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ABSTRACT

PURIFICATION AND CHARACTERIZATION OF MULTIPLE FORMS OF 

DNA-DEPENDENT RNA POLYMERASE FROM THE BRINE SHRIMP, ARTEMIA SALINA

by

REBECCA P. ELLISON 

A d v i s o r :  P r o f e s s o r  C a ro lyn  Burd ick

Three  c l a s s e s  o f  DNA-dependent RNA polymerase  have been p u r i f i e d  

s e v e r a l  thousand  f o ld  from th e  b r i n e  sh r im p ,  Ar temia  s a l l n a . Methods 

i n c l u d e  s o n i c a t i o n  in  0 . 4  M ammonium s u l f a t e ,  h i g h  speed c e n t r i f u g a t i o n ,  

ammonium s u l f a t e  f r a c t i o n a t i o n  and p r e c i p i t a t i o n  o f  n u c l e i c  a c i d s  w i t h  

t h e  s y n t h e t i c  p o l y c a t i o n ,  Po lymin-P.

I n  a l a r g e  s c a l e  p u r i f i c a t i o n  p r o c e d u r e ,  based  on ch rom atography  

on D E AE-ce l lu lose  and D N A -c e l lu lo se ,  25% of  t h e  o r i g i n a l  enzyme a c t i v i t y  

was r e c o v e r e d  w h i le  r e d u c i n g  t h e  t o t a l  p r o t e i n  from 33 .7  g ( c r u d e  homo- 

g e n a t e  f r a c t i o n )  to  13.8 mg. S p e c i f i c  a c t i v i t y  o f  47 u n i t s / m g  was 

a c h ie v e d  [one u n i t  o f  enzyme a c t i v i t y  i s  the  amount r e q u i r e d  f o r  the  

i n c o r p o r a t i o n  o f  one nanomole o f  UMP i n t o  a c i d - p r e c i p i t a b l e  m a t e r i a l  in  

10 min a t  37°C] .  Hydra ted Ar temia  c y s t s  (1 ,2 31  g)  had a y i e l d  o f  325 

u n i t s  of  po lymerase  a c t i v i t y  p r i o r  t o  s e p a r a t i o n  of  t h e  enzyme c l a s s e s .

Chrom atograph ic  s e p a r a t i o n  of  t h e  enzyme c l a s s e s  was a c h ie v e d  by 

ch ro m a tog raphy  on DEAE-ce l lu lose  fo l lowed  by r e c h rom a tog ra phy  on DEAE- 

Sephadex.  A r tem ia  RNA polymerase  I  a c t i v i t y  e l u t e d  from DEAE-Sephadex 

a t  0 .0 9  M ammonium s u l f a t e .  Polymei 'nsc I  was n o t  e x t e n s i v e l y  c h a r a c t e r i z e d



i n  the  p r e s e n t  s tu d y .

Chromatograph ic  h e t e r o g e n e i t y  o f  Ar temia RNA polymerase  I I  was 

d i s c o v e r e d .  Po lymerase  IIA e l u t e s  from DEAE-Sephadex a t  0 .1 6  M ammonium 

s u l f a t e  and polymerase  IIB e l u t e s  a t  0 .2 3  M ammonium s u l f a t e .  The c a t a ­

l y t i c  r e q u i r e m e n t s  o f  t h e s e  two c h rom a tog ra ph ic  forms o f  the  polymerase  

were i d e n t i c a l .  CT DNA^^ was the  p r e f e r r e d  t e m p la t e  by a f a c t o r  of  3 .5

ove r  CT DNA and by a f a c t o r  of  7 .1  over  d(A-T) . Polymerase IIA and n a t  n 1
po lym erase  IIB had ammonium s u l f a t e  opt ima between 0 .075  M and 0 .100  M 

and a Mn /Mg a c t i v i t y  r a t i o  o f  4 .  Maximum a c t i v i t y  o c c u r r e d  a t  2 - 3
| | _j |

mM Mn o r  6 mM Mg . Both enzyme IIA and enzyme I IB  were h i g h l y  s e n s i ­

t i v e  t o  the  i n h i b i t o r ,  a l p h a - a m a n i t i n ,  and were t o t a l l y  i n h i b i t e d  by

0 .0 4  ug /m l .  F i f t y  p e r c e n t  i n h i b i t i o n  o c c u r r e d  a t  0 .019  t o  0 .028 ug/ml 

a l p h a - a m a n i t i n .

The two c h rom a tog ra ph ic  forms o f  po lymerase  I I  appeared  t o  d i f f e r  

i n  t h e i r  s t a b i l i t y ;  w i t h i n  52 hours  o f  the  hom ogen iza t ion  of  the  h y d r a t e d  

A r tem ia  c y s t s ,  po lymerase  IIA was found t o  have a s p e c i f i c  a c t i v i t y  380 

t im es  lower than  t h a t  of polymerase  I IB .

Artemia  po lymerase  I I I  e l u t e d  from DEAE-ce l lu lose  between 0 .11  M 

and 0 .19  M ammonium s u l f a t e ;  upon rec h rom a tog ra phy  on DEAE-Sephadex, 

e l u t i o n  o c c u r r e d  a t  0 .32  M ammonium s u l f a t e .  The po lymerase  I I I  a c t i v i t y  

of  a c rude  Ar temia  c y s t  homogenate  c o - e l u t e d  w i th  polymerase  IIB on DEAE- 

Sephadex a t  0 .2 3  M ammonium s u l f a t e .  The e x i s t e n c e  o f  s e v e r a l  c h rom a to ­

g r a p h i c  forms o f  Ar temia  polymerase  I I I  seems l i k e l y .

The A r t em ia  polymerase  I I I  e l u t i n g  a t  0 .3 2  M ammonium s u l f a t e  from 

DEAE-Sephadex p r e f e r r e d  th e  t e m p l a t e ,  d (A-T)n » 2 .3  f o l d  o v e r  CT DNA^^
j _| -|-j-

and 1.1  fo ld  ov e r  CT Enzyme I I I  had a Mn /Mg a c t i v i t y  r a t i o

of  3 .2  w i t h  CT DNA, as  t e m p la t e  and 12 .0  w i t h  d(A-T) a s  t e m p l a t e .  The den n

v



optimum Mn c o n c e n t r ; i t ) n n  was a p p r o x i m a t e ly  6 mM. Enzyme 111 was i n s e n ­

s i t i v e  t o  120 ug/ml a l p h a - a m a n i t i n .

v i
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INTRODUCTION

Background

The development  of  a complex o rgan ism  from a f e r t i l i z e d  egg i s  an 

e l a b o r a t e  p roce du re  i n v o l v i n g  an i n t r i c a t e  c o m b in a t io n  of  c e l l  d i v i s i o n  

and c e l l  d i f f e r e n t i a t i o n .  I n d i v i d u a l  c e l l s  t a k e  on p a r t i c u l a r  c h a r a c t e r ­

i s t i c s  v e r y  e a r l y  in  deve lo pm en t ,  p o s s i b l y  as  the  r e s u l t  o f  t h e  p a r t i t i o n  

o f  c y to p l a s m i c  d e t e r m i n a n t s  p r e s e n t  i n  t h e  o o c t y e .  I n  p r o t o s t o m e s ,  

two i d e n t i f i a b l y  d i f f e r e n t  c e l l s  a r e  c r e a t e d  by t h e  f i r s t  c l e a v a g e .  As 

c e l l s  undergo  s u c c e s s i v e  d i v i s i o n s ,  they  become i n c r e a s i n g l y  s p e c i a l i z e d  

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

t h e i r  c o n d i t i o n  in  the mature  o rgan ism.

T h is  s p e c i a l i z a t i o n  oc c u rs  i n  two s t a g e s ,  the f i r s t  o f  which i s  

c e l l  d e t e r m i n a t i o n .  A de te rm ine d  c e l l  i s  commit ted t o  the  f u t u r e  

e x p r e s s i o n  o f  a p a r t i c u l a r  phe no type .  The d e te r m in e d  s t a t e  i s  t r a n s ­

m i t t e d  v e r t i c a l l y  w i t h o u t  e x p r e s s i o n  t o  p rogeny  c e l l s .  Pheno typ ic  

e x p r e s s i o n  of  the  s p e c i a l i z e d  t r a i t  i s  w i t h h e l d  u n t i l  t h e  de te rm in e d  

c e l l  r e c e i v e s  a s i g n a l  t o  d i f f e r e n t i a t e .  The im a g in a l  d i s c s  of  

D r o s o p h i l a  a r e  examples  of  de te r m in e d  c e l l s  which show no e v id e n c e  of  

d i f f e r e n t i a t i o n  y e t  m a i n t a i n  t h e i r  de te r m in e d  s t a t e  d e s p i t e  s e r i a l  

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

i s  a b s e n t  [Kauffmann 1973] .

I n  g e n e r a l ,  c e l l  d i v i s i o n  p roduces  d a u g h t e r  c e l l s  w i t h  a l e v e l  o f  

d e t e r m i n a t i o n  e qua l  t o  or  more s p e c i f i c  t h a n  the p a r e n t a l  c e l l .  When 

deve lopm ent  o f  the  o rgan ism has been comple ted  th e  i n d i v i d u a l  c e l l s

1
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m n i n t a i n  t h e i r  i d e n t i t y  and pe r fo rm  t h e i r  s p e c i a l i z e d  ( d i f f e r e n t i a t e d )  

f u n c t i o n s  u n t i l  the  d e a th  o f  the  o rgan i sm .

How the  c o n c e r t e d  e v e n t s  of  deve lopm ent  a r e  programmed i n t o  the 

u n f e r t i l i z e d  egg i s  a most  i n t r i g u i n g  and d i f f i c u l t  q u e s t i o n .  The 

de v e lo p m e n ta l  program no t  o n l y  d e te r m i n e s  which c e l l s  u n d e r t a k e  c e r t a i n  

s p e c i a l i z e d  f u n c t i o n s ,  i t  a l s o  d e t e r m i n e s  the t em pora l  sequence  in  

which th e y  do so .  R e g u l a t i o n  t h e o r e t i c a l l y  cou ld  occur  a t  t h e  l e v e l  

o f  t h e  chromosome ( i r r e v e r s i b l e  c o n d e n s a t i o n  or  a c t u a l  l o s s ) ,  t h e  gene 

( t r a n s c r i p t i o n a l  c o n t r o l ) ,  RNA ( p o s t - t r a n s c r i p t i o n a l  mRNA p r o c e s s i n g  

and m o d i f i c a t i o n  or  t r a n s l a t i o n a l  c o n t r o l )  o r  p r o t e i n  ( p o s t - t r a n s l a t i o n a l  

p r o t e i n  m o d i f i c a t i o n ) .

Models f o r  D i f f e r e n t i a t i o n  

S e v e ra l  models have been  proposed  to  e x p l a i n  t h e  d i f f e r e n t i a t i o n  

p r o c e s s .  One o f  the  e a r l i e s t  t h e o r i e s  h e ld  t h a t  t h e  c e l l s  o f  a 

d e v e lo p i n g  system e x p e r i e n c e d  a d i f f e r e n t i a l  l o s s  o f  g e n e t i c  m a t e r i a l .

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

na r row ing  of  f u n c t i o n a l  p o s s i b i l i t i e s .  A c t u a l  l o s s  o f  chromosomes 

was found in  t h e  som a t ic  c e l l s  of  A s c a r i s  [Hogue 1910] .

A l though  a na rrowing  o f  f u n c t i o n a l  p o s s i b i l i t i e s  i s  e s s e n t i a l l y  

what o c c u r s  i n  a d i f f e r e n t i a t i n g  sys tem , a c t u a l  l o s s  o f  c h ro m a t i n  i s  

now known t o  be the  e x c e p t i o n  r a t h e r  than  t h e  r u l e  [Davidson  1968] ,

An example o f  DNA which ha s  been i r r e v e r s i b l y  m o d i f i e d  i s  the  B a r r  body 

o r  randomly i n a c t i v a t e d  X chromosome i n  c e l l s  o f  human f em a les  [Hood

1975] .  The g e n e r a l  r u l e  i s  t h a t  t h e  g e n e t i c  componant  o f  each  c e l l  i s  

t h e  q u a n t i t a t i v e  and q u a l i t a t i v e  e q u a l  o f  t h a t  o f  the  fcygote.

Dramatic  ev ide nc e  f o r  t h e  absence  of  i r r e v e r s i b l e  change d u r i n g  

d i f f e r e n t i a t i o n  i s  the  d e m o n s t r a t i o n  t h a t  n u c l e i  from c e l l s  w i th



d if f e r e n t ia t e d  functions are able to  d ir e c t  development o f  e n t ir e  

animals upon tran sp lan tation  in to  enucleated oocytes [Gurdon 1964;

Briggs and King I960].

A second explanation  for the appearance o f  d i f f e r e n t ia te d  

s tru ctu res  or functions is  the s e le c t iv e  r e i t e r a t io n  or am p lif ica t ion  

o f  genes. A few examples of th is  have been d iscovered . Genes coding  

for the h is to n es  o f  developing sea urchins [Kedes 1971] and genes 

coding for rRNA [Brown and Sugimoto 1973; Brown and Dawid 1968;

Wallace and B ir n s t ie l  1966; Lewin 1974] and tRNA [Clarkson 1973] in  

Xenopus la e v is  somatic c e l l s  have been found in greater  than 2C amounts. 

The ribosomal gene complement in  Xenopus oocytes i s  m u lt ip lied  approx­

im ately  1000 fo ld  in  the oocyte [Hood 1974]. Instances o f  such 

a m p lif ica t io n  are rare and r e s tr ic te d  to s i tu a t io n s  where increased  

production i s  c r i t i c a l .  In mice for example, 70% o f  the DNA i s  present  

as s in g le  cop ies  [B r itten  and Kohne 1968]. H ybridization  experiments  

show that most transcribed DNA is  present as unique sequences. Re­

i t e r a t io n  and d i f f e r e n t i a l  gene a m p lif ica t io n  are therefore unusual 

s i tu a t io n s  and cannot exp la in  the t o t a l i t y  o f  development.

Control on another l e v e l ,  that o f  d i f f e r e n t i a l  gene exp ress ion ,  

b e s t  exp la ins  what i s  known about the appearance o f  s p e c ia l iz e d  c e l l  

products during development and th e ir  continued presence in p a rt icu la r  

c e l l  types .

D i f f e r e n t ia l  gene expression  i s  the r e s u l t  o f  lim ited  and co n tro lled  

gene a c t i v i t y .  The tr a n s c r ip t io n a l ly  a c t iv e  areas o f  the chromatin  

s p e c i fy  what p rote in s  are syn th es ized . A comparison o f  the sequence 

homology of RNAs is o la te d  from various d i f f e r e n t ia te d  t i s s u e s  shows 

that d i f f e r e n t  populations of mRNAs are present in  d i f f e r e n t  develop-
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m enta l  stnj ' .es or  d i f f e r e n t  t i s s u e s  of  the  same organ ism [Davidson  and 

B r i t t e n  1973] .

Davidson and B r i t t e n  have de ve loped  a model fo r  gene c o n t r o l  in 

e u k a r y o t e s  which was d e s ig n e d  to  a c coun t  fo r  the  temporal  c o n t r o l  of  

e x p r e s s i o n  o f  d i f f e r e n t  s e t s  of  genes and the  a b i l i t y  of  a s i n g l e  

e f f e c t o r  to  t r i g g e r  p r o d u c t i o n  o f  d i f f e r e n t  p r o t e i n s  o r  s e t s  of  

p r o t e i n s  in  d i f f e r e n t  t a r g e t  c e l l s .  The model d e s c r i b e s  a c a sc a d e  of  

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

C e l l s  t a k e  on t h e i r  d i f f e r e n t i a t e d  c h a r a c t e r i s t i c s  a s  the  d i r e c t  

r e s u l t  o f  the  p r o d u c t i o n  o f  a p a r t i c u l a r  s e t  o f  mRNAs co d in g  fo r  

p r o t e i n s  which a re  e i t h e r  s t r u c t u r a l  o r  f u n c t i o n a l .  The a r r a y  o f  

p r o t e i n s  produced d e t e r m i n e s  the  c e l l ' s  i d e n t i t y .  C e l l s  may s h a r e  

f u n c t i o n s  and t h i s  c r e a t e s  a range  of  o v e r l a p p i n g  i d e n t i t i e s .

I n  e u k a r y o t i c  c e l l s ,  t h e  g e n e t i c  m a t e r i a l  i s  embedded in  a v e ry  

complex s t r u c t u r e .  DNA i s  packaged in  the  chromosomes a lo n g  w i th  

a p p r o x i m a t e l y  e qua l  amounts of  p r o t e i n  and a smal l  amount of  RNA.

Both h i s t o n e s  and n o n h i s t o n e  p r o t e i n s  a r e  in c lu d e d  i n  t h i s  complex.

The h i s t o n e s  and th e  DNA a r e  packaged in  r e p e a t i n g  u n i t s  c a l l e d  

nuc leosomes  or  nu b o d i e s  which g iv e  t h e  c h ro m a t i n  a beaded a p p e a r a n c e .

Access  t o  e u k a r y o t i c  DNA i s  made d i f f i c u l t  by t h e  s t r u c t u r a l  

c o m p l e x i t y  o f  the  chromosome. P r o d u c t i o n  of  an  mRNA t r a n s c r i p t  

c o d in g  f o r  a p a r t i c u l a r  p r o t e i n  r e q u i r e s  a h i g h l y  c o n t r o l l e d  t r a n s -  

c r i p i t i o n a l  e v e n t .  DNA s i t e  i d e n t i f i c a t i o n ,  i n i t i a t i o n  o f  t r a n s c r i p t i o n  

and t e r m i n a t i o n  o f  t r a n s c r i p t i o n  must  be p r e c i s e .  The com ple te  a r r a y  

o f  d e t e r m i n a n t s  o f  t r a n s c r i p t i o n a l  p r e c i s i o n  i s  unknown a t  t h e  p r e s e n t  

t i m e ,  however a c e r t a i n  amount o f  t h e  p r e c i s i o n  i s  t h o u g h t  t o  r e s i d e  

i n  t h e  h i g h l y  complex enzyme,  RNA po lym erase .
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E u k a r y o t i c  RNA Polymerases

Background

The e u k a r y o t i c  polymerases  a r c  a l l  v e ry  l a r g e  m o le c u le s  w i th  

m o le c u la r  w e igh ts  in  ex c es s  of  500 ,000 d a l t o n s .  They a re  composed 

o f  m u l t i p l e  s u b u n i t s .  SDS g e l  e l e c t r o p h o r e s i s  shows a d i s t i n c t  sub ­

u n i t  c o m p o s i t i o n  fo r  each  po lymerase  c l a s s  [ S k l a r ,  Schwar tz  and Roedcr

1975] .  S m a l le r  m o le c u la r  w e igh t  s u b u n i t s  a r e  sha red  between  p o lym e rase s ,  

however the  l a r g e r  s u b u n i t s  a r e  c l e a r l y  d i f f e r e n t  and un ique  t o  each  

c l a s s .

The h e t e r o g e n e i t y  which e x i s t s  w i t h i n  each  c l a s s  i s  the  r e s u l t  of 

s i z e  or  c ha rge  d i f f e r e n c e s  i n  c e r t a i n  s u b u n i t s .  I n  a t  l e a s t  one c a s e ,  

h e t e r o g e n e i t y  i s  due t o  t h e  t o t a l  l a c k  o f  one s u b u n i t .  H e t e r o g e n e i t y  

i s  obse rved  a f t e r  column ch romatography  or  upon p o ly a c r y la m id e  g e l  

e l e c t r o p h o r e s i s  under  d e n a t u r i n g  c o n d i t i o n s .

