ib o so m es  w ere  b o t t le d  in 0.4 ml a l iq u o ts  and s to red
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in  the  REVCO f r e e z e r  a t  -9 0 ° C  u n t i l  u s e .

(h) DEAE colum n p rep a ra t io n :  (I) One hundred grams of D E A E -cellu lose  

(Biorad c e l le x -D )  w ere  so ak e d  in  2 l i t e r s  o f  doub ly  d i s t i l l e d  w a te r  for 

one hour. (2) The s u s p e n s io n  w as  s t i r re d  and  le f t  to  s e t t l e  for 2 0 m in­

u te s  and  th e  fine  p a r t i c le s  poured  off . This p ro c e ss  w as  re p e a te d  

tw ic e .  (3) th e  DEAE w as  w a sh e d  w ith  I l i t e r  o f  0.1 N N aO H  for 20 m in­

u te s  and  the  s lu r ry  w a s  vacuum  f i l te re d  in  a Buchner fu n n e l .  This p ro c e ­

dure  w as  r e p e a te d  tw ic e .  (4) The DEAE w as  w a sh e d  to  n e u t ra l i ty  w ith  

w a te r  and  a g a in  s u c t io n  f i l te r e d .  (5) One l i t e r  of 95% e th a n o l  w as 

a d d ed  and  the  s u s p e n s io n  w as  s t i r re d  and  le f t  s tan d in g  for 20 m in u te s .  

The DEAE c e l lu lo s e  w a s  f i l te re d  and  th is  p ro c e ss  w as  r e p e a t e d . (6) 

E thanol t r a c e s  w ere  rem oved  by  w a sh in g  w ith  d i s t i l l e d  w a te r  and  f i l t r a ­

t io n .  (7) A se c o n d  w a sh in g  w ith  I l i te r  of 0 .1 N NaOH w a s  pe rfo red .

(8) The DEAE w as  w a sh e d  to  n e u t ra l i ty  w ith  doub ly  d i s t i l l e d  w a te r  and

s u c t io n  f i l t e r e d .  (9) The DEAE w as  r e s u sp e n d e d  in  the  ap p ro p r ia te

buffer  and  a fine  s lu r ry  w a s  m ade . (10) The re s in  w as  poured  in to  a

Biorad Type D colum n (65 cm x  3. 5 .cm) and  pack ed  u n d er  10 p s i  n itrogen

p re s su re  a t  room te m p e ra tu re . The colum n w as  w a sh e d  w ith  2 l i te rs  of 
+ oOC a t  4 C and  s to re d  in  the  co ld  room u n t i l  u s e .  The f in a l  d im ens ions  

o f  th e  p a ck e d  colum n w ere  45 x  3 cm.

(i) P rep a ra t io n  of pH 5' f rac t io n : ' A 3. 0 ml a l iq u o t  of th e  purif ied  S-100 

w as  th aw ed  and  a p p l ie d  to  a G -50  S ep h ad ex  column (2 cm x  12 cm)
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e q u ip p ed  w ith  an  ex tra  c o a r se  p o ro s i ty  s in te re d  g la s s  d i s c .  The pH 5' 

f rac t io n  w a s  p rep a red  by e lu t in g  w ith  pH 5' bu ffer  and  th e  y e l lo w ish  

p re c ip i ta te  w as  c o l le c te d  in  a 12 ml c o n ic a l  cen tr ifu g e  tu b e .  The p re ­

c ip i ta te  w as  cen tr i fu g e d  a t  top  s p e e d  in  a  c l in ic a l  c en tr ifu g e  for 15 

m inu tes  and  the  s u p e rn a ta n t  w as  d i s c a r d e d .  The p re c ip i ta te  w as  w a sh e d  

tw ic e  by  r e s u s p e n s io n  in  pH 5' and  c e n tr i fu g a t io n .  The f in a l  p re c ip i ta te  

w a s  r e s u s p e n d e d  in  0 .5 -1 .  0 mis of B C-IO + and u se d  a s  the  pH 5' f rac tion .

(j) In v i tro  in c o rp o ra t io n  p ro ced u res :  In c u b a tio n s  w ere  perform ed in  12

ml r ib o n u c le a s e - f r e e  c o n ic a l  c en tr ifu g e  t u b e s .  G la s sw a re  and  ch em ica ls

w ere  a l s o  made r ib o n u c le a s e  free  by  m ethods a l re a d y  d e s c r ib e d .  Each

tube  c o n ta in e d  the  fo llow ing  m a te r ia ls  and  a l l  re a g e n ts  w ere  made up in

BC-10 . The s ta n d a rd  in c u b a t io n  volum e w as  0.5 m i s .

0.025 mis of 0.08 M ATP
-40. 02 5 mis of 5 x  10 GTP 

0.025 mis of 4 m g/m l E. c o l i  t-RNA
I 4

0.025 mis of 10 / iC i /m l 1^ C -L y s in e  

. 0.025 mis Oi 4 M Sperm idine 

0. 010-0 . 50 mis of 2 m g/m l po ly  A 

0 .0 1 0 -0 .5  0 mis of Tg r ib o so m es  (12 mg/ml)

0 .0 1 0 -0 .5 0  mis. pH 5' f rac t io n

The f in a l  vo lum e and  Mg++ c o n c e n tra t io n  w as  a d ju s te d  to  0.5 mis. by  

add ing  the  ap p ro p r ia te  am ounts  of BC-O+ and  BC-SO+ b u f f e r s .
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All a d d i t io n s  of the  r e a g e n ts  w ere  done in  an  ic e  b a th .  The 

re a c t io n  w as  in i t i a t e d  by  th e  a d d i t io n  o f  th e  en erg y  so u rce  and  ra d io ­

a c t i v i ty .  The tu b e s  w ere  b r ie f ly  m ixed and  p la c e d  in  a w a te r  b a th  a t  

th e  a p p ro p r ia te  t e m p e r a tu r e . Upon co m ple tion  of the  in c u b a t io n ,  the  

r e a c t io n  w a s  s to p p ed  by  add ing  i c e - c o l d  tu n g s ta te  r e a g e n t .

(k) C oun ting  of to ta l  a c id - p r e c ip i t a b le  c o u n ts : The re a c t io n  w as  

te rm in a te d  by  th e  a d d i t io n  of 3. 0 mis of i c e - c o ld  and  0 .1 mis of 10% 

t r i c h lo r o a c e t ic  a c id  and  th e  tube  w as  p la c e d  in  an  ic e  b a th .  F lo c c u la ­

t io n  w a s  c o n t in u e d  for 30 m inu tes  and  the  tu b e s  w ere  c en tr ifu g ed  in the  

c l in ic a l  c en tr i fu g e  for 10 m inu tes  a t  top  s p e e d .  The s u p e rn a ta n t  w as  

a s p i r a te d  and  th e  p re c ip i ta te  w as  d i s s o lv e d  in  0.5 mis of 0.2 N KOH 

and l e t  s ta n d  for 3.0 m in u tes  a t  room te m p e ra tu re .