Q u e s t io n s  of  m o le c u la r  s t r u c t u r e ,  c a t a l y t i c  p r o p e r t i e s ,  ch rom a to ­

g r a p h i c  b e h a v io r  and i n t r a c e l l u l a r  l o c a l i z a t i o n  h e l p  t o  i d e n t i f y  

members of  each  po lymerase  c l a s s .  These a s p e c t s  o f  i d e n t i f i c a t i o n  

w i l l  be c o n s i d e r e d  in  de p th  fo r  e a ch  c l a s s  o f  po lym e rase .  Enzyme 

y i e l d  and i n h i b i t o r  s e n s i t i v i t i e s  as  w e l l  as  p o s s i b l e  c o n t r o l  mechanisms 

w i l l  be e x p l o r e d .

Enzyme a c t i v i t y  l e v e l s  a r e  known to  be h i g h e r  i n  some t i s s u e s  than  

o t h e r s  and t h e  l e v e l s  o f  enzyme c l a s s e s  a r e  known to  f l u c t u a t e  i n d ep e n ­

d e n t l y  unde r  d i f f e r e n t  c o n d i t i o n s  of  p h y s i o l o g i c a l  s t a t e  o r  hormonal  

i n f l u e n c e .  For  example,  l e v e l s  o f  po lymerase  I  and po lymerase  I I  a r e  

i n d e p e n d e n t l y  r e g u l a t e d  d u r i n g  c e l l  d i v i s i o n  in  y e a s t  [ S e b a s t i a n ,

Takano and Ha lvorson  1974] .
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P i v e r s i  ty

RNA pol ymerase was f i r s t  d i s c o v e r e d  by Weiss and G la d s to n e  

[1959]  in  r a t  l i v e r  [ s e e  a l s o  Weiss 1960 and Weiss 1976] .  Tlie 

a c t i v i t y  o f  t h i s  enzyme was l a t e r  shown to  be DNA-directed by Hurwitz ,  

B r e s l e r  and D i r i n g e r  [ I 9 6 0 ] .

Al though i t  was d i s c o v e r e d  f i r s t ,  t h e  DNA-dcpcndent RNA p o l y ­

merase  a c t i v i t y  o f  e u k a r y o t i c  c e l l s  i s  n o t  a s  w e l l  u n d e rs tood  as the  

RNA polymerase  o f  p r o k a r y o t i c  o r g a n i s m s .  Expe r im en t s  i n v e s t i g a t i n g  

th e  t r a n s c r i p t i o n a l  p r o c e s s  i n  e u k a r y o t i c  systems a rc  h i n d e r e d  by 

th e  s t r u c t u r a l  and b i o c h e m ic a l  c o m p l e x i t y  o f  the  s t a r t i n g  m a t e r i a l .

The p re s e n c e  i n  v iv o  o f  i n t r a c e l l u l a r  i n f l u e n c e s  (hormones,  v i t a m i n s  

and c e l l  s u r f a c e  e f f e c t o r s )  as w e l l  as  the  absence  of  f i n e  s t r u c t u r e  

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

h i g h e r  o rgan i sm s .

The s tu d y  o f  y e a s t  po lym erases  and t r a n s c r i p t i o n a l  c o n t r o l s  may 

be t h e  b e s t  means o f  c i r c u m v e n t in g  some o f  the  c o m p l e x i t i e s  i n h e r a n t  

i n  the  s tu d y  o f  t r a n s c r i p t i o n  in  h i g h e r  e u k a r y o t e s .  The y e a s t  RNA 

p o lym e rase s  a r e  r em arkab ly  s i m i l a r  t o  t h o s e  o f  m u l t i - c e l l u l a r  

e u k a r y o t e s ,  however  the  problems  imposed by hormonal i n f l u e n c e s  and 

d i f f e r e n t i a t e d  organ  sys tems  a r e  a b s e n t .  Perhaps  the  most  im p o r t a n t  

d i f f e r e n c e  t h a t  y e a s t  o f f e r s  i s  t h e  p o s s i b i l i t y  f o r  a g e n e t i c  approach  

t o  t r a n s c r i p t i o n a l  c o n t r o l .  M utant s  a f f e c t i n g  RNA po lymerases  have 

been  found [ T h o n a r t ,  B e c he t ,  H i l g e r  and Burny 1976] .

The d i s c o v e r y  o f  m u l t i p l e  RNA po lym erases  in  e u k a r y o t i c  organi sms 

p ro v id e d  bo th  a major  advance  in  t h e  u n d e r s t a n d i n g  o f  t r a n s c r i p t i o n  

and a t  the  same t im e ,  a quantum jump i n  c o m p l e x i t y .  The v e r y  p r e s e n c e  

o f  m u l t i p l e  po lymerases  p r e s e n t e d  the  p o s s i b i l i t y  t h a t  t h e y  had
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s e p a r a t e  f u n c t i o n s  and cou ld  be s e p a r a t e l y  c o n t r o l l e d .  There  was the  

p o s s i b i l i t y  t h a t  s e p a r a t e  s t r u c t u r e s  cou ld  be r e l a t e d  t o  t h e s e  s e p a r a t e  

f u n c t i o n s .  The d i v e r s i t y  o f  the  m u l t i p l e  po lymerases  a l s o  had the  

e f f e c t  o f  p r e c l u d i n g  the  d e s ig n  of  an in  v i t r o  a s s a y  sys tem  f a v o r a b l e  

t o  a l l  po lymerase  c l a s s e s .  A s i m i l a r  problem c o n f r o n t e d  in  v ivo  

s tud ie s .

D i v e r s i t y  o f  RNA po lymerases  was o r i g i n a l l y  r e v e a l e d  by s e v e r a l  

l i n e s  o f  i n v e s t i g a t i o n .  I n  1967,  S t i r p e  and Fiume showed t h a t  the  

t o a d s t o o l  t o x i n ,  a l p h a - a m a n i t i n ,  p a r t i a l l y  a b o l i s h e d  the  RNA polymerase  

a c t i v i t y  o f  e u k a r y o t e s  b o th  j j l  v i v o  and i n  v i t r o . Th is  i n d i c a t e d  t h a t  

two forms o f  polymerase  m ig h t  e x i s t  which had d i f f e r e n t  s e n s i t i v i t i e s  

t o  the  t o x i n .

A d d i t i o n a l  i n d i r e c t  e v id e n c e  f o r  m u l t i p l e  po lymerase  forms came 

from the  o b s e r v a t i o n  t h a t  n u c l e i  under  d i f f e r e n t  c o n d i t i o n s  o f  i n c u ­

b a t i o n  produced RNA p r o d u c t s  t h a t  were e i t h e r  DNA-like or  rRNA-l ike 

[Roeder and R u t t e r  1970a; Roeder  and R u t t e r  1970b] .

A u t o r a d i o g r a p h y  under  the  c o n d i t i o n s  o f  i n c u b a t i o n  which favored  

s y n t h e s i s  o f  the  rRNA-like (G C -r ich )  p r o d u c t  ( low i o n i c  s t r e n g t h ,  Mg ) 

r e s u l t e d  i n  i n c o r p o r a t i o n  of  t h e  l a b e l e d  p r e c u r s o r  ove r  t h e  a r e a  o f  

t h e  n u c l e o l u s .  When the  a s s a y  c o n d i t i o n s  t^ere s h i f t e d  t o  f a v o r  p r o -
j-|

d u c t i o n  o f  DNA-like RNA ( h i g h e r  i o n i c  s t r e n g t h ,  Mn ) ,  i n c o r p o r a t i o n  

o f  l a b e l e d  p r e c u r s o r  seemed to  o c c u r  i n  t h e  a r e a  o f  t h e  n u c le o p la s m .

The n u c l e o p l a s m ic  a c t i v i t y  was t o t a l l y  i n h i b i t e d  by low l e v e l s  o f  

a l p h a - a m a n i t i n  [Pogo e t  a l .  1967] .

D i r e c t  e iv d e n c c  o f  the  e x i s t e n c e  o f  m u l t i p l e  po lym erases  i n  

e u k a r y o t i c  c e l l s  came from th e  work o f  R o e d e r^ [1969 ] .  DEAE-Sephadex 

ch rom ato graphy  o f  the  po lymerase  a c t i v i t y  s o l u b i l i z e d  from s e a  u r c h i n
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n u c l e i  y i e l d e d  t h r e e  a c t i v i t y  peaks when the  column was deve loped i>y 

a  l i n e a r  s a l t  g r a d i e n t .  The o r d e r  of  e l u t i o n  o f  t h e s e  t h r e e  RNA 

polymerase  a c t i v i t i e s  from DEAK-Scphadcx forms the  b a s i s  of  the  nomen­

c l a t u r e  deve loped  by Roeder [Roeder and R u t t e r  1969] ( t a b l e  2 ) .  The 

m u l t i p l e  RNA po lymerases  dem o n s t ra t ed  i n  t h i s  pape r  were named polymerase  

1,  I I  and I I I .  They were a l l  e x t r a c t e d  from i s o l a t e d  n u c l e i .

F r a c t i o n a t i o n  of  the  n u c le u s  [Roeder and R u t t e r  1970b] showed t h a t  

t h e  rRNA s y n t h e t i c  a c t i v i t y  was l o c a l i z e d  in  t h e  n u c l e o l u s .  L i n d e l l  et_ 

a l . [1970] showed t h a t  the  i n h i b i t o r ,  a l p h a - a m a n i t i n ,  a b o l i s h e d  polymerase  

I I  a c t i v i t y  w i t h o u t  a f f e c t i n g  polymerase  I  a c t i v i t y  ( s e e  a l s o  S e i f a r t  and 

S e k e r i s  [ 1 9 6 9 ] ) .  The d i f f e r e n t i a l  s e n s i t i v i t y  o f  po lymerases  to  a l p h a -  

a m a n i t i n  forms th e  b a s i s  o f  the  naming sys tem  deve lo ped  by Chambon [1975] 

in  which po lymerases  I ,  I I  and I I I  a r e  c a l l e d  A, B and C r e s p e c t i v e l y .

I n  t h e  1970 Cold S p r in g  Harbor  Symposium, B l a t t i ,  I n g l e s ,  L i n d e l l ,  

N o r r i s ,  Weaver,  Weinberg and R u t t e r  summarized the  known i n f o r m a t i o n  

ab o u t  the  m u l t i p l e  RNA p o ly m e r a s e s .  T h e i r  c o n c l u s i o n s  were t h a t  t h e r e  

a r e  a t  l e a s t  t h r e e  n u c l e a r  t r a n s c r i p t i v e  s y s te m s ,  each  c o n t r o l l e d  by a 

s p e c i f i c  po lym erase .  Polymerase  I  t h e y  ag re e d  was l i m i t e d  t o  the  n u c l e o ­

lus  and was r e s p o n s i b l e  f o r  t h e  n u c l e o l a r  f u n c t i o n s ,  namely th e  p r o d u c t i o n  

of  t h e  45s p r e c u r s o r  rRNA. Po lymerase  I I  was f e l t  t o  s y n t h e s i z e  the  many 

c l a s s e s  of  mRNA and hnRNA. The s u g g e s t i o n  was made t h a t  tRNA migh t  be 

s y n t h e s i z e d  by po lymerase  I I I .  I n  summary, they  f e l t  t h a t  t h e  m u l t i p l i c i t y  

o f  t h e  RNA po lym erases  d i d  n o t  c o r r e s p o n d  w i t h  t h e  com p le x i ty  r e q u i r e d  

f o r  t h e  r e g u l a t i o n  o f  c e l l u l a r  f u n c t i o n ,  b u t  s i n c e  i t  was known t h a t  the  

po lym erases  were composed o f  s u b u n i t s ,  the  t h e o r y  was p u t  f o r t h  t h a t  

r e g u l a t o r y  s u b u n i t s  c o u ld  p ro v id e  a p p r o p r i a t e  s e l e c t i v i t y ,  e s p e c i a l l y  i n  

co m b in a t io n  w i th  a l t e r a t i o n  o f  the  chromosomal  t e m p l a t e .  S t u d i e s  of  the
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fu nctiona l in teg ra t io n  of the polymerases w ith in  the chromosome were 

su ggested .

In v est ig a t io n s  carried  out subsequent to 1970 have served to sub­

s ta n t ia t e  every aspect of the summation by B la t t i  £ £  al_. [1970]. In a 

c e r ta in  sense , i t  seems that l i t t l e  progress has been made s in ce  that  

time toward the understanding o f  eukaryotic tr a n scr ip t io n  and tran s­

c r ip t io n a l  co n tro l .  Many of the questions unanswered then remain 

unanswered now.

Yet a consideration  o f  the t o t a l i t y  o f  recent RNA polymerase 

research shows that progress has been made. The achievements are 

ev iden t in the degree to which information p rev iously  gathered has 

been incorporated into a s o l id  framework. Indiv idual experiments for  

the most part have seemed r e p e t i t iv e ;  yet they gain strength  from the 

ex ten s iv e  se t  o f  rather standardized experiments performed on polymerases 

i s o la te d  from organisms from throughout the phylogenetic  range. These 

i s o la te d  experiments tend to support each other and the net e f f e c t  

i s  considerab ly  greater than that of the sum of the in d iv idu a l c o n t r i ­

butions .

S e lected  l i t e r a tu r e  references for the three polymerase c la s s e s

Several e x c e l la n t  reviews of the eukaryotic RNA polymerase l i t e r a tu r e  

are a v a ila b le  [Chambon 1975; Roeder 1976]. The t r i p a r t i t e  tra n sc r ip t iv e  

system has been found in every organism in trfiich i t  has been sought. The 

fo llow ing  a r t i c l e s  are p a r t ic u la r ly  recommended for th e ir  emphasis on the 

ind icated  polymerase c l a s s .  The referen ces  are presented in the order o f  

in creasin g  b io lo g ic a l  complexity of the source organism. I t  i s  ev ident  

th at  d esp ite  the s im i la r i ty  of th e ir  polymerases, the sources are 

e v o lu t io n a r i ly  d ivergent.



Polymern.se 1 has  been examined in y e a s t  [ S e b a s t i a n ,  Taknno and 

Hnlvorson 1974 ; l lnct ,  B u h le r ,  Sentenac  and Fromageot  1975; S c h u l t z  and 

H a l l  1976; V a l e n z u e l a ,  H e l l ,  Weinberg and R u t t e r  1976; V a l e n z u e l a ,  

Weinberg ,  B e l l  and R u t t e r  1976; B u h le r ,  I b o r r a ,  Sentenac  and l’romageot  

1976] ,  Xenopus 1a e v i s  [Schwartz  and Rocder 1974; Roedcr 1974a] ,  mouse 

plasmacytoma [Schwar tz ,  S k l a r ,  J a e h n i n g ,  Weinmann and Roeder 1974; S k la r  

Schwartz  and Roeder  1975] ,  r a t  l i v e r  [Coupar and C h e s t e r t o n  1975; M a ts u i ,  

O n i s h i  and Muramatsu 1976a; M a ts u i ,  O n i s h i  and Muramatsu 1976b] and c a l f  

thymus [Chambon e_t a j . . 1970; K ed ingc r ,  G i s s i n g e r  and Chambon 1974] .

D e t a i l e d  i n f o r m a t i o n  on po lymerase  11 from a v a r i e t y  of  s o u rc e s  

i s  a v a i l a b l e  i n  the f o l l o w in g  r e p o r t s :  y e a s t  [Adman, S c h u l t z  and Ha l l

1972; H i l d e b r a n d t ,  S e b a s t i a n  and Ha lvorson  1973; S e b a s t i a n ,  Bhargava and 

Ha lvo rson  1973; B u h le r ,  I b o r r a ,  Sen tenac  and Fiomageot  1974; B u h l e r ,  I b o r  

S e n tena c  and Fromageot  1976; S e n te n a c ,  D e z e le e ,  I b o r r a ,  B u h l e r ,  Huet ,  Wye 

Ruet  and Fromageot  1976; D e z e le e ,  Wyers , Sen tenac  and Fromageot  1976; 

V a l e n z u e l a ,  B e l l ,  Weinberg and R u t t e r  1976; V a l e n z u e l a ,  Hager ,  Weinberg 

and R u t t e r  1976] ,  Acanthamoeba c a s t e l l a n i i  [Detke and P a u le  1975] ,  

D i c t o s t e l i u m  d i sc o ide um  [Pong and Loomis 1973] ,  D ro s o p h i l a  m e l a n o g a s t e r  

[ P h i l l i p s  and F o r r e s t  1973; A d o u e t t e ,  Clement  and H i r s h b e i n  1974; Green-  

l e a f  and Bautz  1975 and G r e e n l e a f ,  Kramer and Bautz  1976] ,  sea  u r c h i n  

[Roeder  and R u t t e r  1969; Roeder and R u t t e r  1970] ,  Xenopus l a e v i s  [Roeder  

1974a;  Roeder 1974b] ,  c h ic k e n  [Krebs and Chambon 1976] ,  mouse myeloma 

[S c h w a r t z ,  S k l a r ,  J a e h n i n g ,  Weinmann and Roeder  1974; S k l a r ,  Schwartz  

and Roeder  1975] ,  r a t  l i v e r  [Mandel and Chambon 1971; Roeder  and R u t t e r  

1969; Weaver, B l a t t i  and R u t t e r  1971; K e d in g e r ,  G i s s i n g e r  and Chambon 

1974] ,  c a l f  thymus [K ed inge r ,  Nure t  and Chambon 1971; Chambon e t  a l .

1970;  Kedinger  tR al_. 1972; K e d inge r ,  G i s s i n g e r  and Chambon 1974] ,  human
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KB c e l l s  [Weinmann, Raskas and Roeder 1974; J a e h n i n g ,  Weinmann, B r c n d lc r ,  

Raskas and Roeder 1976] , human lymphocytes  [ J a e h n i n g ,  S t e w a r t  and 

Roeder  1975] ,  IleLa c e l l s  [ l l o ssen lopp ,  Wells  and Chambon 1975] ,  and 

mammalian c e l l s  w i th  a m a n i t i n - r c s i s t a n t  polymerase  11 [ I n g l e s ,  B e a t ty ,  

G u i a l i s ,  P e a r s o n ,  C r e a r ,  Lobban, S i m i n o v i t c h ,  Somers and Buchwald 1976] .

I n - d e p t h  i n f o r m a t io n  on polymerase 111 i s  a v a i l a b l e  in the  f o l l o w in g  

a r t i c l e s :  y e a s t  [V a le n z u e la ,  Hager ,  Weinberg and R u t t e r  1976; V a l e n z u e l a ,

B e l l ,  Weinberg and R u t t e r  1976] ,  Bombyx mor i  [ S k la r  e_t a_l_. 1976] ,  Artcmia 

s a l i n a  [R ena r t  and S e b a s t i a n  1976] ,  Xenopus l a e v i s  [Weinmannand Roeder 

1974; Roeder 1974a; Roeder 1974b; S k l a r  and Roeder 1976; Long, Dina and 

Cr ippa  1976; P a r k e r  and Roeder  1977] ,  mouse plasmacytoma [Schwartz  eit 

a l . 1974; S k l a r ,  Schwartz  and Roeder  1975] ,  r a t  l i v e r  [ S e i f a r t ,  Benecke 

and Juhasz  1972] ,  human KB c e l l s  [Weinmann, Raskas and Roeder 1974; J a eh n -  

ing  £ t  a_l. 1976 and Weinmann et^ a_l. 1976] ,  HeLa c e l l s  [ S e i f a r t  and Benecke 

1975; l lo ssen lopp ,  Wells  and Chambon 1975] and human lymphocytes  [ J a e h n in g  

et: £ l .  1975] .  An e s p e c i a l l y  u s e f u l  p a p e r ,  [ S k l a r ,  Yamamoto and Roeder

1976] ,  compares  the s u b u n i t  s t r u c t u r e  o f  s e v e r a l  po lymerase  I I I  enzymes 

from d i f f e r e n t  t i s s u e s  (Xenopus l a e v i s , mouse plasmacytoma [MOPC 315] ,  

Bombyx m o r i ) .

The s h e e r  volume of  m u t u a l l y  s u p p o r t i n g  d a t a  has  g r e a t l y  i n c r e a s e d  

th e  de g re e  o f  c o n f i d e n c e  w i t h  which the  s u b j e c t  can be v iewed.  P re v io u s  

c o n f u s i o n  and a p p a r a n t  c o n t r a d i c t i o n s  have been  r e s o l v e d  and something 

a p p ro a c h in g  u n i f i e d  c o n c e p t s  have been worked o u t .  New d a t a  can now be 

s e t  i n t o  t h i s  s t r u c t u r e  and new e x p e r im e n t s  can  be d e s ig n e d  f o r  the  

more u n usua l  systems ( t r a n s f o r m e d  c e l l s ,  d i v i d i n g  c e l l s ,  v i r u s - i n f e c t e d  

c e l l s ,  h i g h l y  s p e c i a l i z e d  c e l l s ,  ho rm ona l ly  s t i m u l a t e d  c e l l s )  w i t h  

g r e a t e r  a s s u r a n c e  t h a t  one u n d e r s t a n d s  t h e  b a s e l i n e  or  "no rm al"  c o n d i t i o n s .
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The t ime fo r  a major  advance in u n d e r s t a n d i n g  t r a n s c r i p t i o n a l  mechanisms 

and c o n t r o l  seems much n e a r e r .

'flic t r i p a r t i t e  t r a n s c r i p t i v e  s y s t e m  s i n c e  19"')

C e n t r a l  t o  q u e s t i o n s  of t r a n s c r i p t i o n a l  c o n t r o l ,  po lymerase  f u n c t i o n  

and i n h i b i t o r  s e n s i t i v i t y  i s  the  s t r u c t u r a l  c om p le x i ty  o f  the  polymerase  

m o le c u le s .  Subun i t  c o m pos i t ion  was a r e l a t i v e l y  u ne xp lo re d  a r e a  in  1970 

because  of  the  d i f f i c u l t y  i n  o b t a i n i n g  s u f f i c i e n t  q u a n t i t i e s  of the  

p u r i f i e d  enzymes and because  o f  the r e l a t e d  t e c h n i c a l  problems of  f i n d i n g  

marker  p r o t e i n s  of  s u f f i c i e n t l y  l a r g e  m o le c u la r  w e igh t  and o f  d e s i g n i n g  

methods f o r  the  s e p a r a t i o n  on a s i n g l e  ge l  o f  p r o t e i n s  r a n g i n g  in  s i z e  

from 200,000 d a l t o n s  t o  l e s s  than  10 ,000 d a l t o n s .

Major  a ch ievem en ts  i n  the  a r e a  o f  enzyme s t r u c t u r e  i n c lu d e  the  

com ple te  e l u c i d a t i o n  o f  the  s u b u n i t  c o m p o s i t i o n  o f  the  t h r e e  enzyme 

c l a s s e s  from y e a s t  [ l lager ejt nl_. 1976; Sen tenac  et_ a_I. 1976] and mouse 

plasmacytoma [ S k l a r ,  Schwartz  and Roeder 1975] ,  This  p l u s  o t h e r  l i n e s  

o f  e v id e n c e  i n c l u d i n g  the  d e m o n s t r a t i o n  of  immunological  r e l a t c d n e s s  

[ I n g l e s  1973; H i l d c b r a n d t ,  S e b a s t i a n  and Ha lvorson  1973; K ed inge r ,  

G i s s i n g e r  and Chambon 1974] and f i n g e r p r i n t  a n a l y s i s  o f  t r y p t i c  d i g e s t s  

[ B u h l e r ,  I b o r r a ,  Sen tenac  and Fromageot  1976] i n d i c a t e  t h a t  a l t h o u g h  the  

t h r e e  c l a s s e s  a r e  e s s e n t i a l l y  u n iq u e ,  t h e r e  i s  a s h a r i n g  o f  c e r t a i n  minor  

s u b u n i t s .  S ince  the  po lymerases  s h a r e  c e r t a i n  f u n c t i o n s  (DNA b i n d i n g ,

RNA c h a i n  e l o n g a t i o n )  t h i s  d i s c o v e r y  p r o v i d e s  a b e g in n i n g  f o r  the  

a s se s s m e n t  o f  s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s .  The n e x t  i n s i g h t s  

i n t o  t h e  c o n t r o l  of  t r a n s c r i p t i o n  shou ld  come from t h i s  d i r e c t i o n .

Expe r im en t s  in  po lymerase  r e c o n s t i t u t i o n  have a l r e a d y  been s u c c e s s ­

f u l l y  pe rformed i n  p r o c a r y o t i c  sys tems  (A n a c y s t i s  n i d u l a n s  [ H e r z f c ld  and 

K ipe r  1976] ,  E. c o l i  [ I sh iham a and I t o  1972] ,  QB phage [Brown and Blumen-
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tli.i 1 1976] ) .

I t  i s  now known t h a t  po lymerase I I  of v i r u s - i m f e c t e d  c o l l s  s y n t h e ­

s i z e s  mRL'A from v i r a l  t e m p la t e s  as  wel l  as  c e l l u l a r  t e m p la t e s  [Weinmann, 

Raskas and Roeder 1975] .  L ik e w ise ,  i t  i s  known t h a t  po lymerase  ITT 

s y n t h e s i z e s  sm a l l  RNA's from v i r a l  t e m p la t e s  in  a d d i t i o n  t o  t h e  5s and 

tRNA o f  the  c e l l  [Weinmann, Raskas and Roeder 1974; Weinmann, Raskas 

and Roeder 1975] .

The p r e v i o u s  knowledge o f  a m a n i t i n  s e n s i t i v i t i e s  has  been  r e v i s e d  

c o n s i d e r a b l y  s in c e  1970. I t  i s  known t h a t  polymerase  I I I  i s  no t  a lways 

f u l l y 7 r e s i s t a n t  to  h ig h  l e v e l s  o f  a l p h a - a m a n i t i n . In  v e r t e b r a t e  sy s te m s ,  

polynnerase I I I  can  be c o m p l e t e l y  i n h i b i t e d  by h ig h  c o n c e n t r a t i o n s  ( a p p r o x ­

i m a t e l y  1 mg/ml) .  However, i n  y e a s t  and i n s e c t s ,  t h i s  enzyme i s  f u l l y  

r e s i s t a n t .  L ike w ise ,  po lymerase I  i s  n o t  a lways f u l l y  r e s i s t a n t ,  s i n c e ,  

i n  y e a s t ,  a s e n s i t i v i t y  to  h igh  l e v e l s  has  been found.  V e r t e b r a t e  and 

i n s e c t  po lymerase  I  on the  o t h e r  hand a r e  c o n s id e r e d  t o  be i n s e n s i t i v e  

t o  any c o n c e n t r a t i o n .  (For  r e f e r e n c e s  see  s e c t i o n  on a l p h a - a m a n i t i n  

s e n s i t i v i t y . )

Cy top lasm ic  l o c a l i z a t i o n  of  some o f  t h e  po lymerase  I I I  a c t i v i t y  in  

c e r t a i n  o rgan isms  was d i s c o v e r e d  s i n c e  t h e  t ime o f  the  1970 Cold S p r in g  

Harbor  Symposium; o t h e r  l o c a l i z a t i o n s  o u t l i n e d  a t  t h a t  t im e  have found 

f u r t h e r  s u p p o r t  in  r e c e n t  work.

P r o g r e s s  i s  a l s o  e v i d e n t  i n  the  a r e a  o f  the  r e l a t i o n s h i p  be tween  

th e  p h y s i o l o g i c a l  or  deve lopm en ta l  s t a t e  o f  an organi sm and th e  l e v e l  

o f  RNA polymerase  a c t i v i t y .  Mutan ts  c o n t a i n i n g  a m a n i t i n - s e n s i t i v e  

p o lymerase  I I  a r e  a v a i l a b l e  i n  s e v e r a l  c e l l  l i n e s  [ I n g l e s  c t  a l . 1976] .  

S t u d i e s  have been c a r r i e d  ou t  on the  e f f e c t s  o f  hormones on c e r t a i n  

t a r g e t  c e l l s  and t h e i r  po lymerase  l e v e l s  [ J a e h n i n g  et_ al_. 1975; Cox
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1976] .

Evidence has  been found fo r  p o s t - t r a n s  In t ionn 1 RNA polyiaera.se 

m o d i f i c a t i o n s  w i th  p o s s i b l e  r e g u l a t o r y  consequences ,  l’h o s p l i o r y l a t i o n  

o f  y e a s t  po lymerases  [ B e l l ,  V a le n zu e l a  and R u t t e r  1976] and adenos ine  

d i p h o s p h a t e  r i b o s y l a t i o n  o f  q u a i l  po lymerases  [Muhler and Zalm 1976] 

have  been d e m o n s t ra t e d .

Subsequen t  s e c t i o n s  o f  t h i s  i n t r o d u c t i o n  w i l l  p r e s e n t  t h e  r e c e n t  

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

q u e s t i o n  of  c y to p l a s m i c  l o c a l i z a t i o n .  Am anit in  s e n s i t i v i t i e s ,  ch rom a to ­

g r a p h i c  b e h a v i o r ,  c a t a l y t i c  p r o p e r t i e s  and s u b u n i t  s t r u c t u r e  and 

po lymerase  r e l a t e d n e s s  w i l l  a l s o  be c o n s i d e r e d .

Cy top lasm ic  l o c a l i z a t i o n

RNA polymerase  a c t i v i t y  has  been found in  t h e  cy to p la s m  of  

e u k a r y o t i c  c e l l s ,  however t h e r e  i s  s t i l l  d e b a t e  over  whether  i t  i s  

n o rm a l ly  p r e s e n t  t h e r e ,  p o s s i b l y  as  the  r e s u l t  o f  b e in g  s y n t h e s i z e d  

t h e r e ,  or  w he ther  i t s  p r e s e n c e  i s  an a r t i f a c t  o f  p r e p a r a t i o n  or  due 

t o  n u c l e a r  l e a k a g e .

The f i r s t  d e s c r i p t i o n  o f  a c y to p l a s m i c  RNA polymerase  was by 

S e i f a r t ,  Benecke and Juha sz  [1972] ( s e e  a l s o  [ S e i f a r t  and Benecke 1975])  

T i t r a t i o n  of  t h i s  enzymati c  a c t i v i t y  a g a i n s t  i n c r e a s i n g  a m a n i t i n  c o n ­

c e n t r a t i o n s  showed t h a t  i t  was a m a n i t i n - s e n s i t i v e  bu t  t h a t  the  amount of  

i n h i b i t o r  r e q u i r e d  was 2 - 3  o r d e r s  o f  magni tude  g r e a t e r  t h a n  t h a t  

n e c e s s a r y  t o  i n h i b i t  po lymerase  I I  (50% i n h i b i t i o n  o c c u r r e d  a t  30 ug/rnl) 

The enzyme was seen  to  be c l e a r l y  d i f f e r e n t  from enzymes I  and I I  on the  

b a s i s  o f  ch romatography  on p h o s p h o c e l l u l o s e  (which s e p a r a t e d  i t  from 

po lym erase  I )  and DEAE-cel lu lose  (which s e p a r a t e d  i t  from polymerase  I I )
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as w e ll  as on the b a s is  o f  intermediate amanitin s e n s i t i v i t y .  I t  had 

been is o la te d  from rat l iv e r  c y to so l  and was c a l le d  polymerase C.

Subsequent s tud ies  have shown that the polymerase C o f  S e i f a r t ,  

Benecke and Juhasz is  the equivalent o f  polymerase I I I  f i r s t  described  

in sea urchin n u c le i  [Roeder and Rutter 1969]. In mouse plasmacytoma 

c e l l s ,  there are two forms o f  polymerase I I I ,  polymerase IIIA and poly­

merase IIIB [Schwartz e t  a l .  1974b]. Polymerase IIIB a c t i v i t y  and some 

o f  the polymerase IIIA a c t iv i t y  was found in  the cytoplasm. The remain­

ing polymerase IIIA was lo c a l iz e d  in the nucleus. HeLa c e l l  n u c le i  have 

been found to contain both polymerase IIIA and IIIB a c t i v i t y  [Weil and 

B l a t t i  1975]. When whole c e l l  homogenates of HeLa c e l l s  were examined 

by DEAE-Sephadex chromatography [Hossenlopp, Wells and Chambon 1975] 

four polymerase I I I  enzymes were separated.

Alpha-amanitin s e n s i t i v i t y  o f  eukaryotic RNA polymerases

The e longation  in h ib it in g  toadstoo l to x in ,  alpha-amanitin, has 

been o f  cen tra l  importance to the study o f  tr a n scr ip t io n  s in ce  the 

discovery  that the e f f e c t  o f  the toxin  on RNA sy n th es is  was s p e c i f i c  to  

the polymerase, and, furthermore, that the eukaryotic RNA polymerase 

a c t i v i t i e s  were d i f f e r e n t i a l l y  a ffec ted  [S e i fa r t  and Sekeris 1969a; 

Kedinger e t  £ l .  1970; Linde11 e t  a l .  1970].

Early work had indicated  that polymerase I  and polymerase I I I  

were r e s i s ta n t  to  the toxin  w hile polymerase I I  was extremely s e n s i t iv e ;  

in  1972 S e i fa r t  and Benecke showed that rat l i v e r  polymerase C ( I I I )  was 

in term ediate ly  s e n s i t iv e  and could be com pletely in h ib ite d  by high con­

cen tra tion s  of the to x in .  I t  i s  now c le a r  that w hile  polymerase I  i s  

f u l ly  r e s i s t a n t ,  in  vertebrate  systems, polymerase I I I  i s  50% in h ib ited
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by JO - AO ug/tnl a 1pha-amani  t i n  [A us toker  a t  nl_. J97A; S e i l n r t  and 

Benecke 1975; Beebec and B u t t c r w o r t h  1975; Weinmann and Roeder 197A; 

Weinmann, Raskas and Roeder 197A; Wilhelm, Dina and Cr ippa  197A; Roeder 

197A; S k la r  1975; Schwartz  197A] .

One of  the  p r im ary  d i s t i n g u i s h i n g  f e a t u r e s  o f  po1vmera.se I I  i s  

s e n s i t i v i t y  to  low l e v e l s  of  t h e  i n h i b i t o r ,  a l p h a - a m a n i t i n .  With the 

e x c e p t i o n  of  t h e  l e s s - s e n s i t i v e  polymerase  I I  from y e a s t ,  t he  c o n c en ­

t r a t i o n  r e q u i r e d  fo r  5071 i n h i b i t i o n  o f  enzymatic  a c t i v i t y  r a n g e s  from 

O.OOA t o  0.025 ug/ml ( t a b l e s  2,  11, 12 and f i g u r e  30) f o r  v e r t e b r a t e  

c l a s s  I I  p o l y m e r a s e s . The p a t t e r n  o f  a m a n i t i n  s e n s i t i v i t y  i n  v e r t e ­

b r a t e s  i s  c o n s i s t e n t  and the  po lymerase  a c t i v i t i e s  can  be d i s t i n g u i s h e d  

on the  b a s i s  o f  t h e i r  a m a n i t i n  s e n s i t i v i t y .

I n  the  s i lkworm, Bombyx m o r i , the  c l a s s  I I  po lym erases  have a 

s e n s i t i v i t y  e q u i v a l e n t  t o  the  po lymerase  I I  enzymes from h i g h e r  

e u k a r y o t e s  [ S k l a r  and Roeder  1975; S k l a r ,  Yamamoto and Roeder 1976] 

w h i l e  po lymerase  I  and po lymerase  I I I  from t h i s  o rgan ism  a r e  f u l l y  

r e s i s t a n t .  D r o s o p h i l a  c l a s s  I I  enzymes a r e  a l s o  as  s e n s i t i v e  as  the  

v e r t e b r a t e  po lymerase  I I  enzymes ( s e e  f i g u r e  30) [ P h i l l i p s  and F o r r e s t  

1973; G r e e n l e a f  and Bautz 1975; G r e c n l e a f ,  Kramer and Bautz  1976] .

I n  y e a s t ,  t h e  t h r e e  po lymerase  c l a s s e s  respond  to  t h e  t o x i n  

d i f f e r e n t l y  from the  r ogna te  enzymes from v e r t e b r a t e  o rgani sms  and the  

t e r m in o l o g y  o f  Chambon ( t a b l e  2) ca nno t  be m e a n i n g f u l l y  a p p l i e d  [ S c h u l t z  

and H a l l  1976; V a l e n z u e l a  ejt aj_. 1976; Hager c t̂ aJL 1976] .  Polym erase  I  

( i d e n t i f i e d  by s t r u c t u r a l ,  c h ro m a to g r a p h ic  and c a t a l y t i c  c o n s i d e r a t i o n s )  

i s  s e n s i t i v e  t o  h ig h  c o n c e n t r a t i o n s  w h i l e  po lymerase  I I I  i s  i n s e n s i t i v e .  

Po lymerase  I I  from y e a s t  i s  somewhat l e s s  s e n s i t i v e  th a n  t h e  v e r t e b r a t e  

po lymerase  I I  ( f i g u r e  30) [ G r e e n l e a f  and Bautz  1975] .
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C h o i c e  oL nuiiic n c  1 aLuro  l o r  A r t c m i a  s a l  inn pe l  y m a r n s e s

C o n s i d e r a b l e  h e t e r o g e n e i t y  lias been found w i t h i n  t h e  t h r e e  major 

c l a s s e s  of  e u k a r y o t i c  RNA po lymorases  and the  two naming sys tems  c o n t in u e  

to  grow in complex i ty  ( t a b l e  2 ) .  As m en t ioned ,  the  sys tem of Chambon is  

based on the s e n s i t i v i t y  of  po lymerases  to  the  i n h i b i t o r ,  a l p h a - a m a n i t i n  

[Chambon 1975] .  Although the  s e n s i t i v i t y  of  a po lymerase  Lo a m a n i t i n  

i s  s im ple  to  t e s t  f o r  and a l t h o u g h  the  r e s u l t s  a r e  c o n s i s t e n t  and u s e ­

f u l  i n  v e r t e b r a t e  sy s te m s ,  t h e r e  a r e  i n c o n s i s t e n c i e s  when po lymerases  o f  

lower organ isms a r e  examined ( t a b l e  12) .  The p r e s e n t  s tu d y  on b r in e  

shr imp po lymerases  uses  the  t e rm in o lo g y  o f  Roeder s i n c e  i t  has  been 

found t o  be e q u a l l y  v a l i d  f o r  h i g h e r  and lower e u k a r y o t e s .  I n s e c t s  and 

y e a s t  p r e s e n t  e x c e p t i o n s  t o  the  Chambon sys tem s i n c e  t h e y  c o n t a i n  p o l y ­

m erases  which a r e  i d e n t i f i a b l e  as  c o g n a te s  o f  the  po lymerases  of  h i g h e r  

o rgan isms  by a l l  c r i t e r i a  e x c e p t  t h a t  o f  a m a n i t i n  r e s i s t a n c e  ( t a b l e  12) .

The on ly  known e x c e p t i o n  t o  the sys tem o f  Roeder  i s  the  c a se  of 

Physarum [ G o r n ic k i ,  V u tu ro ,  West and Weaver 1974] i n  which th e  e l u t i o n  

o r d e r  o f  po lymerases  I  and I I  a r e  r e v e r s e d .