The so lu t io n  w a s  a c id i f ie d  by th e  a d d i t io n  of 3. 0 mis of and 

I drop of 6 N H C l . It w a s  a l lo w ed  to  s ta n d  for 2 -4  hours and  then  

s u c t io n  f i l te re d  th rough  a M ill ipo re  f i l te r  m anifold  u s in g  M ill ipo re  n itro  

c e l l u lo s e  f i l t e r s . The em pty  tube  w as  r in se d  w ith  cu an d  the  r in se  w as  

a d d ed  to  the  f i l t e r s .  This s te p  w as  perform ed 3 t im e s .

The fu n n e ls  of th e  M illipo re  m anifo ld  w ere  a l s o  r in s e d  3 tim es  

w ith  a g . ' The n i t r o c e l lu lo s e  f i l te r s  w ere  p la c e d  on p la n c h e ts  and dried  

a t  70°C  for 15 m in u te s .  The sam p le s  w ere  coun ted  for I  m inute  in a 

N u c le a r -C h ic a g o  M odel 4312 3 cm w indow ed gas  flow c o u n te r .
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(I) S ed im en ta t io n  v e lo c i ty  m e asu rem en ts :  R ibosom es w ere  th aw ed  and 

d i lu te d  to  th e  ap p ro p r ia te  c o n c e n tra t io n  w ith  50-30  bu ffe r .  They w ere  

d ia ly z e d  a g a in s t  2 -5 0 0  ml ch an g e s  of 5 0 -30  buffer w ith  th e  fo rced  flow 

d ia ly z e r .

A pprox im ate ly  0. 5 mis w ere  p la c e d  in  th e  AN-H ro to r  o f  the  

Beckman M odel E U l t ra c e n tr i fu g e .  A fter the  ro to r  re a c h e d  sp e e d  a t

3 6 ,0 0 0  rpm , pho to g rap h s  w ere  ta k e n  e v e ry  4 m in u te s .  The g la s s  s l id e  

w a s  d e v e lo p e d  and m e asu rem en ts  w ere  made w ith  a N ikon M icrocom ­

p a ra to r .  The s e d im e n ta t io n  c o n s ta n ts  w ere  c a lu c la te d  by  use  of the  

fo llow ing  e q u a t io n s :

/ 1\ o _  2 .303 x  s lo p e
S O B S -  ^  x

S2 0 , w  tSOBS>



4 EXPERIMENTAL RESULTS

(a) R equ lrem ea t o f  2 -P h o sp h o e n o lp y ru v ic  a c id  (PEP) a n d  pyruva te  k in a se
14. in  C - I y s in e  in c o rp o ra t io n : M ost in  v i tro  p ro te in  sy n th e s iz in g  

sy s te m s  req u ire  PEP and  pyruva te  k in a s e  a s  an  ATP g e n e ra t in g  sy s tem  

s in c e  high  le v e l s  of ATP a re  found to  be in h ib ito ry  (2 6). Some therm o­

p h i l ic  s y s te m s  (13) do n o t  have th is  req u ire m e n t .  It w as  o f  in t e r e s t  to 

d e te rm in e  w h e th e r  an  ATP g e n e ra t in g  sy s te m  w as  o b l ig a to ry  for ^ C -  

ly s in e  in co rp o ra t io n  or i f  in c re a s e d  c o n c e n tra t io n s  of ATP cou ld  be 

s u b s t i t u t e d .  The r e s u l t s  of th is  in v e s t ig a t io n  a re  show n in  Table 3 .

(b) S ed im en ta t io n  p ro file  of T^ r ib o so m es :  The s e d im e n ta t io n  profile  

of r ib o so m e s  w as  in v e s t ig a te d  to  e s t im a te  the  s iz e  of Tg r ib o so m e s .

Two c o n c e n tra t io n s  of r ib o so m es  w ere  u s e d  and  the  v a lu e s  w ere  co rre c ted  

to  SgQ w - The s e d im e n ta t io n  p ro file  i s  re p re se n te d  in  Figure I and  the  

s e d im e n ta t io n  v a lu e s  a re  show n in  Table  2 .

(c) O p tim al co n d i t io n s  for in c o rp o ra t io n  o f  ^ C - I y s i n e  u s in g  p o ly a d e n -  

y l ic  a c id  a s  m e s s e n g e r  a t  3 7 ° ,  4 5 ° ,  5 5 ° ,  and 65°C: The cond itions

n e c e s s a r y  for o b ta in in g  maximum in co rp o ra t io n  w ere in v e s t ig a te d .

T hese  ex p e r im en ts  w ere  l im ited  to  the  d e te rm in a tio n  of optimum c o n c e n -  
++

tr a t io n s  of Mg , s p e r m id in e , and  p o ly a d e n y l ic  a c id  re q u ire d  for m ax i­

mum b io s y n th e s i s  of ly s in e  p e p t id e s .  No a t tem p t w as made to  i n v e s t i ­

g a te  the  c o n c e n tra t io n  of r ibosom es  and  enzym es  n e c e s s a r y  for 

maximum in co rp o ra t io n  s in c e  th e s e  v a r ia b le s  were  s ta n d a rd iz e d  in ev ery  

in c o rp o ra t io n .
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Mg++ t i t r a t i o n : The c o n ce n tra t io n  of Mg++ n e c e s s a r y  for maximum 

in c o rp o ra t io n  of 1^ C - Iy s in e  in an  in v itro  p ro te in  s y n th e s iz in g  sy s tem
+ 4-w as  in v e s t ig a te d .  The c o n c e n tra t io n  of Mg w as  v a r ie d  by  us in g  the  

a p p ro p r ia te  am ounts  of BC-O and  BC-50 b u ffe r .  T hese  s tu d ie s  were  

perform ed in  the  p re s e n c e  and  a b s e n c e  of sp e rm id in e .  An a rb itra ry  

c o n c e n tra t io n  o f  4 mM sp erm id in e  w as  u s e d .  All in c u b a t io n s  were c o n ­

t in u e d  for 30 m in u te s .  The r e s u l t s  a t  e a c h  tem pera tu re  a re  p re se n te d  in  

F igures  2 -5  and  sum m arized  in Table I .

Sperm idine t i t ra t io n :  The a rb i t ra ry  c o n ce n tra t io n  of 4 mM sp e rm i-
4 -4-dine  w as  u t i l iz e d  in  de te rm in ing  the  optimum c o n ce n tra t io n  of Mg

req u ired  for maximum in c o rp o ra t io n . I t  w as  n e c e s s a r y  to  de te rm ine  the

optimum c o n c e n tra t io n  of sp erm id ine  req u ired  for maximum s y n th e s i s  of 
14 C - Iy s in e  p e p t id e s .  The re s u l t s  of th e s e  in v e s t ig a t io n s  a re  d e p ic te d

in  F igures  6-9 and sum m arized  in  Table  I .