Summar isa t ion  o f  po lymerase f u n c t i o n s ,  l o c a l i z a t i o n s  and i n h i b i t o r  

s e n s i t i v i t  ios

In summary, po lymerase  I  i s  l o c a l i z e d  in  t h e  n u c l e o l u s ,  c a t a l y z e s  

t h e  t r a n s c r i p t i o n  of  the  rDNA genes and i s  t o t a l l y  r e s i s t a n t  to  a l p h a -  

a m a n i t i n  ( w i th  the  e x c e p t i o n  o f  y e a s t  po lymerase  I ) .  Po lymerase  I I  i s  

l o c a l i z e d  in  the  nu c le o p la s m ,  i s  e x t r e m e l y  s e n s i t i v e  t o  a l p h a - a m a n i t i n  

and c a t a l y z e s  the  s y n t h e s i s  o f  DNA-like RNA (hnRNA and mRNA) on v i r a l  

o r  c e l l u l a r  t e m p l a t e s .  Po lymerase  I I I  i s  l o c a l i z e d  i n  b o th  the  n u c l e o ­

plasm and the  cy to p la s m ,  i s  s e n s i t i v e  t o  h i g h  l e v e l s  o f  a l p h a - a m a n i t i n
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( e x c e p t i o n s  e re  y e a s t  and i n s e c t  polymerase  111) and produces  t r a n s c r i p t s  

of  sm a l l  s i z e  (tRNA and 5s RNA) whether  u s in g  a v i r a l  o r  a c e l l u l a r  tem­

p l a t e .  Chromatographic  and e l e c t r o p h o r e t i c  h e t e r o g e n e i t y  e x i s t s  in  each 

c l a s s .  H e t e r o g e n e i t y  lias no known e f f e c t  on enzymatic  a c t i v i t y  [Reeder 

1 9 7 4 a ] .

Chromatograph ic  p r o p e r t i e s  of  e u k a r y o t i c  RNA po lymerases

Although a l p h a - a m a n i t i n  s e n s i t i v i t y  a f f o r d s  the  s i m p l e s t  and ( f o r  

an im al  po lym erases )  t h e  most  s t r a i g h t f o r w a r d  p r e l i m i n a r y  method of  

i d e n t i f i c a t i o n ,  u l t i m a t e l y  the  most r e l i a b l e  method i s  the  comple te  

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

most  promise  i n  the  a r e a  o f  u n d e r s t a n d i n g  po lymerase  f u n c t i o n  and 

t r a n s c r i p t i o n a l  c o n t r o l .

I n v e s t i g a t i o n  o f  s u b u n i t  c o m p o s i t i o n  p re s u p p o s e s  a s o u rc e  o f  pure 

enzyme. I t  i s  t hus  dependen t  upon polymerase  p u r i f i c a t i o n  t e c h n iq u e s  

and the  s e p a r a t i o n  of  the  po lymerase  c l a s s e s  from one a n o t h e r .  Chroma­

t o g r a p h y  p r o v id e s  the  b e s t  means f o r  t h i s  s i n c e  e u k a r y o t i c  RNA po lymerases  

b in d  to  a n io n  and c a t i o n  exchange  r e s i n s  as  w e l l  as  t o  D N A -ce l lu lose .  In  

some c a s e s ,  p r e l i m i n a r y  i d e n t i f i c a t i o n  o f  po lymerase  c l a s s e s  can  be made 

a f t e r  chromatography s i n c e  each  polymerase  has  i t s  c h a r a c t e r i s t i c  e l u t i o n  

p o s i t i o n  from a p a r t i c u l a r  c h rom a tog ra ph ic  m a t e r i a l .  The com b in a t io n  of  

a n i o n  and c a t i o n  exchange chrom atography  r e s u l t s  i n  a h i g h  d e g re e  of  

p u r i f i c a t i o n  as  does D N A-ce l lu lo se  a f f i n i t y  c h rom a tography .

DEAE-Sephadex i s  pe rh a p s  t h e  most  w i d e l y  used and u s e f u l  m a t e r i a l  

s i n c e  s e p a r a t i o n  of  the  t h r e e  po lymerase  c l a s s e s  i s  o f t e n  p o s s i b l e  in  

one ch ro m a to g ra p h ic  s t e p  [Roeder  and R u t t e r  1969; Roeder  1976] .

When l i n e a r  g r a d i e n t s  o f  ammonium s u l f a t e  a r e  used  t o  d e v e lo p  the  

column,  t h e  t h r e e  po lymerase  c l a s s e s  e l u t e  from DEAE-Sephadex i n  the
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g e n e r a l  o r d e r ,  I ,  T1 and I I I .  E l u t i o n  p o s i t i o n s  va ry  somewhat frciii 

t i s s u e  to  t i s s u e ,  and,  due to  h e t e r o g e n e i t y ,  more than  t h r e e  a c t i v i t y  

peaks may a p p e a r .  Folymcrase H I  i s  p a r t i c u l a r l y  u n p r e d i c t a b l e  in  

t h i s  r e g a r d .

C la s s  I I  po lymerases  c h a r a c t e r i s t i c a l l y  e l u t e  from DEAE-Sephadex 

a t  ammonium s u l f a t e  c o n c e n t r a t i o n s  between 0.15 M and 0.25 M [Roeder 

1976; Chambon 1975] .  The c l a s s  I I  po lymerases  a r c  more a c i d i c  in  

n a t u r e  than  th e  c l a s s  I  po lymerases  which can  be more r e a d i l y  removed 

by the  s a l t  g r a d i e n t  (0 .05  - 0 .15  M ammonium s u l f a t e  i s  the  range  fo r  

e l u t i o n  [Roeder 1976] ) .  The e l u t i o n  p o s i t i o n s  of  po lymerase  I  and 

po lymerase  I I  a r e  e s s e n t i a l l y  the  same on DEAE-cel lu losc  and DEAE- 

Sephadex ( t a b l e  12) .

T h i s  i s  i n  c o n t r a s t  t o  the  b a h a v io r  o f  po lymerase  I I I  which e l u t e s  

from DEAE-cel lulose  a t  an i o n i c  s t r e n g t h  lower ( a p p r o x i m a t e l y  0 ,1  M 

ammonium s u l f a t e )  than  t h a t  which would be ex p e c t e d  on the  b a s i s  o f  i t s  

e l u t i o n  from DEAE-Sephadex ( 0 .2  - 0 .3  M ammonium s u l f a t e ) .  Polymerase 

I  and I I I  t h e r e f o r e  c o - e l u t e  from D EAE-ce l lu lose  a t  a p p r o x i m a t e ly  0.1 M 

ammonium s u l f a t e .  Polymerase I I  e l u t e s  a t  a p p r o x i m a t e ly  0 .2  M ammonium 

s u l f a t e  as  i t  does  from DEAE-Sephadex.

S ince  po lymerase  I  and polymerase  I I I  a r e  f u l l y  r e s i s t a n t  t o  the  

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

o f  po lymerase  I I ,  many a u t h o r s  u s i n g  D EAE-ce l lu lose  d i s p u t e d  t h e  e x i s t e n c e  

o f  po lymerase  I I I .  T h i s  c o n f u s i o n  was r e s o l v e d  i n  1973 [ S e r g e a n t  and 

K rsmanovic ] .  I t  i s  now w id e ly  a c c e p te d  t h a t  t h e  a m a n i t i n - r c s i s t a n t  

po lymerase  a c t i v i t y  e l u t i n g  a t  low i o n i c  s t r e n g t h s  from DEAE-ce l lu lose  

which was c h a r a c t e r i z e d  as  polymerase  I  i n  o l d e r  r e p o r t s  s h ou ld  be 

viewed as  p o s s i b l y  r e p r e s e n t i n g  a compos i te  o f  the  c h a r a c t e r i s t i c s  o f
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polymerase  1 and polymerase  111,

I t  i s  im p o r ta n t  to  n o t e  t h a t  the  f i r s t  p u b l i s h e d  work on the 

po lymerases  of Artemi a s a l  inn [ B i r n d o r f ,  D 'A l e s s i o  and Bagshaw 1975] 

i s  such a p a p e r .

The i n c o n s i s t e n t  b e h a v io r  o f  polymerase  I I I  has  proved to  be a 

u s e f u l  t o o l ,  bo th  fo r  the purpose  o f  polymerase  i d e n t i f i c a t i o n  and 

f o r  the  purpose of  s e p a r a t i n g  polymerases  i n  t h o s e  i n s t a n c e s  where 

po lymerase  1 and polymerase  I I I  c o - c l u t e  on DEAE-cel lu lose  and can be 

s e p a r a t e d  on DEAE-Sephadex o r ,  c o n v e r s e l y ,  where po lymerases  I I  and 

I I I  c o - e l u t e  on DEAE-Sephadex and can be s e p a r a t e d  on DEAE-ce l lu lose .

A c o m b in a t io n  of t h e s e  two chrom a to graph ic  m a t e r i a l s  was used to  a d ­

v a n ta g e  in  the  p r e s e n t  s tu d y  ( f i g u r e s  22,  23 and 24 ) .

G e ne ra l  c a t a l y t i c  p r o p e r t i e s  o f  e u k a r y o t i c  RNA polymerases

The t h r e e  po lymerase  c l a s s e s  d i f f e r  i n  t h e i r  r e q u i r e m e n t s  fo r  

v a r i o u s  assay'  m ix t u r e  components .  The d i v a l e n t  c a t i o n  r e q u i r e m e n t ,  

i o n i c  s t r e n g t h  optimum and t e m p la t e  p r e f e r e n c e ,  when t aken  t o g e t h e r ,  

d e s c r i b e  the  g e n e r a l  c a t a l y t i c  r e q u i r e m e n t s  o f  an enzyme c l a s s .  The 

" c h a r a c t e r i s t i c "  c a t a l y t i c  r e q u i r e m e n t s  a re  s u b j e c t  t o  v a r i a t i o n  unde r  

c e r t a i n  r e a c t i o n  c o n d i t i o n s  [Roeder  1976] .  However t h e y  a r e  s u f f i c i e n t l y  

c h a r a c t e r i s t i c  t h a t  unde r  d e f i n e d  c o n d i t i o n s ,  t h e y  a l l o w  the  p r e l i m i n a r y  

i d e n t i f i c a t i o n  o f  an  enzyme c l a s s .  Taken t o g e t h e r  w i t h  ch rom a tog raph ic  

b e h a v i o r  and a m a n i t i n  s e n s i t i v i t y ,  the  p r e f e r r e d  t e m p l a t e s ,  meta l  ion  

c o f a c t o r s  and i o n i c  s t r e n g t h s  g ive  a f i r m  i d e n t i f i c a t i o n  o f  an enzyme 

c l a s s .

The tendency  o f  a c a t a l y t i c  r e q u i r e m e n t  t o  be d e pe nden t  on o t h e r  

r e a c t i o n  c o n d i t i o n s  led t o  a v e r y  c o n f u s i n g  e a r l y  p i c t u r e  o f  e u k a r y o t i c
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RNA pol ymerasos . Di i forc»nt i n v e s t i g a t o r s  u s in g  s l i g h t l y  d i f f e r e n t  

c o n d i t i o n s  end d i f f e r e n t  enzyme s o u r c e s ,  ach ieved  r e s u l t s  which were 

o f t e n  in some d i s a g r e e m e n t .  As c o n d i t i o n s  became s t a n d a r d i z e d  and more 

animal  systems were examined,  i t  was r e a l i z e d  l h a t  the d i s c r e p a n c i e s  

were more the r e s u l t  of  the c o n d i t i o n s  of  a s s a y  and e x t r a c t i o n  than 

d i f f e r e n c e s  between the  cognate, enzymes from the  v a r i o u s  o rgan i sm s .  For 

example,  the use  o f  a s y n t h e t i c  o r  d e n a tu r e d  DNA as t e m p la t e  can d r a s t i c a l l y  

a l t e r  the  a c t i v i t y  p r o f i l e  of  a c h rom a tog raph ic  s e p a r a t i o n  o f  enzyme 

a c t i v i t i e s .  Schwartz  et: a_l. [ 1974] ,  u s i n g  mouse plasmacytoma c e l l  hoino- 

g e n a t c ,  o b t a in e d  t h r e e  a m a n i t i n - r c s i s t a n t  a c t i v i t y  peaks from a DEAE- 

Sephadex column u s ing  n a t i v e  c a l f  thymus DNA as t e m p l a t e .  Upon r e a s s a y  

w i th  d(A-T) and the  same amount o f  i n h i b i t o r ,  the  a c t i v i t y  of  the  f i r s t  

peak was unchanged,  but  the  s i z e  o f  the  second  and t h i r d  r e s i s t a n t  peaks 

doubled  in  h e i g h t .  The e x p l a n a t i o n  i s  t h a t  t h e  mouse plasmacytoma p o l y ­

merase  I  had no p r e f e r e n c e  f o r  d(A-T)^  ove r  CT DNA^^ w h i l e  po lymerases  

I I I A  and I I I B  were s t i m u l a t e d .  I t  i s  wor th  n o t i n g  t h a t  the  two c l a s s  I I I  

po lymerases  were s i m i l a r l y  a f f e c t e d .

An example o f  t h e  i n t e r r e l a t e d n e s s  of  v a r i a b l e s  i s  a v a i l a b l e  from 

the  mouse plasmacytoma systom [Schwartz  e_t al.. 1974] . When the  e f f e c t  

o f  ammonium s u l f a t e  on the a c t i v i t y  of  the  fo u r  plasmacytoma po lymerases

i s  measured w i th  n a t i v e  c a l f  thymus and then  w i t h  d(A-T) > the  a c t i v i t yn

p r o f i l e  o f  po lymerase I  i s  unchanged;  however t h e  a c t i v i t y  p r o f i l e  o f

po lymerase  I I  i s  s h i f t e d  to  a lower i o n i c  s t r e n g t h  w i t h  d(A-T)n * When

measured w i th  d(A-T) , po lymerases  I I IA  and I I I B  have a s i n g l e  c l e a rn

optimum a t  0 .05  M ammonium s u l f a t e ;  measurement i n  the  p r e s e n c e  o f  CT

DNA produces  a b i p h a s i c  curve  w i t h  opt ima  a t  0 .05  M and 0 .175  M and 
n a t

a c t i v i t y  over  a b r o a d e r  range  o f  i o n i c  s t r e n g t h s .
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These e x p e r im e n t s  demons t r a  to t h . i t ,  a l though  the' po lymerase c l o s s e s  

d i f f e r  in t h e i r  p r o p e r t i e s ,  the  members o f  a p a r t i c u l a r  c l a s s  ( as  seen 

w i th  I I IA  and I I I B )  behave s i m i l a r l y .  The cogna te  enzyme c l a s s e s  from 

w ide ly  d i f f e r i n g  s p e c i e s  a re  a l s o  s i m i l a r  in t h e i r  g e n e ra l  p r o p e r t i e s  

[Roeder  and R u t t e r  1960; Roeder 1976; Chambon 1975] .

The. i o n i c  s t r e n g t h  (ammonium s u l f a t e  or  p o t a s s iu m  c h l o r i d e )  a c t i v ­

a t i o n  p r o f i l e s  f o r  polymerase  I  a r e  g e n e r a l l y  n a r row er  i n  range  and have 

a lower optimum than  th o s e  of  po lymerase  I I .  As s e e n ,  po lymerase  I I I

s a l t  a c t i v a t i o n  p r o f i l e s  a r e  h i g h l y  dependen t  on the  t e m p la t e  employed.

With n a t i v e  DNA they a r e  g e n e r a l l y  biphasic .  and ,  on o c c a s i o n ,  t h e  a c t i ­

v a t i o n  p r o f i l e s  p l a t e a u  w i th  i n c r e a s i n g  i o n i c  s t r e n g t h .

When e u k a r y o t i c  enzyme c l a s s e s  a re  compared w i t h  r e s p e c t  to  m e ta l  

ion  c o f a c t o r  r e q u i r e m e n t s , the  most  obv ious  o b s e r v a t i o n  i s  t h a t  the

a c t i v i t y  of  a l l  t h r e e  c l a s s e s  i s  r educed to  ze ro  i n  the  absence  o f  e i t h e r
■| ■ | ■ "f "I1 •(■{■ "H"

Mg o r  Mn . Both Mg and Mn have a s t i m u l a t o r y  e f f e c t  on po lymerase

a c t i v i t y  which i s  c h a r a c t e r i s t i c  f o r  the  t h r e e  enzyme c l a s s e s .  Po lymer­

a s e  I  and polymerase  I I I  do n o t  have a d i s t i n c t  p r e f e r e n c e  f o r  one m eta l  

ion c o f a c t o r  over  t h e  o t h e r  when po lymerase  a c t i v i t y  i s  measured a t  t h e  

optimum c o f a c t o r  c o n c e n t r a t i o n .  Polymerase I I  i s  s t i m u l a t e d  up t o  10 

f o l d  by the  p re s e n c e  of the  optimum c o n c e n t r a t i o n  o f  Mn over  Mg

[ S e b a s t i a n ,  Bhargava and Ha lvo rson  1973] .  A l l  t h r e e  enzymes show a

*H" “H"
s h a r p e r  a c t i v i t y  p r o f i l e  w i th  Mn than  w i th  Mg ; g e n e r a l l y  the  optimum

I | 4_|_
Mg c o n c e n t r a t i o n  i s  s e v e r a l  t im es  h i g h e r  th a n  the  optimum Mn c o n ­

c e n t r a t i o n .

The e f f e c t  of  a p a r t i c u l a r  t e m p la t e  on th e  enzymati c  a c t i v i t y  ( n e t  

RNA s y n t h e s i s )  o f  an RNA polymerase  i s  b e s t  p r e s e n t e d  as the  r a t i o  o f  the  

a c t i v i t i e s  ach ieved  w i th  two d i f f e r e n t  t e m p l a t e s .  S ince  e u k a r y o t i c
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polymerases i n i t i a t e  n o n - s p e c i f ic a l ly  a t  s ing le-stran ded  nicks and gaps 

in the DNA [Roeder 1976], there i s  l i t t l e  n o ticeab le  d if fere n c e  when 

n ative  templates from d i f f e r e n t  sources are compared. A comparison of  

denatured and native  templates shows a d i f f e r e n t  e f f e c t  on polymerase II  

compared to polymerases I and I I I .  Although in some cases polymerase I 

p r e fe r e n t ia l ly  transcrib es  native  DNA [Renart and Sebastian 1976], p o ly ­

merase I and polymerase I I I  o ften  have an a c t i v i t y  r a t io  of one when 

native  and denatured DNAs from the same source are compared [Roeder 1976] 

Polymerase II  however has always been found to prefer denatured templates  

As mentioned [Schwartz et  ̂ al^ 1974b], polymerase I I I  i s  stim ulated by 

the syn th etic  template d(A-T)n - In some reports th is  s t im u la tion  r e s u l t s  

in  up to  10 times the a c t i v i t y  found with n a tive  DNA [Roeder 1976]. This 

e f f e c t  i s  somewhat dependent on the s i z e  o f  the templates involved,  

e s p e c ia l ly  on the s i z e  o f  the sy n th e t ic  template [Roeder, personal 

communication].

Molecular structure of the eukaryotic RNA polymerases

Valenzuela £ t  a_l. [1976c] have suggested, on the b a s is  o f  the 

complete charactar iza t ion  o f  the t r ip a r t i t e  tr a n sc r ip t iv e  system in  

mouse plasmacytoma and y e a s t ,  that s tru c tu ra l a n a ly s is  and fun ction a l  

s tu d ie s  be taken as the b a s is  for the d is t in c t io n  and nomenclature of  

a l l  eukaryotic polymerases. These authors f e e l  that past c r i t e r ia  such 

as alpha-amanitin in h ib it io n  (Chambon term inology), chromatographic 

e lu t io n  behavior (Roeder term inology), metal ion requirements and s a l t  

optima are inadequate because prominent exceptions e x i s t .  They s ta te  

"these c r i t e r i a  should be considered only  presumptive evidence u n t i l  

the structure and functional r o le  o f  the enzymes are defined".
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The q u e s t i o n  of  whe ther  c e r t a i n  p u t a t i v e  s u b u n i t s  a r e  t ru e  s u b u n i t s  

( hav ing  f u n c t i o n a l  s i g n i f i c a n c e  fo r  the  enzyme) or  whe ther  they  r e p r e s e n t  

p r o t e i n s  rem ain ing  bound to  the  polymerase  th rough  the  p u r i f i c a t i o n  p r o ­

c e du re  i s  d i f f i c u l t  t o  answer.  A s e a r c h  f o r  " f a c t o r s "  a s s o c i a t i n g  wi th  

RNA polymerase  from p r o c a r y o t i c  c e l l s  u t i l i z e d  a n t i - p o l y m e r a s e  a n t i ­

b o d i e s  which had been c o v a l e n t l y  bound t o  s e p h a ro s e  to t r a p  polymerase  

m o le c u le s  and those  m o le c u le s  a s s o c i a t e d  wi th  them [L os ick  and Pero 1976] ,

A s i m i l a r  approach  to  f i n d i n g  ' f a c t o r s 1 i s  the  p r e c i p i t a t i o n  of 

po lym erases  from crude  p r e p a r a t i o n s  w i th  p o l y m e r a s e - s p c c i f i c  a n t i b o d y ,  

f o l low ed  by e xam ina t ion  o f  the  p r e c i p i t a t e  fo r  a s s o c i a t e d  f a c t o r s  [L os ic k  

and Pero  1976] .

In  the  c a se  o f  e u k a r y o t i c  RNA p o l y m e r a s e s , enzymes a r e  c o n s id e r e d  

pure  when th e y  run as  s i n g l e  bands on n o n - d e n a t u r i n g  g e l s .  When t h i s  

m a t e r i a l  i s  e l u t e d  and e l e c t r o p h o r c s e d  on SDS g e l s ,  the  r e s u l t i n g  p o l y ­

p e p t i d e s  a r e  assumed to be po lymerase  s u b u n i t s .  The combined m o le c u la r  

w e i g h t s  o f  the  s u b u n i t s  shou ld  be in agreement  w i th  the  m o le c u la r  w e igh t  

o f  t h e  n a t i v e  enzyme as  de te rm in e d  by sucrose, g r a d i e n t  s e d i m e n t a t i o n .

Chromatographic  and e l e c t r o p h o r e t i c  h e t e r o g e n e i t y  has  been found 

f o r  a l l  t h r e e  po lymerase  c l a s s e s .  Exam ina t ion  of  the  s u b u n i t  com pos i t ion  

o f  e a ch  c h rom a tog ra ph ic  form ha s  led  to  a p p a r a n t  e x p l a n a t i o n s  fo r  

d i f f e r e n c e s  in  c h rom a tog ra ph ic  b e h a v i o r .  The o n ly  e u k a r y o t i c  t i s s u e s  fo r  

which th e  s u b u n i t  s t r u c t u r e  i s  c o m p l e t e l y  known f o r  a l l  t h r e e  enzyme 

c l a s s e s  a r e  y e a s t  [ V a le n z u e l a ,  Hager,  Weinberg and R u t t e r  1976] and mouse 

plasmacytoma [ S k l a r ,  Schwartz  and Roeder 1974] .  Work on the  o t h e r  animal  

c e l l  po lym e rase s  shows s u r p r i s i n g  c o r r e s p o n d e n c e  between s u b u n i t  m o lec ­

u l a r  w e i g h t ,  s i z e  d i s t r i b u t i o n s  and s u b u n i t  number as  w e l l  a s  the  s u b u n i t  

d i f f e r e n c e s  which a c c o u n t  f o r  t h e  c h rom a tog ra ph ic  h e t e r o g e n e i t y .
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Because i t  has g reaLor  i n h e r e n t  s t a b i l i t y  than  c i t h e r  polymerase  1 

o r  polymerase  I I I  and because  i t  i s  l e s s  s e n s i t i v e  to  v a r y i n g  a s sa y  

c o n d i t i o n s ,  RNA polymerase  I I  i s  g e n e r a l l y  the f i r s t  of the  t h r e e  p o l y ­

merase  c l a s s e s  to be d e s c r i b e d  fo r  a p a r t i c u l a r  t i s s u e .  This  was the 

c a se  in  e a r l y  e x p e r im e n t s  i n v o l v i n g  t i s s u e s  now known to  c o n t a i n  t h r e e  

polymerase  c l a s s e s  [Chambon, Rnmuz and Doly 1963] .  A l though  e a r l y  

s t u d i e s  a l s o  c h a r a c t e r i z e d  po lymerase  I ,  the  r e s u l t s  o f  t h i s  work must 

now be viewed w i th  c a u t i o n  s i n c e  i t  i s  l i k e l y  t h a t  t h o s e  p r e p a r a t i o n s  

o f  po lymerase  I  p u r i f i e d  on DEAE-cel lu lose  a r e  a c t u a l l y  m i x t u r e s  of 

po lymerase  I  and polymerase I I I  ( t a b l e  12) .

The. s u b u n i t  com p o s i t i o n  of  the e u k a r y o t i c  RNA po lym erases  was s low 

t o  emerge because  o f  two t e c h n i c a l  p rob lem s :  the  f i r s t  was the  l a c k  o f

m o le c u la r  we igh t  markers  i n  the  200,000 da l  ton  s i z e  range  and the second 

was the  ex treme range  in  s i z e  o f  the  s u b u n i t s  t h e m s e lv e s .  The i n t r o ­

d u c t i o n  o f  p o ly a c r y la m id e  g e l s  w i th  a l i n e a r l y  d e c r e a s i n g  p o r o s i t y  has  

r e s u l t e d  in  more and more s u b u n i t s  b e in g  r e p o r t e d  f o r  enzymes which had 

been  examined under  the  l e s s  s o p h i s t i c a t e d  c o n d i t i o n s  of  d i s c o n t i n u o u s  

g r a d i e n t  a c ry lam ide  g e l s  ( u s u a l l y  5% a c ry l a m id e  l a y e r e d  above 10% 

a c r y l a m i d e ) .

For  example,  in  1971, Weaver,  B l a t t i  and R u t t e r  r e p o r t e d  t h a t  the 

po lym erases  ILA and I IB from c a l f  thymus and r a t  l i v e r  each  c o n ta i n e d  

fo u r  s u b u n i t s .  An e a r l i e r  r e p o r t  [ B l a t t i  iet al_. 1970] d e s c r i b e d  t h r e e  

s u b u n i t s  w h i l e  Ked inger ,  Nure t  and Chambon [1971] r e p o r t e d  on ly  two 

s u b u n i t s .  A l though  po lymerases  IIA and I IB a r e  now known to  c o n t a i n  up 

t o  t e n  p o l y p e p t i d e s ,  R u t t e r ' s  group d id  show t h a t  the  c h rom a tog ra ph ic  

forms o f  po lymerase  I I  d i f f e r e d  in  one major  s u b u n i t .  They a l s o  showed 

t h a t  t h e r e  was a h ig h  d e g re e  o f  c o r r e s p o n d e n c e  between c a l f  thymus and
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r a t  l i v e r  polymerase  I I  s u b s t r u c t u r e s .  Recent  work e 1 uc ida  t i ng the  sub- 

u n i t  com pos i t ion  of  po lymerase 11 w i l l  be p r e s e n t e d  below.

The s u b u n i t  c om pos i t ion  of  the two ch rom a tog ra ph ic  forms o f  p o l y ­

merase  1 has  been de te rmined  in  s e v e r a l  animal s p e c i e s .  In  mouse, p lasm a­

cytoma c e l l s ,  polymerase  LA c o n t a i n s  6 p o l y p e p t i d e s  [Schwartz  and Roeder 

1974] .  These a u th o r s  found po lymerase  IB to  be i d e n t i c a l  e x c e p t  t h a t  i t  

was l a c k i n g  the t h i r d  l a r g e s t  s u b u n i t .  A v e r y  s i m i l a r  s i t u a t i o n  has  

been found in  c a l f  thymus [ G i s s i n g e r  and Chambon 1975] and r a t  l i v e r  

[Muramatsu e t  a_l. 1974] .  In  bo th  c a l f  thymus and r a t  l i v e r ,  t h e  c o r r e s ­

ponding  IB form i s  i d e n t i c a l  t o  the  IA form e x c e p t  t h a t  t h e  t h i r d  

l a r g e s t  s u b u n i t  i s  m i s s i n g .  The s e d i m e n t a t i o n  c o e f f i c i e n t  of  c a l f  

thymus Al  ( IA) i s  14 .5s  [Ked in ger ,  G i s s i n g e r  and Chambon 1974] .

V a le n zu e l a  e_t a_l_. [1976a]  found e l e v e n  p u t a t i v e  s u b u n i t s  in  the  

polymerase  I  of  y e a s t  w h i l e  B u h le r ,  I b o r r a ,  Sen tenac  and Fromageot  [1976] 

r e p o r t e d  14 s u b u n i t s .  Sa jdc l -Su lkow ska  and Ha lvorson  [1975] d e s c r i b e d  

two forms of  y e a s t  polymerase  I  which d i f f e r e d  in  the  s i z e  o f  the  l a r g e s t  

s u b u n i t .  Yeas t  po lymerase  I  t h u s  seems to  be more complex than  the  

animal  po lymerase c o u n t e r p a r t .

An e x c e p t io n  t o  the  g e n e r a l i z a t i o n  t h a t  the  h e t e r o g e n e o u s  forms of  

po lym e rase s  a r e  i d e n t i c a l  i n  c a t a l y t i c  p r o p e r t i e s  i s  found in  y e a s t  

po lymerase  I .  Two forms have been found t o  d i f f e r  in  r e s p o n s e  to  tem­

p l a t e  p r e f e r e n c e  and a m a n i t i n  s e n s i t i v i t y  [Huct  e t  nl_. 1975] .

The 1974 r e p o r t  o f  K e d in g e r ,  G i s s i n g e r  and Chambon f o r  c a l f  thymus 

and r a t  l i v e r  po lymerase I I  gave the  s u b u n i t  m o le c u la r  w e ig h t s  ( i n  

thousands  of  d a l t o n s )  and mola r  r a t i o s  as 214 ( x l ) ,  140 ( x l ) ,  34 ( x l - 2 ) ,  

25 (x2)  and 16.5  ( x 3 - 4 ) .  For  po lymerase  BII  ( I I B )  t h e y  found the  l a r g e s t  

s u b u n i t  t o  be 180 ( x l )  and the  o t h e r  s m a l l e r  s u b u n i t s  as  r e p o r t e d  fo r
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po J ymurase Cl (11A).  They a l s o  r e p o r t  that; Lite d i f f e r e n c e  between po ly -  

mera.se I I C l  and 11C2 l i e s  in  a c ha rge  d i i f e r e n c e  in Lite l a r g e s t  s u b u n i t .

Rat l i v e r  was found to  c o n t a i n  1 t h i r d  polymcrasc I I ,  po lymerase  CO (110 ) .  

Again ,  the  d i f f e r e n c e  was found to  l i e  in the  l a rgc sL  s u b u n i t  which, in 

this- c a s e ,  was l a r g e r  than 180,000 d a l t o n s .  r o ly m e ra s c s  BI (H A )  and 

BI1 ( I IB )  had s e d i m e n t a t i o n  c o e t f i c i e n t s  of  1 5 .5 s .

S k l a r ,  Schwartz  and Roeder [ 1975] use 5-15/i l i n e a r  a c ry l am id e  

g r a d i e n t s  to s e p a r a t e  seven s u b u n i t s  ‘o f  po lymerase  I I  f rom a mouse p lasm a­

cytoma c e l l  l i n e  (MOPC 315) .  They f i n d  t h a t  po lymerase  IIA ,  po lymerase  

IIB  and polymerase. 110 d i f f e r  o n ly  i n  the  s i z e  of  the  l a r g e s t  s u b u n i t .

The polymerase I I  i s o l a t e d  by G r e e n le a f  and Bautz  [1975] from 

D r o s o p h i l a  c o n ta i n e d  t e n  s u b u n i t s .  A nt i so rum  a g a i n s t  D ro s o p h i l a  p o l y ­

merase  I I  i n h i b i t e d  the  a c t i v i t y  o f  po lymerase  I I  from D r o s o p h i l a , y e a s t  

and c a l f  thymus.

Yeas t  po lymerase I I  was d e s c r i b e d  as  c o n t a i n i n g  n i n e  s u b u n i t s  by 

V a l e n z u e l a ,  l lager ,  Weinberg and R u t t e r  [1976] w h i l e  B u h le r ,  I b o r r a ,

Sen tanac  and Fromageot  [1976] and G r e e n l e a f  and Bautz  [1975]  gave v a l u e s  

f o r  t en  y e a s t  po lymerase  I I  s u b u n i t s .  These workers  a l s o  showed t h a t  

a n t i b o d i e s  a g a i n s t  polymerase  B ( I I )  gave i n h i b i t i o n  o f  B ( I I )  enzymes 

from D r o s o p h i l a , c a l f  thymus and y e a s t .  These a n t i b o d i e s  had no e f f e c t  

on E. c o l i  po lymerase .

O ther  w orke rs ,  t a k i n g  c a r e  to  avo id  p r o t e o l y s i s ,  have found t h a t  

y e a s t  c o n t a i n s  a po lymerase  IIA and a po lymerase  I IB  w i t h  n a t i v e  m o le c u la r  

w e ig h t s  o f  465 ,000  d a l t o n s  and 435 ,000  d a l t o n s  r e s p e c t i v e l y  [D e z e le e ,  Wyers, 

Sen tenac  and Fromageot  1976] .  The on ly  obse rved  d i f f e r e n c e  between the  

two enzymes was in  the  m o l e c u l a r  w e ig h t  of  the  h e a v i e s t  s u b u n i t .  The 

two enzymes a r e  o t h e r w i s e  i d e n t i c a l  and c o n t a i n ,  i n  a d d i t i o n , s e v e n  o t h e r
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subuni t  ;;. They lound tb . i t  two a d d i t i o n a l  p r o t e i n s  of  m o le c u la r  we ip,lit

32,000 .uni 16,500 d a l t o n s  were d i s s o c i a t e d  from the  enzyme upon po ly -  

acrylnmi.de pc i  c l c c  t rophoro.s i  s or  DEAE-Sephadex column chronin to g r  a pby .

They i n d i c a t e  t h a t  the  l a r g e s t  s u b u n i t  can lie s p e c i f i c a l l y  c l e a v e d  by a 

y e a s t  p r o t e a s e  and t h a t  t h i s  has  no e f f e c t  on the  enzyme a c t i v i t y  w i th  

e i t h e r  s i n g l e - s t r a n d e d  or  d o u b l e - s t r a n d e d  t e m p l a t e s .

The s u b u n i t  s t r u c t u r e s  o f  po lymerase I I I  i s o l a t e d  from mammalian 

(mouse plasmacy toma) ,  amphibian (Xenopus l a e v i s ) and i n s e c t  ( Bombyx m o r i ) 

s o u rc e s  a r e  compared by Sk lay Schwartz  and Roeder [1975] .  Ten s u b u n i t s  

a r c  found in  mouse, and n ine  in  the  o t h e r  two t i s s u e  t y p e s .  One s u b u n i t  

a p p e a r s  to be sha red  between  po lymerases  I  and I I I ;  one s u b u n i t  i s  common 

t o  I I  and I I I  and two s u b u n i t s  a r e  sha red  between a l l  t h r e e  enzyme c l a s s e s .  

F u r t h e r  e v id e n c e  fo r  the s h a r i n g  of  s u b u n i t s  w i l l  be p r e s e n t e d  which w i l l  

show t h a t  t h i s  i s  p ro b a b l y  n o t  c i r c u m s t a n t i a l .  Comparison o f  t h e s e  t h r e e  

polymerase  I l l ' s  from d i s p a r a t e  s o u rc e s  i s  made more v a l i d  by the  d e t e r ­

m i n a t i o n s  ha v in g  been performed in  a s i n g l e  l a b o r a t o r y  w i t h  a s i n g l e  s e t  

o f  s t a n d a r d s .

I t  i s  worth n o t i n g  t h a t  the  t h i r d  l a r g e s t  s u b u n i t  i s  m i s s in g  from 

t h e  Bombyx po lymerase  I I I .  Th is  may c o r r e s p o n d  to  the  o b s e r v a t i o n  t h a t  

t h i s  enzyme from Bombyx i s  r e s i s t a n t  t o  h ig h  c o n c e n t r a t i o n s  o f  a lp h a -  

a m a n i t i n  wh i le  the  cogna te  enzymes from mouse and Xenopus a r e  s e n s i t i v e .

No c a u s a l i t y  has  been e s t a b l i s h e d  however ,  and t h i s  migh t  be pure  c o i n ­

c i d e n c e .  I n  mouse plasmacytoma,  the  two ch ro m a to g ra p h ic  forms of  p o l y ­

m erase  I I I  a r e  e s s e n t i a l l y  i d e n t i c a l  i n  s u b u n i t  c o m p o s i t i o n ,  however p o l y ­

m erase  I I I B  has  a 33 ,000 d a l t o n  s u b u n i t  in  p l a c e  of  the 32 ,000  da l  ton 

s u b u n i t  found in  polymerase  I I I A .  The s i n g l e  ch ro m a to g ra p h ic  s p e c i e s  

f rom Xenopus i s  the  on ly  o t h e r  an imal  po lymerase  I I I  w i t h  a known s u b u n i t
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s t r u c t u r e .

V a le nzue la  e_t a_1_. [ 1 976c] have* shown polymerase  I I I  from y e a s t  to 

he composed o f  12 put a t i ve  . subuni ts .  The h i g h e r  m o le c u la r  weight  s u b ­

u n i t s  a rc  c l e a r l y  d i s t i n c t  from th o se  of  po lymerase  I  and I I  as  a r e  

some o f  the s m a l l e r  s u b u n i t s ,  however fou r  o f  the s m a l l e r  s u b u n i t s  seem 

i d e n t i c a l  t o  those o f  po lymerases  I and I I  of  y e a s t .

S h a r in g  o f  s u b u n i t s  among e u k a r y o t i c  RNA polymerases

S e v e r a l  l i n e s  of  e v id e n c e  p o i n t  t o  the  s h a r i n g  o f  s u b u n i t s  between 

v a r i o u s  c o m b ina t ions  of  the  e u k a r y o t i c  p o ly m e ras e s .  I n  1973, H i ] d e b r a n d t , 

S e b a s t i a n  and Halvorson showed immunological  c r o s s - r e a c t i v i t y  between 

y e a s t  po lymerases  I  and I I .  These a u t h o r s  f e l t  t h a t  t h e  immunological  

r e l a t e d n e s s  migh t  r e f l e c t  a s i m i l a r  c a t a l y t i c  f u n c t i o n  and t h a t  the  

po lymerase  d i f f e r e n c e s  were r e q u i r e d  f o r  p romote r  r e c o g n i t i o n  and o t h e r  

c o n t r o l  f u n c t i o n s .  An a l t e r n a t i v e  e x p l a n a t i o n  was t h a t  t h e s e  complex 

m o le c u le s  had a sha red  e v o l u t i o n a r y  h i s t o r y ,  e v o l v i n g  t o  have d i f f e r e n t  

p r o p e r t i e s  w h i l e  r e t a i n i n g  common a n t i g e n i c  d e t e r m i n a n t s .  (See a l s o  

[ I n g l e s  1 9 7 3 ] ) .

Buhle r  et_ aJL [1976]  gave f u r t h e r  e v id e n c e  ( s u b u n i t  m o l e c u l a r  w e ig h t ,

35s u b u n i t  i s o e l e c t r i c  p o i n t s  and f i n g e r p r i n t  a n a l y s i s  o f  S * l a b e l l e d  t r y p t i c  

p e p t i d e s )  f o r  s h a re d  s u b u n i t s  in  y e a s t .

A t h i r d  l i n e  o f  e v id e n c e  p o i n t i n g  to  sha red  s u b u n i t s  ( a t  l e a s t  in  

y e a s t )  came from the  work o f  T h o n a r t  ejt £l_. [1976] in  which fo u r  y e a s t  

m u ta n t s  were i s o l a t e d  w i th  d r a s t i c a l l y  reduced  RNA s y n t h e s i s  c a p a b i l i t i e s .  