P o ly a d e n y l ic  a c id  t i t ra t io n :  The concen tra tion  of p o ly a d en y l ic

a c id  req u ired  for maximum b io s y n th e s i s  w as  in v e s t ig a te d  u s in g  the
+ 4-p re v io u s ly  de te rm in ed  optimum c o n c e n tra t io n s  of Mg an d  s p e rm id in e . 

T hese  r e s u l t s  a re  p re s e n te d  in  F igures 10-13 and  sum m arized  in  Table I .

(d) In co rpo ra tion  of ^ C - I y s i n e  com pared  a t  3 7 ° ,  4 5 ° ,  5 5 ° ,  and 65QC: 

T hese  s tu d ie s  w ere  perform ed s im u l ta n e o u s ly  a t  e a c h  tem pera tu re  

u s in g  th e  sam e p re p a ra t io n  of pH 5' p re c ip i ta b le  p rp te in  f rac t io n  to 

p rec lu d e  the  p o s s ib i l i ty  of v a r ia t io n  in  enzym e c o n c e n t r a t io n . All in c u -

\



24

b a tio n s  w ere performed for 30 m in u te s . The r e s u l ts  of th e s e  ex p erim en ts  

a re  show n in  F igure 14.

Ce) Time s tu d y  of in c o rp o ra tio n  o f ^ C - I y s i n e  a t  3 7 ° , 4 5 ° , 5 5 ° , and 650 C 

u s in g  th e  pH 5' p re c ip ita b le  p ro te in  frac tio n  and  rib o so m es from T^:

The in c o rp o ra tio n  o f ^ C - I y s i n e  w as fo llow ed  a s  a fu n c tio n  o f tim e 

u s in g  th e  pH 5' p ro te in  frac tio n  and  r ib o so m es is o la te d  from • A liquo ts 

w ere  rem oved e v e ry  15 m in u tes  for a to ta l  in co rp o ra tio n  tim e  of 120 

m in u te s . The re su lts , of th is  in v e s t ig a t io n  a re  show n in  F igu res 1 5 -1 8 .

The 15 and  30 m inute v a lu e s  w ere  s e le c te d  for co m p ariso n  to  th e  JE. c o li 

sy s te m  and  th e s e  v a lu e s  c a n  be found in  F igu res 2 0 -2 3 .

(f) Time s tu d y  of in c o rp o ra tio n  o f ^ C - I y s i n e  a t  3 7 ° , 4 5 ° ,  5 5 ° , and 65°C

u s in g  th e  pH 5' p re c ip ita b le  p ro te in  fra c tio n  and r ib o so m es from E. c o l i :
14The in c o rp o ra tio n  o f C - Iy s in e  w as fo llow ed  a s  a fu n c tio n  of tim e 

u s in g  th e  pH  5' p re c ip ita b le  p ro te in  fra c tio n  and  rib o so m es is o la te d  from 

E . c o l i . The c o n c e n tra tio n s  o f th e  pH 5' p ro te in , frac tio n  an d  rib o so m es 

from E . c o li w ere  a p p ro x im a te ly  th e  sam e a s  th e  pH 5' p ro te in  frac tio n  

and  rib o so m es  from Tg . The sam e o p tim al c o n c e n tra tio n s  of s p e rm id in e , 

p o ly a d e n y lic  a c id ,  and  Mg w ere  u s e d .  The to ta l  in c o rp o ra tio n  tim e 

w as 30 m in u tes  and a liq u o ts  w ere rem oved ev ery  5 m in u te s . The re s u l ts  

from th is  in v e s t ig a t io n  a re  show n in  F igure 19 . The 15 an d  30 m inute 

in co rp o ra tio n  v a lu e s  w ere  u se d  in  co m p ariso n  w ith  th o se  o b ta in e d  w ith  

th e  Tg sy s te m  and  can  be found in  F igu res 2 0 -2 3 .



5 DISCUSSION

The u se  o f s y n th e t ic  h o m o rib o p o ly n u c leo tid es  a s  m e sse n g e r  RNA

in  th e  s tu d y  o f in  v itro  p ro te in  s y n th e s is  in  E . c o li w as in i t ia te d  by ■

N irenberg  an d  M a tth a e i (2 7 ). T heir c l a s s i c  ex p erim en ts  show ed  th a t

p o ly u rid y lic  a c id  in  th is  in  v itro  sy s te m  co u ld  d ire c t  th e  in co rp o ra tio n  of 
14 C -p h e h y la la n in e  in to  a p o ly p h e n y la la n in e  p ep tid e  . This d isc o v e ry  

w as an  e le g a n t  co n firm atio n  of th e  m e sse n g e r  h y p o th e s is  p ro p o sed  by 

Jacob  and  M onod (2 8 ).

L a te r e x p e rim en ts  in v o lv in g  random  and  non -ran d o m  copolym ers 

(29) sh o w ed  th a t  th is  in  v itro  sy s te m  cou ld  prom ote th e  in co rp o ra tio n  of 

th e  rem ain in g  am ino a c id s .  T hese  in v e s t ig a t io n s  w ere re s p o n s ib le  for 

th e  e v e n tu a l e lu c id a tio n  o f th e  g e n e tic  c o d e . R ecen t ex p erim en ts  (30) 

h ave  show n th a t  an  in  v itro  p ro te in  s y n th e s iz in g  sy s te m  from E. co li 

c an  s y n th e s iz e  an  a c tiv e  enzym e u s in g  th e  a p p ro p ria te  c o n d itio n s .

The re q u ire m e n ts  for an  in  v itro  p ro te in  s y n th e s iz in g  sy s tem  have 

b e en  w e ll d e fin e d  (3 1 ). The co m p lex ity  of th e  sy s tem  d ep en d s  upon th e  

ty p e  o f m e sse n g e r  em p lo y ed . N a tu ra l m e sse n g e rs  re q u ire  a num ber of 

fa c to rs  in  a d d itio n  to  th o s e  req u ired  w ith  s y n th e tic  m e s s e n g e rs .

M any of the  s y n th e t ic  m e sse n g e rs  s tu d ie d  in  an  in  v itro  sy stem  

from E . c o li  p o s s e s s  c o n s id e ra b le  s e c o n d a ry  s tru c tu re  and  a re  in a c tiv e  

a s  m e s s e n g e r s .  T herm ophilic  b a c te r ia  p o s s e s s  h e a t - s ta b le  ribosom es 

and en zy m es w h ich  sh o u ld  a llo w  th e  in v e s t ig a t io n  o f th e s e  norm ally  

in a c t iv e  m e sse n g e rs  a t  h ig h e r te m p e ra tu re s . T hese h ig h e r tem p e ra tu res



w ould  c a u s e  p a r t ia l  d e n a tu ra tio n  o f the  m e s s e n g e r s , a llo w in g  th e ir  

a tta c h m e n t to  rib o so m es and  th e ir  s u b se q u e n t t r a n s la t io n .  The cod ing  

p ro p e rtie s  o f th e s e  m e sse n g e rs  cou ld  th en  be s tu d ie d .