G e n e t i c  a n a l y s i s  showed t h a t  the  m u ta t i o n s  f e l l  i n t o  t h r e e  com plem en ta t ion  

g roups  and showed a r e c e s s i v e  pheno ty pe .  The s y n t h e s i s  o f  a l l  t h r e e  c l a s s e s  

o f  po lymerase  was s e en  t o  be t h e r m o s e n s i t i v e  i n  v a r i o u s  m u t a n t s .  The c o n ­

c l u s i o n  o f  the  a u t h o r s  was t h a t  t h e r e  were a t  l e a s t  t h r e e  genes  i n  y e a s t ,
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each  o f  which was i n d i s p e n s a b l e  fo r  t h e  in v iv o  (and in v i t r o ) a c t i v i t y  

o f  the  t h r e e  p o l y m e r a s e s . Th is  was thought  t o  favor  the  h y p o t h e s i s  of  

sh a re d  s u b u n i t s  in the t h r e e  po lym erases .

V a le n z u e l a ,  B e l l ,  Weinberg and R u t t e r  [ 1976] s u ppo r t  t h i s  c o n t e n t i o n  

w i t h  two-d im ens iona l  po ly a c r y la m id e  gel e l e c t r o p h o r e s i s  s u b u n i t  mapping 

t e c h n i q u e s .

Purpose  of  the p r e s e n t  p r o j e c t

Artemi a s a l i n a  a r e  p ro tos tom os  b e lo n g in g  to  the  C l a s s  C r u s ta c e a  

and ,  as  such ,  they  a r e  phy logene t ic .a l  l y  d i s t i n c t  from the  d c u te ro s tom e  

mammalian t i s s u e s  in  which RNA po lymerases  have been p r e v i o u s l y  c h a r a c t ­

e r i z e d .  Br ine  shrimp a re  a l s o  p h y l o g e n c t i c a l l y  s e p a r a t e  from the  u n i ­

c e l l u l a r  y e a s t .  C h a r a c t e r i z a t i o n  of  the  c h rom a tog raph ic  and c a t a l y t i c  

p r o p e r t i e s  and i n h i b i t o r  s e n s i t i v i t i e s  of  the  Artemia  po lymerases  was 

t h e r e f o r e  performed as  a s tudy  in  comparative,  enzymology.

Br ine  shr imp a f f o r d  a unique o p p o r t u n i t y  to  examine e u k a r y o t i c  RNA 

po lymerases  a t  d i f f e r e n t  d e ve lopm en ta l  s t a g e s  s i n c e  the  sh r im p a r e  

a v a i l a b l e  com m erc ia l ly  as  d e h y d ra t e d  c r y p t o b i o t i c  g a s t r u l a e  (cyst -s)  

which r e i n i t i a t e  deve lopment  upon h y d r a t i o n .  The p r e s e n t  s tu d y  d e s c r i b e s  

th e  RNA po lymerases  found in  the  d e h y d ra t ed  g a s t r u l a e ;  t h i s  i n f o r m a t io n  

p r o v i d e s  the b a s i s  f o r  l a t e r  comparison  o f  A r tem ia  po lym erases  i s o l a t e d  

from l a t e r  de ve lopm en ta l  s t a g e s .

Development  of  p u r i f i c a t i o n  methods was n e c e s s a r y  f o r  the  i n d i v i d u a l  

c h a r a c t e r i z a t i o n  of  t h e  e nzym at ic  p r o p e r t i e s  o f  the  p o l y m e r a s e s . Large  

s c a l e  p u r i f i c a t i o n  methods were d e v i s e d  to  examine th e  f e a s i b i l i t y  of  

o b t a i n i n g  l a r g e  q u a n t i t i e s  o f  A r tem ia  po lym erases  f o r  f u t u r e  s t u d i e s  on 

t h e  s u b u n i t  c o m p o s i t i o n  o f  t h e s e  po lym e rase s .
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METHODS

P r e p a r a t i o n  of  Ar temia s a 1 ina  Cyst s

Washing

Dehydra ted  shrimp c y s t s  were washed w i th  3.5% NaCl t o  d i l u t e  out  

the  n a t u r a l l y  o c c u r in g  c o n ta m in a t in g  s a l t s .  When the d e h y d ra t ed  c y s t s  

were s t i r r e d  i n t o  3.5%, NaCl and a l lowed to  s e t t l e  by g r a v i t y ,  the 

shr im p c y s t s  and c o n ta m in a t in g  sand sank ,  p e r m i t t i n g  removal of  f l o a t i n g  

d e b r i s .

H ydra t ion

Commerc ial ly  a v a i l a b l e  d e h y d ra t ed  c y s t s  of  Ar temia  s a l  inn cou ld  

be c o m p l e t e l y  h y d r a t e d  by soa k in g  f o r  t h r e e  ho u r s  i n  3.5%, NaCl a t  room 

t e m p e r a t u r e .  For most  e x p e r i m e n t s ,  however ,  h y d r a t e d  shr im p c y s t s  were 

o b t a i n e d  by washing d e h y d ra t ed  c y s t s  w i t h  4 t o  5 changes  of  the  3.5%,

NaCl and h y d r a t i n g  o v e r n i g h t  a t  4°C i n  s e v e r a l  volumes of  the  3.5%, NaCl 

s o l u t i o n  in  a l a r g e  f l a t  d i s h .  The l i q u i d  had a d e p th  o f  no more than  

1 .5  cm.

I n c u b a t i o n

I n c u b a t i o n  and h a t c h i n g  o f  sh r im p c y s t s  was c a r r i e d  ou t  i n  3.5%,

NaCl i n  the  p r e s e n c e  of  a n t i b i o t i c s .  S t r e p to m y c in  and p e n i c i l l i n  G 

were p r e s e n t  i n  c o n c e n t r a t i o n s  o f  0 .1  mg/ml and 100 u n i t  s /ml  r e s p e c t ­

i v e l y .  The most s a t i s f a c t o r y  method of  a e r a t i o n  proved to  be the
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incubation o f  shrimp in 250 or 500 ml Erlcnmcyer f la sk s  attached to a 

rotary or shaking water bath. The optimal temperature for hatching was 

27 to  28°C. The maximum to ler a b le  temperature was 32°C. Air bubbled 

d ir e c t ly  in to  the shrimp cy s t  suspension proved u n sa t is fa c to r y  desp ite  

the introduction of an a ir  pressure regulator in the l in e  and maintenance 

o f  a very slow stream of a ir .  Bubbling caused breakage and clumping of  

the developing embryos when employed over long periods o f  time (over­

night or longer).  T yp ica lly  3 g (dry weight) washed shrimp c y s ts  were 

incubated in a volume of 100 ml in a 500 ml Erlenmeyer f la sk  with gen tle  

sw ir lin g  at 27°C.

Hatching

Hatching o f  Artemia c y s ts  begins a f te r  8 -9  hours incubation at 27°C 

and i s  manifested by the appearance o f  pre-nauplius larvae. Although 

hatching w i l l  continue to occur over a period o f  severa l days incubation,  

a synchronized population o f  pre-nauplius larvae can be obtained by the 

s e l e c t iv e  separation o f  hatched embryos from unhatched embryos at chosen 

incubation times. The embryos which hatch w ith in  a p articu lar  incubation  

time can be obtained by f i r s t  removing hatched embryos from a population  

of  incubating brine shrimp, a llowing others to  hatch and then removing 

the recen t ly  hatched synchronized in d iv id u a ls .

Appearance o f  swimming n a u p li i  f i r s t  occurs a f t e r  20 hr a t  28°C and 

then, as i s  the case with hatching, the number o f  swimming ind iv iduals  

increases  throughout severa l days incubation. Large numbers of shrimp, 

synchronized with respect to  th e ir  emergence as swimming n a u p l i i ,  can 

be obtained by separating them from other developmental stages  a t  an 

appropriate time.



33

liu f f o r  P r e p . i  r , 1 1 i o n

All  b u f f e r s  were made w i th  d i s t i l l o e l  w a t e r .  b u f f e r  A was used 

d u r i n g  shrimp c y s t  d i s r u p t i o n  and f o r  a l l  s t a g e s  o f  RNA polymerase 

p u r i f i c a t i o n  witli  the e x c e p t io n  of  phosphoee 1 lul  ose ch romatography ,  

DNA-cel lu lose  ch romatography ,  ge l  e l e c t r o p h o r e s i s  and g l y c e r o l  g r a d i e n t  

c e n t r i f u g a t i o n .  The c o m pos i t ion  of  b u f f e r  A was 0.05  M Tr is-HCl (pH 7 . 8 ) ,  

5 mM MgC^i  0 .1  mM EDTA, 0 .5  rnM DTT, 10 M p h c n y lm c th y l s u l f o n y l  f l u o r i d e  

(PMSF) and 257 ( v /v )  g l y c e r o l .  The g l y c e r o l  c o n c e n t r a t i o n  o f  b u f f e r  A 

was changed to  57 ( v /v )  l o r  shr imp c y s t  hom ogen iza t ion  and 507, ( v /v )  f o r  

f r e e z i n g  and s t o r a g e  of  p u r i f i e d  p o l y m e r a s e .

P h o s p h o c e l l u lo s e  chromatography was pe rfo rmed u s in g  b u f f e r  A w i t h -  

ou t  Mg

B u f fe r  B was used f o r  DNA-cel lu lose  column ch rom atography .  The 

co m p o s i t i o n  of b u f f e r  B was 0.05 M Tris -HCl (pH 7 . 8 ) ,  1 .0  mM EDTA,

0 .5  mM DTT, 10 ^ M PMSF, 0.15  M NaCl and 257 ( v / v )  g l y c e r o l .

P o ly a c ry l am id e  g e l  e l e c t r o p h o r e s i s  t r a y  b u f f e r  was as d e s c r i b e d  in  

Methods under  " g e l  e l e c t r o p h o r e s i s " .

B u f f e r  f o r  g l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n  c o n t a i n e d ,  in a d d i t i o n

to  g l y c e r o l  (15 to  307, v / v ) ,  0 .05  M T r i s ’HCl pH 7 .9  , 0 .1  M ammonium

s u l f a t e ,  2 mM MnSO^, 0 .1  mM EDTA and 0 .1  mM DTT ( s e e  a l s o  " g l y c e r o l

g r a d i e n t  f o rm a t i o n "  i n  M ethods) .  Th is  b u f f e r  was g e n e r a l l y  made up as
| |

a 2x s t o c k  (w i th  Mn w i t h h e l d  u n t i l  t ime o f  u s e )  so t h a t  the  g l y c e r o l  

c o n c e n t r a t i o n  cou ld  be v a r i e d  e a s i l y  as  r e q u i r e d .  A f t e r  a d d i t i o n  of  

MnSO^, the  f i n a l  volume was a d j u s t e d  w i t h  d i s t i l l e d  w a te r  on the  day o f  

u s e .
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Ion Exchange Eos in P re p a ra  t i on

DEAE -Sephadox

DEAE-Sephadex A 25-120 was p repa red  fo r  use by h y d r a t i n g  fo r  

s e v e r a l  hours  a t  room t em pe ra tu re  in d i s t i l l e d  w a t e r ,  then soak ing  in 

0 .5  M NaOH a t  room t e m p e ra tu re  fo r  30 min. The r e s i n  was pu t  i n t o  a 

Buchner funne l  and e x h a u s t i v e l y  r i n s e d  w i th  d i s t i l l e d  w a te r  b e f o r e  

be in g  made 1 M wi th  11C1. A f t e r  30 min a t  room t e m p e r a t u r e ,  the r e s i n  

was a g a in  e x h a u s t i v e l y  r i n s e d  w i th  d i s t i l l e d  w a t e r .  Th is  was fo l lowed 

by r i n s i n g  w i th  50 mM T r i s 'H C l  b u f f e r  a t  pH 7.8  u n t i l  the  pll had 

s t a b i l i z e d  a t  t h i s  l e v e l .  The p H - e q u i l i b r a t e d  DEAE-Sephadex was loaded 

i n t o  a chromatography column, a l lowed t o  s e t t l e ,  and e q u i l i b r a t e d  by 

r u n n in g  s e v e r a l  column bed volumes of  b u f f e r  A c o n t a i n i n g  0.05  M 

ammonium s u l f a t e  th rough  i t  ( t h e  e q u i l i b r a t i o n  p ro c e s s  u s u a l l y  r an  

o v e r n i g h t ) .  Washed r e s i n s  could be r e f r i g e r a t e d  f o r  long p e r i o d s  o f  

t ime w i t h o u t  b a c t e r i a l  c o n ta m in a t io n  because  o f  the  p re se nc e  o f  PMSF in 

the  b u f f e r s .

DEAE-cel lulose

DEAE-cel lu lose  was p repa re d  fo r  use in  the  same manner as  DEAE- 

Sephadex. Both DEAE-Sephadex and DEAE-cel lulose were r e g e n e r a t e d  a f t e r  

use by t h i s  washing p ro c e d u re .

DNA-cel lu lose

DN A-cel lu lo se  was p rep a re d  in the l a b o r a t o r y  as  f o l l o w s :  h ig h

m o le c u la r  w e igh t  DNA was d i s s o l v e d  in  a b u f f e r  c o n t a i n i n g  0.01  M Tr is -HCl
_3

a t  pH 7 .4  and 10 M EDTA a t  a f i n a l  c o n c e n t r a t i o n  o f  a p p ro x i m a t e ly  

2 mg/ml ( t h e  DNA had been p r e v i o u s l y  d e n a tu r e d  by h e a t i n g  t o  90°C f o r



15 min w i t h  q u i c k  r e c o o l i n g ) .  Enough c e l l u l o s e  (Whatman Cl’l l )  was

added to  form a t h i c k  p u l p .  The m i x t u r e  was a l l o w e d  t o  s t a n d  o v e r n i g h t

and t he n  l y o p h i l i z . e d  ( o r  a l l o w e d  to  d r y  w i t h  o c c a s i o n a l  s t i r r i n g , ) .  A f t e r

1y o p h i 1 i x a L i o n , 10 v o l u m e s  o f  the Tri s -EDTA b u f f e r  were  added and the

m ix tu re  l e f t  in  the  c o ld  fo r  12-24 h o u r s .  The DNA-cel lu lo se  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  and washed two Limes w i th  Tris-EDTA b u f f e r .  I t  was

e q u i l i b r a t e d  w i th  b u f f e r  B fo r  d i r e c t  use  or  f roz e n  fo r  s t o r a g e .  T r i o r

t o  a p p l i c a t i o n  o f  the enzyme p r e p a r a t i o n ,  t h e  column was washed wi th

b u f f e r  B u n t i l  the  A- , , ,  r eached  a minimum l e v e l .260

P h o s p h o c e l l u l o s e

Phosphoce1l u l o s e  was p r e p a r e d  by a method ad a p te d  from G i s s i n g o r

and Chambon [1 972] .  Dry p h o s p h o c e l l u l o s e  (Whatman P I 7) was s t i r r e d  i n t o

0 .5  N KOH. The volume used was 3 1 0 .5  N KOH f o r  each  100 g d r y  w e igh t

phosphoc e 1In 1o s c . A f t e r  30 min the  phosphoc e 1l u l o s e  was r i n s e d  w i th

d i s t i l l e d  w a te r  u n t i l  the  pll r eached  a p p r o x i m a t e l y  9.  Three l i t e r s  of

0 .5  N HC1 were added w i th  g e n t l e  s t i r r i n g .  A f t e r  30 min the s u p e r n a t a n t

was a s p i r a t e d  o f f  and two l i t e r s  o f  0 .5  N HC1 were added and allou>ed to

s t a n d  f o r  20 min.  The p h o s p h o c e l l u l o s e  was r i n s e d  a g a in  w i t h  d i s t i l l e d

w a t e r  and when th e  pll was a p p r o x i m a t e l y  4,  i t  was washed w i th  1M T r i s

b u f f e r  u n t i l  the  pH was s t a b l e  a t  7 . 9 .  A f t e r  washing  w i t h  b u f f e r  A w i th  
| |

no Mg , i t  was s t o r e d  a t  4°C or  loaded  i n t o  a column.  The p h o s p h o c e l l u l o s e

was r e g e n e r a t e d  a f t e r  use w i th  ] M ammonium s u l f a t e .

G ly c e ro l  G r a d i e n t  C e n t r i f u g a t i o n

G l y c e ro l  g r a d i e n t  fo rm at i o n

A Beckman m o to r i z e d  g r a d i e n t  maker was used and the s e t t i n g s
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r e q u i r e d  t o  ! i ! l  the  1 3 . 2  ml SW41 r o t o r  l u b e s  to the  a ppropr  i a to l e v e l  

wore -4 to 7 2 .  U s i n g  t he  Heckman nomograph,  i t  was d e t e r m i n e d  t ha t  t he  

f o r m a t i o n  of a 15 - 3 0 7  g l y c e r o l  g r a d i e n t  ( v / v )  r e q u i r e d  47, g l y c e r o l  

b u f f e r  in I lie 1o w - c o n c e n t r a t i o n  s y r i n g e  and 357, g l y c e r o l  b u f f e r  in the  

h i g h - c o n c e n t r a t i o n  s y r i n g e .  The b u f f e r  us ed  was p r e v i o u s l y  d e s c r i b e d .

G l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n

An SWA 1 r o t o r  was used fo r  t h e  g l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n  in 

a Beckman u l t r a c e n t r i f u g c . The run  l a s t e d  20 h r  and 54 min a t  30 ,000 

rpm a t  3° C. V a r io u s  e q u i v a l e n t  t i m e / s p e e d  r a t i o s  were used in  d i f f e r e n t  

e x p e r i m e n t s .  These were c a l c u l a t e d  t o  be 11 .2  h r  a t  4 1 ,000  rpm, 11.8 h r  

a t  40 ,000  rpm and 15.4 h r  a t  35 ,000  rpm. The SW41 tu b e s  ho ld  13.2 ml 

e a ch ;  a sample volume of  up to  0 .5  ml can be run .

Gl y c e r o l  g r a d i e n t  f r a c t i o n a t i o n

An 1SC0 ( i n s t r u m e n t a t i o n  S p e c i a l t i e s  C o . )  Model 183 D e n s i ty  G r a d ie n t  

F r a c t i o n a t o r  was used  f o r  f r a c t i o n a t i o n  of  the g l y c e r o l  g r a d i e n t s .  Tubes 

were p unc tu re d  from below and m in e r a l  o i l  was f o rc e d  in  from the  t o p  a t  

a c o n s t a n t  r a t e .  F r a c t i o n s  o f  25 d rops  each  were c o l l e c t e d  ( a p p r o x i m a te l y  

0 .5 5  m l) .  F r a c t i o n a t i o n  o f  the  g l y c e r o l  g r a d i e n t s  and the  su b s eq u e n t  

a s s a y  o f  t h e  c o l l e c t e d  f r a c t i o n s  f o r  RNA po lym erase  a c t i v i t y  were c a r r i e d  

o u t  in  a c o ld  room a t  4° C.

P o l y a c r y l a m id e  Gel E 1e c t r o p h o r e s i s  

P o ly a c r y l a m id e  g e l  e l e c t r o p h o r e s i s  under  n o n - d e n a t u r i n g  c o n d i t i o n s  

was done a c c o r d in g  to  the  method o f  K e d in g c r ,  G i s s i n g e r  and Chambon 

[1974]  adap ted  from Krakow [1971]  and a c c o r d i n g  t o  the method of  M aize l  

[1 9 6 9 ] .  S ince  the  method of  K e d ingc r ,  G i s s i n g e r  and Chambon was used
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i n  mos t  e x p e r i m e n t s ,  i t  i s  o u t l i n e d  b e l o w .