The Tg in  v itro  sy s te m  w as in v e s t ig a te d  to  d e te rm in e  w h e th er th is  

sy s te m  co u ld  be a p p lie d  to  the  s tu d y  o f in a c t iv e  m e s s e n g e rs .  P o ly - 

a d e n y lic  a c id ,  w h ich  d o es  n o t p o s s e s s  e x te n s iv e  s e c o n d a ry  s t ru c tu re , 

w as u se d  a s  m e sse n g e r  to  d e te rm in e  th e  tem p era tu re  optim um  of the  

in  v itro  s y s te m .

M o st in  v itro  p ro te in  s y n th e s iz in g  sy s te m s  req u ire  an  ATP g e n e r­

a tin g  s y s te m . H o w ev e r, F riedm an (13) h as  show n th a t  in c re a s e d  c o n ­

c e n tra tio n s  o f ATP and  GTP w ill  s u b s t i tu te  for th is  sy stm e  in  B_.

s te a ro th e rm o p h ilt is . S ince  th e  PE P-pyruvate k in a se  ATP g en e ra tin g

14sy s te m  w as  u se d  in  e a r ly  s tu d ie s  o f C - Iy s in e  in c o rp o ra tio n  in  the 

Tg s y s te m , i t  seem ed  l ik e ly  th a t h ig h e r te m p e ra tu res  cou ld  in a c t iv a te  

th is  m e so p h ilic  enzym e sy s te m  w ith  c o n se q u e n t lo s s  o f in c o rp o ra tio n .

This problem  w as in v e s t ig a te d  in  th e  Tg sy s tem  a t 3 7°C .' The ATP 

and  GTP c o n c e n tra tio n s  w ere  in c re a s e d  and  a P E P -pyruvate  k in a se  s y s ­

tem  w as u se d  a s  a. c o n tro l. The r e s u l ts  from Table 3 in d ic a te  th a t 

tw ic e  th e  norm al c o n c e n tra tio n  of ATP an d  GTP w ill  s u b s t i tu te  for the  

ATP g e n e ra tin g  sy s te m  in  th e  TV, in  v itro  sy s te m .

The s e d im e n ta tio n  p ro file  of th e  Tg rib o so m es w as in v e s t ig a te d  to  

d e te rm in e  w h e th e r th e s e  rib o so m es d iffe red  s ig n if ic a n tly  from th o se  o f 

E. c o l i .  This e s tim a tio n  a t  tw o c o n c e n tra tio n s  of rib o so m es show ed

26



th e re  w as no s ig n if ic a n t  d iffe re n c e  (T able 2) w hen th e  sed im en ta tio n  . 

v a lu e s  w ere  c o rre c te d  to  Sori . The v a r ia tio n s  n o ted  in  th e s e  tw oZUzW

d e te rm in a tio n s  m ay be due to  th e  d if fe re n c e s  in  c o n c e n tra tio n . A m ath ­

e m a tic a l  e x p re s s io n  (s e e  M a te r ia ls  and  M ethods), p rov id ing  app rox im ate  

v a lu e s  w as u s e d  in  th e  c a lc u la t io n .

C rude rib o so m es  from Tg w ere  p rep a red  by d if fe re n tia l  c e n tr ifu ­

g a tio n  and  w ere  co m p le te ly  in a c t iv e  in  su p p o rtin g  -'-^Q -Jysine in c o rp o ra ­

t io n .  A cco rd in g ly , r ib o so m es w ere  p u rif ied  by D E A E -cellu lose  ch rom a­

to g rap h y  (25) an d  w ere  on ly  p a r tia lly  a c tiv e  a t  3 7 ° C . A s im ila r  s i tu a tio n  

e x is t s  w i th 'EL s tea ro th e rm o p h ilu s  r ib o so m es w hen p u rif ied  by  th e  sam e ■ 

m e th o d . A lg ran a ti and  L engyel (14) overcam e th is  problem  by  add ing  

sp e rm id in e , a n a tu ra l  com ponen t of r ib o s o m e s , to  th e ir  in co rp o ra tio n  

m ix tu re s . This p ro ced u re  w as  tr ie d  w ith  th e  in  v itro  sy s te m  of Tg.

The a d d itio n  of 4 mM sp erm id in e  to  th e  Tg sy s te m  a t  3 7°C  re s u lte d
-I—I-

in  a lo w erin g  of th e  Mg c o n c e n tra tio n  from 12 mM w ith o u t sp erm id in e  

to  10 mM (s e e  F igure  2 ) . There w as a ls o  a 5 -fo ld  in c re a s e  of in c o rp o ra ­

t io n .  E a rlie r  s tu d ie s  w ith o u t sp erm id in e  show ed  optim um  in co rp o ra tio n
++ ++ a t  12 mM Mg and  a g ra d u a l d e c re a s e  o f in co rp o ra tio n  to  2 0 mM Mg

At 4 5 ° C , th e  a d d itio n  of 4 mM sp erm id in e  re s u lte d  in  a low ering  • 
++

of th e  Mg c o n c e n tra tio n  to  6 mM. There w as a ls o  a n o th e r  5-fo ld  

in c re a s e  o f .in c o rp o ra tio n . W ith o u t sp e rm id in e , o p tim al in co rp o ra tio n  of 

^ C - I y s i n e  o ccu rred  a t  12 m M .(see  F igure 3 ).

At 5 5 ° C , th e  a d d itio n  of 4 mM sp erm id in e  a g a in  r e s u lte d  in  an
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-H-

op tim al Mg c o n c e n tra tio n  o f 6 mM an d  a  6 -fo ld  in c re a s e  of in c o rp o ra ­

tio n  ( s e e  F igure 4 ) . At th is  te m p e ra tu re , th e re  w as a  more p ronounced  

req u irem en t for Mg++ in  th e  p re se n c e  o f 4 mM sp e rm id in e . W ithou t 

s p e rm id in e , the  o p tim al req u irem en t o f M g++ w as 12 mM a s  p re v io u s ly  

n o te d .

At 6 5 ° C , th e  a d d itio n  o f 4 mM sp erm id in e  re s u lte d  in  a s lig h t 

in c re a s e  o f th e  Mg req u irem en t to  8 mM and  a more p ronounced  p eak  

o f in co rp o ra tio n  (s e e  F igure 5 ). W ith o u t sp e rm id in e , h a rd ly  an y
14

in c o rp o ra tio n  o f C - Iy s in e  to o k  p la c e .
++

The re a so n  for th e  v a r ia tio n  in  Mg c o n c e n tra tio n  a s  a  fu n c tio n  of 

tem p e ra tu re  is  u n c le a r .  This phenom enon m ay be due to  p a r t ia l  d e n a tu re -  

tio n  o f r ib o so m a l s i t e s  or h e a t- in d u c e d  co n fo rm a tio n a l c h a n g e s  in  the  

m e sse n g e r  w h ich  m ay a f fe c t  the  b in d in g  of th is  m e sse n g e r  to  th e  r ib o ­

so m e s .

The e f fe c t  o f sp erm id in e  in  p rom oting  h ig h e r le v e ls  o f in co rp o ra tio n  

is  a ls o  unknow n . P o ly a m in e s , su c h  a s  p u tre s e i n e , s ta b i l iz e  th e  r-RNA 

of th e rm o p h ilic  rib o so m es  b u t have no e f fe c t  on th e  r-RNA o f E.  c o l i . 

S p e rm id in e , on th e  o th e r  h a n d , s ta b i l iz e s  b o th  ty p e s  o f f-RNA (1.3) 

u s in g  th e rm a l d e n a tu ra tio n  p ro f ile s  a s  a  m easu re  of s ta b i l i ty .

W e is s  (32) and  Kimes (33) have  show n th a t  th e  a d d itio n  of sm all 

am ounts o f sp erm id in e  o r p u tre s c in e  to  e x te n s iv e ly  p u rif ied  30s and 50s 

su b u n ite s  o f E_. c o li  r ib o so m es c a u s e s  s tru c tu ra l  c h a n g e s . T hese  

a l te ra t io n s  m ake th e  su b u n it more s u s c e p t ib le  to  a t ta c k  by  p a n c re a tic
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r ib o n u c le a s e  and  a d e c re a s e  in  s e d im e n ta tio n  c o n s ta n t .  .H ow ever, a 

d e ta i le d  s tu d y  o f th e rm o p h ilic  rib o so m es u s in g  th e s e  m ethods h as  not 

b een  d o n e .

S ince  th e  u se  of sp erm id in e  r e s u lte d  in  a ch an g e  of Mg"^+ co n ­

c e n tra tio n  d e p en d e n c e  a t  h ig h er te m p e ra tu re s , i t  w as c o n c e iv a b le  th a t 

h ig h e r te m p e ra tu re s  m ay ch an g e  th e  req u irem en t for sp e rm id in e . A ccord­

in g ly , sp e rm id in e  t i t r a t io n s  w ere  perform ed a t  e a c h  te m p e ra tu re ..

At 3 7 ° C , th e  le v e l  of ^ S - I y s i n e  in c o rp o ra tio n  w ith  10 mM Mg++

re a c h e d  a  p la te a u  a t  4 mM sp erm id in e  (F igure 6). At 4 5 °C , optimum 
14in co rp o ra tio n  o f C -Iy s in e  w as o b ta in e d  a t  4 mM sp erm id in e  in  the  

p re se n c e  o f 6 mM Mg++ (F igure  7). W hen th e  tem p era tu re  w as in c re a s e d
O ++to  55 C w ith  6 mM Mg , th e re  w as a s l ig h t  in c re a s e  in  th e  optimum 

sp erm id in e  c o n c e n tra tio n  to  5 mM (F igure  8). At 6 5 °C , th e  optimum
-f-+sp erm id in e  c o n c e n tra tio n  w as a g a in  5 mM in  the  p re se n c e  o f 8 mM Mg 

(F igure  9 ).

The re a so n  for th is  v a ry in g  sp erm id in e  c o n c e n tra tio n  is  a ls o  

u n c le a r .  It is  tem p tin g  to  s p e c u la te  th a t  th e  sp erm id in e  m ay be s u b -
+4.

s t i tu t in g  for Mg a s  th e  tem p era tu re  is  in c re a s e d  b u t th e  r e s u l ts  a t 

37°C  do n o t su p p o rt th is  n o tio n .

If th e  rib o so m es a re  becom ing  p a r t ia l ly  d en a tu red  a t  h ig h e r tem p ­

e r a tu r e s ,  the  am ount of m e sse n g e r  a b le  to  a t ta c h  m ay in c r e a s e .  S ince 

h ig h e r tem p e ra tu re  m ay a ls o  c a u s e  lo s s  o f seco n d a ry  s tru c tu re  of 

m e s s e n g e r , more m e sse n g e r  cou ld  b ind  to  th e  rib o so m es and  re s u lt  in
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a g re a tly  e n h an c e d  in c o rp o ra tio n . A cco rd in g ly , a p o ly a d e n y lic  ac id  

t i t r a t io n  w as perform ed a t  e a c h  te m p e ra tu re .

At 3 7 ° C , th e  am ount o f m e sse n g e r  req u ired  for op tim al in c o rp o ra ­

tio n  seem s to  be  100 jug (F igure 10). The sy s te m  is  s a tu ra te d  a f te r  

a d d itio n  o f th is  am ount o f m e ss e n g e r . At 4 5 °C , op tim al in co rp o ra tio n  

o f 1^ C -Iy s in e  ta k e s  p la c e  a t  1 00 jug and  th e  sy s te m  is  s a tu ra te d  (F igure 

11). W hen th e  tem p e ra tu re  is  in c re a s e d  to  SS0 C , s a tu ra tio n  is  a g a in  

re a c h e d  a t  100 /ig (F igure 1 2 ) . ' At SS0C , th e  sy stem  is  a g a in  s a tu ra te d  

w ith  100 jUg (F igure 13). A cco rd in g ly , s u b se q u e n t in v e s t ig a t io n s  w ere

perform ed  u s in g  th e s e  c o n c e n tra tio n s  of p o ly a d e n y lic  a c id .
+4*S ince  th e  optim um  c o n c e n tra tio n s  o f s p e rm id in e , Mg , and  p o ly ­

a d e n y lic  a c id  had  b een  d e te rm in ed  a t  e a c h  te m p e ra tu re , a  co m parison  of 
14in c o rp o ra tio n s  of C - Iy s in e  w as in v e s t ig a te d  a t  th e s e  te m p e ra tu res  „ 

T hese  s tu d ie s  a tte m p ted  to  d e te rm in e  th e  op tim al tem p era tu re  of th is  

in  v itro  p ro te in  s y n th e s iz in g  s y s te m .

In c o rp o ra tio n s  o f 1^ C -Iy s in e  w ere  perform ed s im u lta n e o u s ly  a t  

e a c h  tem p e ra tu re  and  th e  sam e pH 5' p re c ip ita b le  p ro te in  frac tio n  w as 

u se d  to  preclude, an y  v a r ia tio n  in  enzym e c o n c e n tra tio n . The re s u lts  of 

th is  in v e s t ig a t io n  (F igure 14) show  o p tim al a c t iv i ty  a t  SS0 C . The 

re d u c ed  in co rp o ra tio n  o f 1^ C -Iy s in e  a t  65°C  w as n o t e x p e c te d  s in c e  

th e  B_. s te a ro th e rm o p h ilu s  sy s tem  h as  en h an c e d  a c t iv i ty  a t  65°C  (1 4 ). 