Stock  s o l u t i o n  A c o n ta i n e d  36 .3  g T r i s ’OIl, 4 ml I1C1 , 0 .23  nil TEMED 

and d i s t i l l e d  w a te r  t o  100 ml ( r e s u l t i n g  in  pll 8 . 9 ) ;  s t o c k  s o l u t i o n  C 

c o n ta i n e d  25 g a c ry l a m i d e ,  0 .67 g methy lene  b i s a c r y l a m i d e  and d i s t i l l e d  

w a t e r  to  10 ml.  A ll  s t o c k  s o l u t i o n s  were s t o r e d  in the  d a rk  a t  4°C and 

p r e p a r e d  e v e ry  two weeks e x c e p t  s t o c k  s o l u t i o n  G which c o n ta i n e d  14 mg 

ammonium p e r s u l f a t e  in  10 ml d i s t i l l e d  w a te r  and which was made f r e s h  

e v e r y  day .  For 10 ml o f  s e p a r a t i n g  g e l ,  in  a d d i t i o n  t o  t h e  amount of  

s t o c k  s o l u t i o n  C n e c e s s a r y  f o r  t h e  d e s i r e d  a c ry l a m id e  c o n c e n t r a t i o n ,

1.25  ml s t o c k  s o l u t i o n  A, 5 . 0  ml s t o c k  s o l u t i o n  G, 0 .1  mM DTT and w a te r  

s u f f i c i e n t  to  b r i n g  the  volume to  10 ml were combined and,  a f t e r  c a r e f u l  

m ix in g ,  pu t  i n t o  g l a s s  t u b e s .  In  most  c a s e s ,  57> a c ry l a m id e  c o n c e n t r a t i o n s  

were u s e d .  The e l e c t r o p h o r e s i s  tu b es  had i n n e r  d imens ions  of  5 x 90 mm 

and were f i l l e d  w i th  a p p r o x i m a t e ly  1 .2  ml each  o f  s e p a r a t i n g  g e l .

S t a c k i n g  g e l s  were n o t  u sed .  Be fo re  h a rd e n in g  of  the  g e l  m i x t u r e ,  i t  

was c a r e f u l l y  o v e r l a i d  w i th  0 .2  ml o f  8 f o ld  d i l u t e d  s t o c k  s o l u t i o n  A 

c o n t a i n i n g  0 .1  mM DTT.

The uppe r  and lower t r a y  b u f f e r s  c o n t a i n e d  25 mM Tr is -OH, 33 mM 

g l y c i n e ,  1 mM ammonium s u l f a t e  and 0 .1  mM DTT, pH 8 . 9 .  The g e l s  were 

p r e - e l e c t r o p l i o r e s e d  a t  2 mA/tube f o r  a t  l e a s t  one hour  p r i o r  t o  sample 

l o a d i n g .  A l l  samples  were d i a l y z e d  a g a i n s t  t h e  t r a y  b u f f e r  p r i o r  t o  

l o a d i n g  and a t  the  t ime o f  l o a d i n g  th e y  were e a ch  mixed w i t h  5 u l  o f  

0.15% bromphenol b l u e  i n  w a te r  and a s u f f i c i e n t  amount of  a s a t u r a t e d  

s u c r o s e  s o l u t i o n  t o  p r e v e n t  mix ing  w i t h  t r a y  b u f f e r  a f t e r  l o a d i n g .

E l e c t r o p h o r e s i s  was c a r r i e d  o u t  i n  t h e  c o l d  room a t  1 .5  mA/gel 

u n t i l  t h e  t r a c k i n g  dye r eached  the  bo t tom o f  t h e  g e l  o r  as  d e s c r i b e d  

i n  f i g u r e  l e g e n d s .  Upon removal o f  t h e  g e l s  from the  g e l  t u b e s ,  a
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d i l u t e  s o l u t i o n  of  USA was i n j e c t e d  wiLli a s y r i n g e  n e e d le  i n t o  tlie t r a c k ­

ing dye hand.  In  those  g e l s  in  which the t r a c k i n g  dye had l e f t  the g e l ,

USA was i n j e c t e d  a s h o r t  d i s t a n c e  i n t o  the  bo t tom of  the ge l  so t h a t ,  

a f t e r  s t a i n i n g ,  the c o r r e c t  o r i e n t a t i o n  of  the gel  would be known.

Gels  were s t a i n e d  in  Coomassie b lue  (0.257. in  12.57, TCA o r  0.047, in 

a s o l u t i o n  which was f i v e  p a r t s  a b s o l u t e  m ethano l ;  f i v e  p a r t s  d i s t i l l e d  

w a t e r ;  one p a r t  a c e t i c  a c i d )  o r  a c id  f a s t  g r ee n  ( 0 .5 7  in  77, a c e t i c  a c i d ) .

The s t a i n i n g  p e r io d  was o v e r n i g h t  or  longe r  a t  room t e m p e r a t u r e .  D e s t a i n -  

ing  was accompl ished e l c c t r o p h o r e t i c a l l y  w i th  a Cana lco  ge l  d e s t a i n c r  or 

by s e v e r a l  changes of  the  5 : 5 : 1  MeOIhH^O^LAc m ix tu re  (o r  TL a c e t i c  a c i d ,  

depend ing on the  com pos i t ion  o f  the  s t a i n i n g  s o l u t i o n . )  A f t e r  d c s t a i n -  

i n g ,  g e l s  were scanned a t  600 nm in  the  g e l  s c ann ing  a t t a c h m e n t  of  a 

G i l f o r d  s p e c t r o p h o to m e t e r  and the  abso rbance  p r o f i l e  t r a c e d  on to  c h a r t  p a p e r .

The r e l a t i v e  amounts of  p r o t e i n  in  s e l e c t e d  abso rbance  bands were 

de te rm ine d  by c u t t i n g  ou t  the a p p r o p r i a t e  ab so rba nc e  peaks g e n e r a t e d  on 

p a p e r  by the  g e l  scann ing  p roce du re  and comparing the w e ig h ts  o f  t h e  c u t  

o u t  a r e a  of  p a p e r .  The w e igh t  of  the  c u t  ou t  ab so rbance  peak was t aken  

t o  be d i r e c t l y  p r o p o r t i o n a l  t o  the  a rea  of  the abso rba nc e  peak;  the  

r a t i o  o f  e i t h e r  abso rbance  peak a r e a  o r  a b s o rb a n c e  peak w e igh t  was t aken  

to  be the  same as  the  r a t i o  o f  the  amount o f  p r o t e i n  p r e s e n t  in  any two 

g e l  bands compared in  t h i s  manner,  p rov ide d  t h a t  the manner o f  s t a i n i n g  

and scan n in g  were i d e n t i c a l .

M is c e l l a n e o u s  Measurements

C o n d u c t i v i t y  measurements

C o n d u c t i v i t y  measurements  were c a r r i e d  ou t  d i r e c t l y  w i th  a Radiometer  

Type CDM 2d c o n d u c t i v i t y  m e te r  equ ipped  w i th  a 0 .62  cm f lo w - th ro u g h  probe
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or w ith a Yellow Springs Instrument Co. Model YSI 3400. For column 

fra c t io n s  and other samples where volumes were sm all, con d u ctiv ity  

measurements were made on l /2 0 0  d i lu t io n s  (25 u l in 5 ml d i s t i l l e d  w ater). 

Standard curves were prepared with buffers o f  known ion ic  strength  (c ith er

d ilu ted  or undiluted and a t  0°C or at room temperature, 21°C).

Protein  concentrations

Protein concentrations were determined by the method o f  Lowry [1951].  

The proteins were f i r s t  p rec ip ita ted  by addition  of a small sample to 1 ml 

o f  cold  15% TCA and cen tr ifu g a t io n  for severa l minutes a t  top speed in  a 

c l i n i c a l  desk top cen tr ifuge  or in a Beckman J-21 a t  3,000 rpm. A lte r ­

n a t iv e ly ,  protein  concentrations were determined by the method o f  Kalckar 

[E. Fronk, personal communication] which uses the absorbance at 280 nm in

the formula ( ^ g g *  1*45) - (^gQ  x 0 .74) = mg/ml.

DNA concentrations

DNA concentrations of the h igh ly  p u r if ied  templates were arrived at 

by assuming that an absorbance at 260 nm o f  20 was equ iva lent to  1 mg/ml 

whether the template was Artemia. c a l f  thymus or salmon sperm DNA or the 

sy n th et ic  template, poly d(A-T). In d ica tion  o f  the proportion o f  nuc le ic  

acids  in  a polymerase preparation was arrived at from the ^28(/^260  r a t i o ’

Nucleoside triphosphate concentrations

The determination o f  nucleoside triphosphate concentrations was

carried  out spectrophotom etrica lly  using the fo llow ing  absorption in -
3 3formation: ATP A = 15.4 x 10 at 259 nm and pH 7, CTP A E 9 .1  x 10m m

at 271 nm and pH 7, GTP A = 13.7 x 10^ a t  252 nm and pH 7 and UTP A =m m
3

10.0  x 10 a t  262 nm and pH 7.
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The labelo>l n ' i ’ was p r ep a re d  a t  the  d e s i r e d  c p r c j  f i e  a c t i v i t  y by 

add ing  00 nl il’ ITi'  a t  i mCi/ml to  10 el  FTP a t  0.1 M to o b t a i n  0.01 M 

H*UTP w i t h  a s p e c i f i c  a c t i v i t y  o f  a p p r o x i m a t e ly  60 cpm/pmol. The a c t u a l  

d e t e r m i n a t i o n  and subsequen t  a d ju s t m e n t  o f  s p e c i f i c  a c t i v i t y  was done by 

measu r ing  th e  a d i l u t i o n  o f  t h e  0 .01  M i s o t o p e  and then  d e t e r ­

min ing  the  r a d i o a c t i v i t y  o f  a l i q u o t s  of  t h e  d i l u t i o n  which had been 

s p o t t e d  and d r i e d  on GF/C f i l t e r s  and coun ted  i n  a t o l u e n e - b a s e d  s c i n t i l l a n l .  

The v a l u e s  o b t a i n e d  f o r  s e v e r a l  a l i q u o t s  were a v e ra g e d .

P r e p a r a t i o n  o f  Templa tes

P o ly  fd (A -T ) 1

P o ly  [d(A-T)]  (d(A-T)^)  was pu rchased  from G e n e r a l  B iochem ica ls  
£

( w i th  a mw o f  1-5 x 10 d a l t o n s )  o r  i t  was s y n t h e s i z e d  in  t h e  l a b o r a t o r y  

as  f o l l o w s :  50 u l  T r i s -H C l  pH 7 .4  (1M), 10 u l  MgCl2 ( 0 .5  M) , 80 u l  dATP

(0 .01  M), 80 u l  d(TTP) (0 .0 1  M), 20 u l  d (A-T)R (5 O .D .26()/ m l )  and 100 u l
_3

PCMS (10 M) were combined and b r o u g h t  t o  1 ml w i t h  d i s t i l l e d  w a t e r .

T h i s  r e a c t i o n  m ix t u r e  was i n c u b a t e d  f o r  90 min a t  37°C. A l i q u o t s  o f  20 

u l  were t ake n  a t  i n t e r v a l s  and added t o  a d i l u t e  s o l u t i o n  o f  e th i d iu m  

bromide in  o r d e r  t o  d e te rm in e  th e  p r o g r e s s  o f  the  p o l y m e r i z a t i o n  r e a c t i o n  

and t o  a s c e r t a i n  the  p o i n t  a t  which the  r a t e  o f  p o l y m e r i z a t i o n  ceased  to  

be l i n e a r .  For  t h i s  pu rp o se ,  t h e  e m i s s io n  a t  590 nm o f  the  p r o d u c t  

p o l y m e r -e th i d i u m  bromide complex was measured i n  an Aminco-Bowman S p e c t r o -  

p h o t o f l u o r i m e t e r  (American I n s t r u m e n t  C o . ) .

The p o l y m e r i z a t i o n  r e a c t i o n  was t e r m i n a t e d  w i th  t h e  a d d i t i o n  of  

0 . 6  ml EDTA ( 0 . 2  M) p e r  30 ml r e a c t i o n  m i x t u r e .  The r e a c t i o n  mix was 

made 0 .5  M w i t h  KC1 and h e a t e d  a t  60°C f o r  5 min .  S i l i c i c  a c i d  was 

added a t  10 ug/ml and t h e  m ix t u r e  was c e n t r i f u g e d  a t  10,000 rpm f o r  1 min.
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The s u p e r n a t a n t  was f i l t e r e d  th rough  a m i l l i p o r e  f i l t e r  and two volumes 

o f  95% e th a n o l  were added on i c e .  A f t e r  c e n t r i f u g a t i o n  a t  10 ,000  rpm 

f o r  5 min, the  p e l l e t  was r esuspended  and d i a l y z e d  a g a i n s t  0 .01  M T r i s - 

11C1 (pll 7 . 8 ) ,  0 .1  M KC1 and 1 mM EDTA.

C a l f  th>mnis DNA and salmon sperm DNA

C a l f  thymus DNA and salmon sperm DNA purchased  from Sigma were 

f u r t h e r  p u r i f i e d  a c c o r d in g  t o  Kedinger  e_t aj_. [ 1974] .  I n  t h i s  p r o c e d u r e ,  

t h e  DNA was s o l u b i l i z e d  in  b u f f e r  c o n t a i n i n g  10 mM T r i s  ’1101 (pH 7 . 5 ) ,

10 mM NaCl and 0.1% SDS and th e n  tw ice  pheno l  e x t r a c t e d .  The second 

pheno l  e x t r a c t i o n  was fo l lowed  by e t h a n o l  p r e c i p i t a t i o n  and d i a l y s i s  

a g a i n s t  a b u f f e r  c o n t a i n i n g  10 mM T r is -H C l  (pH 7 . 5 ) ,  10 mM NaCl and 0 .1  

mM EDTA. The p u r i f i e d  DNA was s t o r e d  a t  4°C a t  a c o n c e n t r a t i o n  o f  

a p p r o x i m a t e ly  1.5  mg/ml ( O . D ^ ^ q = 30 ) .

A r tcm ia  DNA

Artemia  DNA was p r e p a r e d  from Ar temia  s a l i n a  c y s t s  by a m o d i f i ­

c a t i o n  o f  t h e  method o f  Marmur [1961 ] .  S i x t y  grams (wet w e ig h t )  o f  

h y d r a t e d  shr imp c y s t s  were washed s e v e r a l  t im es  w i t h  d i s t i l l e d  w a te r  

and ground in  a p o r c e l a i n  m o r t a r ,  fo l low ed  by d i l u t i o n  w i th  sal inc-EDTA 

( 0 .1 5  M NaCl, 0 .1  M EDTA, pH 8 . 0 )  t o  a f i n a l  c o n c e n t r a t i o n  o f  1 .2  g /5  ml.  

E l e v e n  ml 25% sodium l a u r y l  s u l f a t e  was added p e r  100 ml sh r im p homogenatc ,  

fo l low ed  by i n c u b a t i o n  a t  60°C f o r  10 min.  A f t e r  i n c u b a t i o n ,  sodium 

p e r c h l o r a t e  was added t o  a f i n a l  c o n c e n t r a t i o n  o f  1 M.

An equa l  volume o f  a m ix t u r e  o f  c h lo r o f o r m - i s o a m y l  a l c o h o l  ( 2 4 : 1 )  

was added ,  fo l lowed by s h a k ing  f o r  30 min.  The m ix t u r e  was c e n t r i f u g e d  

f o r  10 min a t  9 ,5 00  rpm in  a S o r v a l l  GSA r o t o r .  The upper  l a y e r  was 

removed and the  DNA was e t h a n o l  p r e c i p i t a t e d  from i t .
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The DNA spool  was resusponded  in 0.1 x SSC ( sa  1 ine - sod  i uni c i t r a t e ,

0 .15  M NaCl , 0 .015 M sodium c i t r a t e ) .  Tlic volume a t  t h i s  p o i n t  was

200 ml and the c o n c e n t r a t i o n  of  DNA was 2 mg/ml (as  de te rm in e d  by abso rbance

a t  260 nm).

The c rude  DNA p r e p a r a t i o n  was t r e a t e d  w i t h  50 ug/rnl p a n c r e a t i c  RNAse 

a t  37°C and the  c h io r o f o rm - i s o a m y l  a lcoho l  p r o c e d u r e  was t h e n  r e p e a t e d  

two t im e s .  An equal  volume o f  90% phenol  was added and th e  m ix t u r e  was 

shaken  f o r  10 min.  The pheno l  was removed by c e n t r i f u g a t i o n  and t h e  DNA- 

c o n t a i n i n g  upper  l a y e r  was shaken  g e n t l y  w i th  l / 3  volume o f  e t h e r .  The 

e t h e r  was removed by a s p i r a t i o n  and th e  DNA was a l c o h o l  p r e c i p i t a t e d .

The DNA s poo l  was resuspended  in  0 .1  x SSC and d i a l y z e d  a g a i n s t  a b u f f e r  

c o n t a i n i n g  10 mM T r i s 'H C l  a t  pH 7 . 5 ,  10 mM NaCl, and 0 .1  mM EDTA. The 

p u r i f i e d  DNA was s t o r e d  i n  t h i s  b u f f e r  a t  4°C o r ,  f o r  l o n g e r  p e r i o d s ,  a t  

0°C as  an e t h a n o l  p r e c i p i t a t e .

A l l  d e n a tu r e d  DMA t e m p la t e s  were o b t a i n e d  by h e a t i n g  the  n a t i v e  

form a t  90°C f o r  10 min fo l lowed by q u ic k  c o o l i n g .

Assay of  Enzyme P r e p a r a t i o n s  f o r  Nuc lease  A c t i v i t y

Assay o f  enzyme p r e p a r a t i o n s  f o r  n u c l e a s e  a c t i v i t y  was done by
3

i n c u b a t i o n  o f  t h e  po lymerase  sample w i t h  a known amount o f  H-d(A-T)n

and m ea su r ing  the  l o s s  o f  a c id  p r c c i p i t a b l e  c o u n t s  a f t e r  i n c u b a t i o n  a t

37°C.  An i n d i r e c t  method o f  m ea s u r in g  n u c l e a s e  a s  w e l l  as  p r o t e a s e

3a c t i v i t y  was t o  measure  the  i n c o r p o r a t i o n  o f  H’UMP i n t o  an a c i d -  

p r e c i p i t a b l e  RNA p ro d u c t  over  t im e .  L i n e a r  i n c o r p o r a t i o n  ove r  15 min 

i n d i c a t e d  t h a t  t h e r e  was l i t t l e  breakdown o f  t e m p l a t e ,  p r o d u c t  or  

po lymerase  enzyme under  the  s t a n d a r d  c o n d i t i o n s  o f  a s s a y .
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S t a n d a r d  A s s a y  f ur  RNA P o l y me r a s e  A c t i v i t y

The s t a n d a r d  a s s a y  fo r  RNA polymerase  a c t i v i t y  c o n t a i n e d ,  in a

f i n a l  volume of 123 u l ,  7 umol.es T r i s ' I lC l  (56 niM), 0 .7  nmoles NaF ( 5 . 6  mM),

0 .5  nmoles PEP (4 mM), 0 .075 nmole each ATP, CTP and CTP ( 0 . 6  mM), 0 .0125

umole ^ll'UTP (0.1 mM, a p p r o x i m a t e ly  60 cpm/pmolc) ,  1 nmole KC1 (8 mM),

2 .5  up, p y r u v a t e  k in as e  (20 u g / m l ) ,  0 .2  umole m erc ap to e th a n o l  ( 1 . 6  mM),
| -{

c a l f  thymus DNA or  d(A-T)n and e i t h e r  Mn or  Mg a t  4 mM. The p o l y ­

m e r i z a t i o n  r e a c t i o n  was h a l t e d  by the  a d d i t i o n  o f  0 .2  M sodium py rophos ­

p h a te  a t  pll 6 w i th  Kl^PO^.