H ow ever, in c o rp o ra tio n  v a lu e s  a t  65°C  a re  ap p ro x im a te ly  the  sam e a s  

a t 3 7 ° C .
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S ince  th e  in c u b a tio n  tim e in  th e  above s tu d ie s  w as lim ited  to  30
14m in u te s , th e  ra te  and  e x te n t o f in c o rp o ra tio n  o f C - Iy s in e  w as in v e s ­

tig a te d  for 120 m in u te s . S am ples w ere  rem oved ev ery  15 m in u te s . At 

3 7 ° C , th e  ra te  o f in co rp o ra tio n  w as much s lo w e r th an  a t  45°C  or 55°C  

(F igu res 1 5 , 16 and  17) bu t a p p ro x im a te ly  the  sam e a s  a t  6 5 °C . How­

e v e r , the  e x te n t  o f in co rp o ra tio n  is  much g re a te r  a t  37°C  th an  a t  65°C  

(F igures 15 and  18). This r e s u l t  seem s to  in d ic a te  th a t  d e n a tu ra tio n  

o f som e com ponen t o f th e  sy s te m  m ay be p ro c e ed in g  a t  th is  h igh  tem p ­

e ra tu re  .

M ost s tu d ie s  in v o lv in g  in  v itro  p ro te in  s y n th e s is  in th e rm o p h ilic  

sy s te m s  a re  com pared  to  th e  E . c o li  sy s te m  .under th e  sam e c o n d i t io n s . 

S im ilar c o n c e n tra tio n s  of rib o so m es and  pH 5 p re c ip ita b le  p ro te in  f r a c ­

tio n s  from E . c o li  w ere  in c u b a te d  a t  th e  v a rio u s  te m p e ra tu re s  u n d er 

id e n tic a l  c o n d itio n s  p re v io u s ly  d e te rm in ed  for T ^ . T hese  in c u b a tio n s  

w ere  perform ed for 30 m inu tes and  sam p le s  w ere  rem oved e v e ry  5 m inu tes

At 3 7 ° C , th e  in i t ia l  ra te  o f ^ - ly s in e  in c o rp o ra tio n  w ith  th e  Jjh

c o li sy s te m  (F igure 19) w as s lo w e r th an  a t  45°C  a lth o u g h  th e  e x te n t of

in co rp o ra tio n  w a s  ap p ro x im a te ly  10% h ig h e r . At 5 5 °C , th e  in i t ia l  ra te

of in co rp o ra tio n  w as  m uch s lo w e r th a n  a t  37°C  o r 4 5 ° C . The e x te n t of 
14 C -Iy s in e  in c o rp o ra tio n  w as a p p ro x im a te ly  38% of th a t  o ccu rrin g  a t  

3 7 ° C . At 65°C  , th e  le v e l  o f in c o rp o ra tio n  w as o n ly  a few  hundred  

co u n ts  above  b ack g ro u n d .

It w as d e s ira b le  to  com pare b o th  th e  E . c o li and  Tg sy s te m s
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d ire c t ly . For th is  c o m p ariso n , p rev io u s  d a ta  w ere  e x tra c te d  and p lo t te d . 

In Figure 2 0 , b o th  sy s te m s  a re  fa ir ly  com parab le  a t  3 7 °C . At 4 5 ° C , th e  

sy stem  h a s  ap p ro x im a te ly  th e  sam e in i t ia l  ra te  b u t th e  in co rp o ra tio n  

o f ^ C - I y s i n e  c o n tin u e s  to  a  g re a te r  e x te n t (F igure 2 1 ). At 5 5 °C , the  

Tb, sy s tem  h a s  a m uch g re a te r  in i t ia l  ra te  (F igure 22) and  ap p ro x im a te ly  

3 1 /2 -fo ld  a s  m uch in c o rp o ra tio n  o f " ^ C - I y s in e . At 6 5 °C , th e  Tg sy s tem  

h as  20 tim es  th e  am ount o f ^ C - I y s i n e  in c o rp o ra te d  a s  th e  E_. c o li 

sy s te m  (F igure  2 3 ).

The r e s u l ts  p re se n te d  in  th is  s tu d y  h ave  show n th a t  th e  in  v itro  

p ro te in  s y n th e s iz in g  sy s tem  from th is  ex trem e ly  th e rm o p h ilic  gram ­

n e g a tiv e  b a c te r ia  d o es  su p p o rt p o ly a d e n y lic  a c id  d ire c te d  ^ C - I y s i n e  

in c o rp o ra tio n . A lthough g ra m -n e g a tiv e  th e rm o p h ilic  b a c te r ia  h ave  b e en  

is o la te d  and  th e  rib o so m es s tu d ie d ,  no one h a s  re p o rted  a  s u c c e s s fu l  

in  v itro  p ro te in  s y n th e s iz in g  s y s te m . •

The s e d im e n ta tio n  c o n s ta n ts  o f th e  th e rm o p h ilic  r ib o so m es a re  

co m parab le  to  th o s e  of E. c o l i . This sy s te m  h as  an  o p tim al tem p era tu re  

fo r a c t iv i ty  a t  5 5 ° C . The re a so n  for red u ced  in co rp o ra tio n  a t  65°C  is  

u n c le a r  s in c e  i t  w as  hoped th a t  th is  th e rm o p h ilic  sy s te m  w ould  have 

a  h ig h e r tem p e ra tu re  optim um  th a n  o b ta in e d  w ith  B_. s te a ro th e rm o p h ilu s .



TABLE I

14
OPTIMUM CONDITIONS for INCORPORATION of C-LYSINE

Temperature (0C) M g** (XlO-3M) Spermidine (x 10” M) Poly-ACpg)

37 IO . ' ,  4 •' ' IOO .

' ' 45 ■ 6 '4 IOO

55 6 ' ' 5 /00  /

65 8 a /00
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. TABLE 2

.Tz -Ribosomal  s e d im e n t a t io n  c o n stan ts

C O N C E N T R A T I O N S E D I M E N T A T I O N  C O N S T A N T *

. 2 . 0  m g / m l
1

" 32,9 ± 0:6 50.2 ± 0.4

\ 5.8 m g / m l  - j : 32\2 ± 0;4 45.9+ 0.7

e x p r e s s e d  os S y e d b e r g s
.

(IQJ 3sec .)
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TABLE 3

% 14C-LYSINE INCORPORATION

S Y S T E M % INCORPORATION

PEP
' P y r u v a t e  k i n a s e I O O

2 . 0  j j M  A T P - 1 ■ .

0 .0 1 2 J t M  G T P

2 . 0 j s M  A T P . 6 3  '
. O.OfEjuM GTP

2.0juM A T P  ■ • ' ’ 9 4
0 .0 2 5  j sM G T P

4 . 0 J J M A T P
I O S  ■

0 .0 1 2  JJ M GTP

4 . 0 J t M  A T P ' - 1 0 2  '■
0 . 0 2 5  J i M  GTP

'
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Figure I . S ed im en ta tio n  p ro file  o f rib o so m es 

T2 rib o so m es  a t  the  d e s ig n a te d  c o n c e n tra tio n s  w ere  d ia ly z e d  o v e rn ig h t 

a g a in s t  5 0 -3 0  b u ffe r. This so lu tio n  w as  th e n  c en tr ifu g e d  a t  3 6 ,0 0 0  

rpm in  th e  Beckm an' M odel E a n a ly t ic a l  u ltra c e n tr ifu g e  eq u ip p ed  w ith  

S ch lie ren  o p t ic s .  A fter th e  ro to r a t ta in e d  s p e e d , p h o to g rap h s  w ere  

ta k en  a t  4 m inu te  in te r v a l s .



SEDIMENTATION VELOCITY RESULTS

[R/bosomej=2.0 mg/ml
t -  0' t = 4 '  t = Q1 f = /2' t = 16'

~_/vA—-

I

-

^Ribosome^ = 5.8 mg/ml

t=0' t = 4' t=8' t = /2' MG'

A ___ Ju - JL :
yvl--- > X
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F igure 2 . M g+ + ti tr a t io n  a t  3 7°C  

In co rp o ra tio n  o f 1^ C -Iy s in e  w a s  in v e s t ig a te d  a t  37°C  in  th e  p re se n c e  

■:> and  a b s e n c e  o f 4 mM sp e rm id in e  w ith  v a ry in g  c o n c e n tra tio n s  o f M g++ .

■ I ncubat i on tim e w as 30 m in u tes  and tr ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  

in so lu b le  ra d io a c tiv i ty  w as  m e a su re d .
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Figure 3 . M g++ t i t r a t io n  a t  45°C  

In co rp o ra tio n  o f 14C - Iy s in e  w as in v e s t ig a te d  a t  45°C  in  th e  p re s e n c e  

and a b s e n c e  o f  4 mM sp e rm id in e  w ith  v a ry in g  c o n c e n tra tio n s  o f M g+ + . 

In cu b a tio n  tim e w as 3 0 m in u tes  an d  t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g ­

s ta te  in s o lu b le  ra d io a c tiv i ty  w as m e a su re d .
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• •,  .

Figure 4 . M g+"1" t i t r a t io n  a t  5 5°C  

In co rp o ra tio n  o f ^ C - I y s i n e  w as in v e s t ig a te d  a t  55°C  in  th e  p re se n c e  

and  a b s e n c e  o f 4 mM sp e rm id in e  w ith  v a ry in g  c o n c e n tra tio n s  o f M g+ + . 

• In cu b a tio n  tim e  w as 30 m in u tes  an d  t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g ­

s ta te  in s o lu b le  r a d io a c tiv i ty  w as  m e a su re d .

.i. I
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Figure 5 . M g++ t i t r a t io n  a t  6 5°C

In co rp o ra tio n  o f 14C -Iy s in e  w a s  in v e s t ig a te d  a t  65°C  in  th e  p re s e n c e  

and  a b s e n c e  of 4 mM sp e rm id in e  w ith  v a ry in g  c o n c e n tra tio n s  of M g++ . 

In cu b a tio n  tim e w as 30 m in u tes  an d  t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g ­

s ta te  in s o lu b le  r a d io a c tiv i ty  w as  m e a su re d .
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F igure 6 . S perm id ine t i t r a t io n  a t  37°C  
14 nIn co rp o ra tio n  o f C - Iy s in e  w as  in v e s t ig a te d  a t  37 C in  th e  p re s e n c e  of 

++
10 mM Mg and  v ary in g  c o n c e n tra tio n s  o f s p e rm id in e . In c u b a tio n  tim e 

w as 30 m in u tes  and  tr ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  in so lu b le  

ra d io a c tiv i ty  w as m e a su re d .
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F igure 7 . S perm id ine  t i t r a t io n  a t  45°C
14 oIn co rp o ra tio n  o f C - Iy s in e  w as  in v e s t ig a te d  a t  45 C in  th e  p re s e n c e

-I--J-
of 6 mM Mg and  v a ry in g  c o n c e n tra tio n s  of s p e rm id in e . In cu b a tio n  

tim e w as  30 m in u tes  an d  tr ic h lo r o a c e t ic  a c id -so d iu m  tu n g s ta te  

in s o lu b le  r a d io a c tiv i ty  w a s  m e a su re d .
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Figure 8 . S perm id ine t i t r a t io n  a t  .55°C

■ 14 oIn co rp o ra tio n  o f C - Iy s in e  w as  in v e s t ig a te d  a t  55 C in  th e  p re s e n c e  of

6 mM Mg an d  v a ry in g  c o n c e n tra tio n s  o f sp e rm id in e . In c u b a tio n  tim e

w as 30 m in u te s .a n d  tr ic h lo ro a .c e tic  a c id -so d iu m  tu n g s ta te  in s o lu b le

ra d io a c tiv i ty  w as m e a su re d .
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F igure 9 . Sperm id ine t i t r a t io n ' a t  65°C  
14 oIn co rp o ra tio n  o f C - Iy s in e  w as  in v e s t ig a te d  a t  65 C in  th e  p re s e n c e  o f 

8 mM Mg an d  v ary in g  c o n c e n tra tio n s  o f s p e rm id in e . In c u b a tio n  tim e 

w as 30 m in u te s  and  t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  in so lu b le  

ra d io a c tiv ity  w as  m e a su re d .
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F igure  10 . P o ly a d e n y lic  A cid T itra tio n  a t  3 7°C  
14 oIn c o rp o ra tio n  o f C - Iy s in e  w as  in v e s t ig a te d  a t  37 C in  th e  p re s e n c e  of 

1 0 mM Mg an d  4 mM s p e rm id in e . The c o n c e n tra tio n  o f p o ly a d e n y lic  

a c id  w as v a r ie d  a s  in d ic a te d .  In c u b a tio n s  w ere  co n tin u e d  fo r 30 

m in u te s . The t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  ra d io a c tiv i ty  w as 

m e asu re d .
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Figure 11 . P o ly a d e n y lic  A cid T itra tio n  a t  4 5 °C  

In co rp o ra tio n  o f ^ C - I y s i n e  w as in v e s t ig a te d  a t  4 5 °C  in  th e  p re se n c e  

6 mM Mg++ an d  4 mM s p e rm id in e . The c o n c e n tra tio n  o f p o ly a d e n y lic  

a c id  w as  v a r ie d  a s  in d ic a te d .  In c u b a tio n s  w ere  c o n tin u e d  for 30 

m in u te s . The tr ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  in so lu b le  ra d io ­

a c t iv i ty  w as  m e a su re d . .......  .......................  " ' ' '
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F igure 12 . P o ly a d e n y lic  a c id  t i t r a t io n  a t  55°C  
14 oIn co rp o ra tio n  o f C - Iy s in e  w as  in v e s t ig a te d  a t  55 C in  th e  p re se n c e  o f

-f—h

6 mM Mg an d  5 mM s p e rm id in e . The c o n c e n tra tio n  o f p o ly a d e n y lic  

a c id  w a s  v a r ie d  and in c u b a tio n s  w ere  c o n tin u e d  for 30 m in u te s . The 

t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  in s o lu b le  r a d io a c tiv i ty  w as 

m e a s u re d . - ■ ■ ' - - -  ■ ,

ZTE
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F igu re  13. P o ly a d e n y lic  A cid t i t r a t io n  a t  65°C  
14 oIn co rp o ra tio n  o f C - Iy s in e  w as in v e s t ig a te d  a t  65 C in  th e  p re s e n c e  o f

+ - J -
8 mM Mg an d  5 mM s p e rm id in e . The c o n c e n tra tio n  of p o ly a d e n y lic  

a ic d  w as v a r ie d  a s  in d ic a te d .  In c u b a tio n s  w ere  c o n tin u e d  fo r 30 

m inu tes . The tr ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  in s o lu b le  ra d io ­

a c tiv ity , w as m easu red -, -  - ..................... - — ■ -

r
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Figure 14 . In co rp o ra tio n  o f ^ C - I y s i n e  a t  v a r io u s  te m p e ra tu re s  .
14The in c o rp o ra tio n  o f C - Iy s in e  w as perfo rm ed  s im u lta n e o u s ly  a t  th e  

te m p e ra tu re s  sho w n . Optim um  c o n c e n tra tio n s  o f Mg , s p e rm id in e , an d  

p o ly a d e n y lic  a c id  p re v io u s ly  d e te rm in ed  for e a c h  tem p e ra tu re  w ere  u s e d .  

In c u b a tio n  w as  co n tin u ed  fo r 30 m in u tes  and  th e  t r ic h lo ro a c e t ic  a c id -  

sod ium  tu n g s ta te - in s o lu b le  ra d io a c tiv ity -w a s  m e asu re d . - ■ - - -
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14 oF igure 15 . Time s tu d y  o f in c o rp o ra tio n  o f C - Iy s in e  a t  37 C 

In co rp o ra tio n  o f ^ C - I y s i n e  w a s  fo llow ed  a t  37°C  u s in g  10 mM Mg+ + ,

4 mM sp e rm id in e  and  100 (J.g o f  p o ly a d e n y lic  a c id .  S am ples w ere  

rem oved e v e ry  15 m in u tes  an d  th e  t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  

in so lu b le  ra d io a c tiv i ty  w as  m e a su re d .
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14 oF igure 1 6 . Time s tu d y  o f in c o rp o ra tio n  o f C - Iy s in e  a t  45 C 

In co rp o ra tio n  of ^ C - I y s i n e  w a s  fo llow ed  a t  45°C  u s in g  6 mM Mg"*"1",

4 mM s p e rm id in e , and  100 /ig o f  p o ly a d e n y lic  a c id .  S am ples w ere  

rem oved e v e ry  15 m in u tes  an d  th e  t r ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  

in so lu b le  ra d io a c tiv i ty  w as  m e a su re d .
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F igu re  1 7 . Time s tu d y  o f in co rp o ra tio n  o f '''^ C -Iy s in e  a t  55°C  

In co rp o ra tio n  o f " ^ C - Iy s in e  w as  fo llo w ed  a t  55°C  u s in g  6 mM Mg+ + ,

5 mM s p e rm id in e , an d  100 jUg o f p o ly a d e n y lic  a c id .  S am ples w ere  

rem oved e v e ry  15 m in u tes  an d  th e  tr ic h lo ro a c e t ic  a c id -so d iu m  tu n g s ta te  

in so lu b le  ra d io a c tiv i ty  w a s  m e a su re d .
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Figure  18 . Time s tu d y  o f in co rp o ra t io n  of ^ C - I y s i n e  a t  65°C 

In co rpo ra tion  o f  ^ C - I y s i n e  w a s  fo llow ed  a t  65°C  u s in g  8 mM Mg+"1",

5 mM sp e rm id in e ,  and  100 jig  of p o ly a d e n y l ic  a c id .  Sam ples  w ere  

rem oved e v e ry  15 m inu tes  and  the  t r i c h lo r o a c e t ic  a c id - s o d iu m  tu n g s ta te  

in s to lu b le  r a d io a c t iv i ty  w a s  m e a s u re d .
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Figure 19. Time s tu d y  of in c o rp o ra t io n  of ^ C - I y s i n e  u s in g  
th e  E,. c o l i  s y s te m  a t  3 7 ° ,  4 5 ° ,  5 5 ° ,  and  650 C

14The in c o rp o ra t io n  of C - I y s in e  u s in g  co m p arab le  c o n c e n t ra t io n s  of 

pH 5 p re c ip i ta b le  p ro te in  f r a c t io n  and  r ib o so m e s  from E . c o l i  w as  

in v e s t ig a te d .  The c o n c e n t ra t io n s  o f  Mg+ + , s p e rm id in e ,  and  p o ly -  

a d e n y l ic  a c id  w e r e . i d e n t ic a l  to  th o s e  u s e d  w ith  th e  Tg s y s te m .  

In c u b a t io n s  w ere  c o n t in u e d  for 30 m in u tes  and  s a m p le s  rem oved  ev e ry  

5 m in u te s .  The t r i c h lo r o a c e t ic  a c id - s o d iu m  tu n g s ta te  in s o lu b le  r a d io ­

a c t iv i ty  w a s  m e a su re d .
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Figure 20.- C om parison  of Tg a n d  E. c o l i  a t  37°C  

The r e s u l t s  from the  tim e s tu d y  o f bo th  s y s te m s  w ere  com pared  u s in g  

the  15 and  30 m inute  v a lu e s  e x t r a c te d  from th e  p rev io u s  s tu d ie s  (F igure 

15 and  F igure  19).
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Figure  21.. C o m p ariso n  o f T0 and  E. c o l i  a t  45°C
L  —  ----------------

The r e s u l t s  from the  tim e  s tu d y  of b o th  s y s te m s  w ere  com pared  u s in g  th e  

15 and 30 m inu te  ,v a lu e s  e x t r a c te d  from th e  p rev io u s  s tu d ie s  (F igure  16 

and  F igure  19).

" b 'T
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Figure  22 . C om parison  of Tg an d  E. c o l i  a t  55°C  

The r e s u l t s  from the  tim e s tu d y  .of bo th  s y s te m s  w ere  com pared  u s in g  th e  

15 an d  30 m inute  v a lu e s  e x t r a c te d  from th e  p rev io u s  s tu d ie s  (F igure 17 

and F igure  19).
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Figure  23.. C om parison  o f a n d  E. c o l i  a t  6 5°C 

The r e s u l t s  from the  tim e s tu d y  o f  bo th  .system s w ere  com pared  u s in g  th e  

15 and 30 m inute  v a lu e s  e x t r a c te d  from p rev io u s  s tu d ie s  (F igure 18 and  

Figure 19).
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