Ammonium s u l f a t e  was added in  the amounts i n d i c a t e d  o r ,  in  the  

a s s a y  o f  column f r a c t i o n s ,  was p r e s e n t  in amounts de te rm ined  by the con­

c e n t r a t i o n  of  the ammonium s u l f a t e  p , r ad icn t  f o r  t h a t  p a r t i c u l a r  column 

f r a c t i o n .  The volume of  enzyme was u s u a l l y  30 or  50 ul i n  a f i n a l  volume 

of  125 u l .

The RNA p ro d u c t  of the r e a c t i o n  was p r e c i p i t a t e d  by th e  a d d i t i o n  o f

s e v e r a l  ml co ld  57o TCA. The p r e c i p i t a t e d  p r o d u c t  was c o l l e c t e d  a f t e r

10 min a t  0°C by f i l t r a t i o n  th ro u g h  a c id - w a s h e d ,  ATP-soaked GF/C f i l t e r s .

The p r e c i p i t a t e  was washed wi th  10-15 ml c o ld  57, TCA a f t e r  which the

f i l t e r s  were d r i e d  and coun ted  f o r  r a d i o a c t i v i t y  in  s c i n t i l l a t i o n  grade

t o lu e n e  c o n t a i n i n g  New England N uc le a r  o m n i f lu o r .  F u l l  t r i t i u m  windows

o f  N u c le a r  Chicago,  Beckman and I n t e r t e c h n i q u e  s c i n t i l l a t i o n  c o u n t e r s

were used f o r  d i f f e r e n t  e x p e r i m e n t s .  A l l  d a t a  was no rm a l iz e d  fo r  one

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

GF/C f i l t e r s  ( g l a s s  f i b e r  f i l t e r s ,  high  r e t e n t i o n ,  Whatman) were
3

found to  non-spec  i f i c a l l y  b ind  H-UTP, r e s u l t i n g  in  a h ig h  and v a r i a b l e  

background .  To p r e v e n t  t h i s ,  t h e  f i l t e r s  were h y d r a t e d  in  d i s t i l l e d
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w a t e r ,  then  b o i l e d  g e n t l y  in 0.1 M HOI lo r  approx imat e 1 v one l ionr .  Tito 

t e m p e r a t u r e  wus r a i s e d  v e ry  s low ly  to  p r e v e n t  d i s r u p t i o n  and d i s i n t e g r a t i o n  

o f  the  f i l t e r s .  A f t e r  washing wi th  sever s  1 changes of  d i s t i l l e d  w a te r ,  

the f i l t e r ; ;  were brought  t o  ]> 11 7 .9  w i th  1 M T r i s ' l lC J  b u f f e r .  They were 

s t o r e d  a t  4°C in a beaker  c o n t a i n i n g  a s o l u t i o n  of  0.01 M ATI’ b rough t  to  

pH 7 w i th  p y rophospha te .

P r o t e c t i o n  o f  enzyme a c t i v i t y  was enhanced by the  a d d i t i o n  of  

0 .5  mg/ml BSA to  column f r a c t i o n s  and RNA polymerase  p r e p a r a t i o n s  s u b ­

j e c t e d  to f r e e z i n g  and s t o r a g e .  (BSA e l u t e s  from DEAE-Sephadex a t  

lower ammonium s u l f a t e  c o n c e n t r a t i o n s  and because  of  i t s  smal l  s i z e ,  i s  

e a s i l y  d i s t i n g u i s h e d  from RNA polymerase  i n  g e l  e l e c t r o p h o r e s i s  and 

g l y c e r o l  g r a d i e n t  ab so rbance  p r o f i l e s . )

P u r i f i c a t i o n  of  RNA Polymerase

A summary of  the  p u r i f i c a t i o n  p ro ce d u re  i s  p r e s e n t e d  in  f i g u r e  1.

A d e t a i l e d  d e s c r i p t i o n  o f  each p r o c e d u r e  i s  g iv en  below.

Homogen i x a t  ion

Homogenizat ion of  Artemia c y s t s  was c a r r i e d  o u t  by v a r i o u s  methods.  

G r i n d in g  in a p o r c e l a i n  m o r t a r  fo l low ed  by h om ogen iz a t ion  w i th  a m oto r -  

d r i v e n  P o t t e r - E l v e h j e m  ( g l a s s  and t e f l o n )  homogenizer  proved to  be the  

b e s t .  F r c e z e - th a w  methods d id  n o t  d i s r u p t  t h e  c y s t s  nor  d id  a Waring 

b l e n d e r .  A c o l l o i d a l  m i l l  was s u c c e s s f u l  in  d i s r u p t i n g  the  c y s t s  b u t  i t  

caused  much a e r a t i o n  and was n o t  used in  t h e  e x p e r im e n t s  d e s c r i b e d .

A l l  p r o c e d u r e s  were c a r r i e d  ou t  on i ce  or  i n  a 4°C c o ld  room. A f t e r  

h y d r a t i o n  ( u s u a l l y  o v e r n i g h t  a t  4°C as  d e s c r i b e d )  the Artemia  c y s t s  were 

washed s e v e r a l  t im es  w i th  d i s t i l l e d  w a te r  and c o l l e c t e d  on a l a r g e  d i s k  

o f  Whatman No. 1 f i l t e r  p a p e r .  The r e s u l t i n g  cake of  shr imp c y s t s
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( c o n t a  i n i n j; c o n t a m i n a t i n g  sand in :;ma 1 1 a mo u n l s )  w;is we i ghed  ( wet  w e i g h t ) .

Tin; shrimp were: l lien p laced  in  a v e r y  la rgo  p o r c e l a i n  m or ta r  (he* 1 cl 

a t  4°C wi tli i c e )  and suspended in a small  volume of  b u f f e r  A (57, g l y c e r o l )  

The b u i f o r  volume was t h a t  s u f f i c i e n t  Lo make a p a s t e .  G r in d in g  wi th  a 

p e s t l e  was c a r r i e d  out  fo r  up to  10 min. The appearance  of  a b r i g h t  orang 

c o l o r  i n d i c a t e d  shrimp c y s t  b r e a k a g e .  The shr imp p a s t  was d i l u t e d  wi th  

a d d i t i o n a l  b u f f e r  A (57. g l y c e r o l )  u n t i l  the  c o n s i s t e n c y  was a p p r o p r i a t e  

f o r  hom ogen iza t ion  in  the  P o t t e r - E l v e h j e m .  For 100 g wet we igh t  shr im p,  

150 ml b u f f e r  A was r e q u i r e d .  Homogenizat ion in  the  t e f l o n - g l a s s  homo- 

g e n i z e r  was n o t  used in the  ch ro m a to g ra p h ic  and c a t a l y t i c  c h a r a c t e r i z a t i o n  

e x p e r im e n t s  in the  i n t e r e s t  o f  s a v in g  t ime and a v o id in g  a e r a t i o n  and 

h e a t i n g .  G r in d in g  a lo n e  and g r i n d i n g  fo l low ed  by hom ogen iza t ion  were 

bo th  fo l lowed  by f i l t r a t i o n  th rough  s e v e r a l  l a y e r s  o f  c h e e s e c l o t h  ( p r e v ­

i o u s l y  p rep a re d  by b o i l i n g  i n  EDTA a t  0 .1  mM).

S o n i c a t i o n

S o n i c a t i o n  o f  the  shr imp homogenate  i n  0 .3 2  M ammonium s u l f a t e  

r e s u l t e d  in  b reakage  o f  the n u c l e i ,  f r a g m e n t a t i o n  o f  the  c h ro m a t in  and 

r e l e a s e  o f  the po lymerase  m o le c u le s  and o t h e r  n u c l e a r  p r o t e i n s  from the  

c h r o m a t i n .  The volume of  the  homogenate  was doub led by the  a d d i t i o n  of  

b u f f e r  A (57. g l y c e r o l )  to lower the  p r o t e i n  c o n c e n t r a t i o n  and then  the 

ammonium s u l f a t e  c o n c e n t r a t i o n  was b rough t  t o  0 .32  M by the  g r a d u a l  

a d d i t i o n  o f  0 .08 ml of  4 M ammonium s u l f a t e  p e r  ml of  homogenate .  (The 

4 M ammonium s u l f a t e  had been a d j u s t e d  t o  a pH o f  7 .8  by th e  a d d i t i o n  of  

ammonium h y d r o x i d e ) .  A f t e r  g e n t l e  s t i r r i n g ,  the  homogenate became 

e x t r e m e l y  v i s c o u s  and was s u b j e c t e d  t o  a p p r o x i m a t e ly  60 seconds  o f  s o n i ­

c a t i o n .  T h i s  was d e l i v e r e d  as  10 seconds  o f  s o n i c a t i o n  fo l lowed  by a 

m inu te  o f  s low s t i r r i n g  t o  p r e v e n t  h e a t i n g  and a e r a t i o n .  The Large probe
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of  ;i lie,it Systems-!! I t r a s o n  ics , Inc .  S o n i f i e r  C e l l  D i s r u p t e r ,  Model W185, 

or  a Bronson son i c m  t o r  was used a t  f u l l  s t r e n g t h .  Large samples  wore 

s o n i c a t e d  as  s m a l l e r  a l i q u o t s .  The t e m p e ra tu re  was c o n t r o l l e d  by a s a l t  

i ce  baLli and s t i r r i n g  wi th  a thermometer  p rov ided  c o n s t a n t  sample m o n i t o r ­

i ng .  S o n i c a t i o n  was judged comple te  when the  homogenate flowed e a s i l y  

from the  c o n s t r i c t e d  end of  a P a s t e u r  p i p e t t e .

High speed c e n t r i f u g a t i o n

I n  o r d e r  to  remove d e b r i s ,  unbroken c y s t s ,  c y s t  s h e l l s  and the  

l a r g e  amounts of  f a t  p r e s e n t ,  the  homogenate  was c e n t r i f u g e d  fo r  75 min 

a t  35,000  rpm in a Beckman 35 r o t o r  or  30 ,000  rpm in a Beckman 30 r o t o r .

The s u r f a c e  l a y e r  of  l i p i d  was removed w i th  a co ld  s p a t u l a  and the  s u p e r ­

n a t a n t  d e c a n t e d ,  f i l t e r e d  th rough  g l a s s  wool ,  and b rough t  t o  557 s a t u r a t i o n  

w i t h  ammonium s u l f a t e  ( t h e  ammonium s u l f a t e  was s low ly  added in  p u l v e r i z e d  

form wi th  c o n s t a n t  s t i r r i n g ) .  A f t e r  20 t o  30 min the  p r o t e i n s  were 

p e l l e t e d  by c e n t r i f u g a t i o n  in  the 35 r o t o r  (o r  the  30 r o t o r )  a t  25 ,000 

rpm fo r  20 min.  The p e l l e t  was r esuspended  in  b u f f e r  A (307„ g l y c e r o l ) .

Polymin-P  t i t r a t i o n

I n  o r d e r  t o  remove c o n ta m in a t in g  n u c l e i c  a c i d s ,  polymin-P  t i t r a t i o n  

was c a r r i e d  ou t  on 1 ml a l i q u o t s  o f  the  r esuspended  ammonium s u l f a t e  

p r e c i p i t a t e  of  the  h ig h  speed s u p e r n a t a n t  by add ing i n c r e a s i n g  amounts 

(0  th rough  60 u l )  o f  a 2.57. polymin s o l u t i o n .  A f t e r  mixing  and a l l o w i n g  

t o  s t a n d  on i ce  fo r  15-20 min,  the sh r im p-po lymin  m ix tu re  was spun a t  

10,000 rpm in  a S o r v a l  J -2 1  c e n t r i f u g e  (JA-20 r o t o r )  fo r  10 min.  The 

s u p e r n a t a n t  was a s sa y e d  f o r  RNA po lymerase  a c t i v i t y  and an a l i q u o t  was 

brought  t o  1 ml w i t h  a s o l u t i o n  which was 1 M NaCl and 7 .5  mM Tr is*H Cl ,  

pH 7 . 8 .  The h ig h  s a l t  was n e c e s s a r y  t o  p r e v e n t  l i g h t  s c a t t e r i n g  due to
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a g g r e g a t i o n  of  Liu; |»o! > in i n .  Absorbance was measured a t  260 nm and at

was p l o t t e d  a g a i n s t  pol y i mi rasc  a c t i v i t y .

The rem ain ing  h igh  speed s u p e r n a t a n t  was r e a c t e d  will) potymin a l  the

w i t h o u t  l o s s  o f  enzymatic  a c t i v i t y .  In o r d e r  to  remove t r a c e s  o f  po ly -  

min a f t e r  the removal by c e n t r i f u g a t i o n  of  the n u c l e i c  ac id -p o ly m in  

complex, the  s u p e r n a t a n t  c o n t a i n i n g  the  polymerase  a c t i v i t y  was a g a in  

made 557c ammonium s u l f a t e  and p r e c i p i t a t e d  by c e n t r i f u g a t i o n .

S to ra g e  of  the p o s t -p o ly m in  polymerase  f r a c t i o n

Fo l lo w in g  ammonium s u l f a t e  p r e c i p i t a t i o n  of  the  p o s t - p o ly m in  

s u p e r n a t a n t ,  the  p e l l e t  was r e suspe nde d  in  b u f f e r  A (507, g l y c e r o l ) ,  

a s sa ye d  f o r  RKA polymerase a c t i v i t y  and p r o t e i n  c o n c e n t r a t i o n  and then  

f ro z e n  in  l i q u i d  n i t r o g e n  (when a v a i l a b l e )  o r  by p l a c i n g  in  a Revco low 

t e m p e ra tu re  ( -70°C)  f r e e z e r .  A f t e r  f r e e z i n g  a l l  samples were s t o r e d  in  

a Revco a t  -70°C.  Enzymes s t o r e d  in  l i q u i d  n i t r o g e n  a r c  r e p o r t e d  to  

m a i n t a i n  t h e i r  a c t i v i t y  longe r  than  enzymes s t o r e d  a t  h i g h e r  t e m p e r a t u r e s ,  

however  f a c i l i t i e s  fo r  t h i s  have never  been a v a i l a b l e .  I n c r e a s i n g  th e  

g l y c e r o l  c o n t e n t  of  the  b u f f e r s  t o  507, has  been seen  to  improve enzyme 

s t a b i l i t y  ( d a t a  no t  shown).

280 nm in a Lcckman Ac ta  I I I  s p e c t r o p h o to m e t e r  and

r a t i o  o f  po l ymi n t o  shr i mp e x t r a c t  which g a v e  Lhr h i g h e s t  A„0/v/A r a t i o2oLr 200
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RESULTS

De v e l o pme nt  o f  an A s s a y  Sy s t e m f or  Artemi  a saJi j jn RNA P o l y me r a s e

P r i o r  t o  t h i s  p r o j e c t ,  the RNA polymerase  a c t i v i t y  of  Artemia 

sa 1 ina had never  been examined .  Although assay'  sys tems e x i s t e d  fo r  sea 

u r c h i n  [Roeder and R u t t e r  1969] ,  r a t  l i v e r  [ S e i f n r t ,  Beneckc and Jul iasz 

1972] and c a l f  thymus [Kedingcr  e_t aj_. 1972] RNA p o ly m e r a s e s ,  i t  was not  

known i f  t h e s e  would be adequa te  fo r  measurement  of  the RNA polymerase  

o f  the b r i n e  shrimp c y s t .  Major co n c e rn s  were the  p o s s i b i l i t y '  o f  h igh 

n u c l e a s e ,  p r o t e a s e  and ph o sp h a ta se  l e v e l s .  These enzymes were assayed  

fo r  e i t h e r  d i r e c t l y  or  i n d i r e c t l y  as  w i l l  be d e s c r i b e d .  The p o s s i ­

b i l i t i e s  o f  i n s u f f i c i e n t  t e m p la t e  or e x c e s s  enzyme in the a s s a y  mix were

c o n s i d e r e d  and the  c o r r e c t  amounts of t h es e  components e s t a b l i s h e d .
3

Figure.  2 shows the  i n c o r p o r a t i o n  of  s u b s t r a t e  ( H-UMP) i n t o  an

a c i d - i n s o l u b l e  p ro d u c t  t o  be e s s e n t i a l l y  l i n e a r  over  a p e r i o d  of  15 min

when c i t h e r  shr imp c y s t  homogenate  or  h i g h l y  p u r i f i e d  shr imp c y s t  RNA

polymerase  i s  in cu b a ted  in  the s t a n d a r d  r e a c t i o n  m ix tu re  a t  37°C. Th i s

i n d i c a t e s  t h a t  n e i t h e r  the  t e m p l a t e ,  the  p r o d u c t ,  nor  the  enzyme is

a d v e r s e l y  a f f e c t e d  by e le m en t s  o f  the  a s s a y  p r o c e d u r e .  A d e c r e a s e  in

the  r a t e  of  i n c o r p o r a t i o n  w i t h  time would have i n d i c a t e d  t h a t  p r o d u c t

was no l o n g e r  be ing  formed,  or  t h a t  i t  was b e in g  broken  down a t  a r a t e

e x a c t l y  e qua l  to  i t s  fo rm a t i o n .  A d e c r e a s e  in the  amount of  a c i d -  
3

p r e c i p i t a b l e  H.IJMP w i th  i n c u b a t i o n  would have i n d i c a t e d  n u c l c o l y t i c  

c l e a v a g e  of  the  RNA p r o d u c t .



The r e a c t i o n  mixLuro used to  o b t a i n  the  d a t a  in  f i g u r e  2 was l.lie 

same as  t h a t  used  in  a l l  su b s eq u e n t  a s s a y s  t o r  po lymerase  a c t i v i t y ,  w i th  

the  e x c e p t i o n  o f  c h a r a c t e r i z a t i o n  s t u d i e s ,  in which the  c o n c e n t r a t i o n  of  

m e ta l  ion  c o f a c t o r ,  i o n i c  s t r e n g t h  and c o n c e n t r a t i o n  of  a ] p h a - o m a n i t i n  

were v a r i e d  as i n d i c a t e d .

The s t a n d a r d  r e a c t i o n  mix c o n t a i n e d , i n  a d d i t i o n  t o  t e m p l a t e ,  enzyme 

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

g e n e r a t i n g  sys tem i n  the  form o f  phosphcrt^nol p y r u v a t e  and p y r u v a t e  

k i n a s e .  Sodium f l u o r i d e  was i n c l u d e d  as  an i n h i b i t o r  of  p h o s p h a t a s e s .

The m e ta l  ion  c o f a c t o r  was e i t h e r  manganese o r  magnesium and io n ic  

s t r e n g t h  was m a i n t a i n e d  by th e  p r e s e n c e  of  KC1 and th e  a d d i t i o n  o f  

ammonium s u l f a t e .  The pH was h e ld  c o n s t a n t  a t  7 .8 by T r i s - H C l .  (See 

methods s e c t i o n  f o r  t h e  a c t u a l  mola r  c o n c e n t r a t i o n s  o f  the  r e a c t i o n  

m i x t u r e  componants and a ppend ix  1 f o r  t h e  s c h e d u l e  of  a d d i t i o n s  and 

f i n a l  c o n c e n t r a t i o n s  o f  the  t e s t  s u b s t a n c e  s t o c k  s o l u t i o n s . )

B r in e  sh r im p  homogenate  was a s sayed  f o r  endogenous n u c l e a s e  

a c t i v i t y  as  d e s c r i b e d  in  Methods and th e  r e s u l t s  a r e  p r e s e n t e d  i n  t a b l e  

3 . The n u c l e a s e  a c t i v i t y  i s  s e e n  to  be low and t im e - d e p e n d e n t .  Rad io -
3

a c t i v e  t e m p l a t e  ( Il‘ d(A-T)n ) was i n c u b a t e d  w i t h  sh r imp RNA polymerase  

p r e p a r a t i o n s  a t  d i f f e r e n t  s t a g e s  of  p u r i f i c a t i o n  in  a c om ple te  r e a c t i o n  

mix a t  37°C. N uc le ase  a c t i v i t y  i n  t h e  form o f  t e m p la t e  d e g r a d a t i o n  is  

i n d i c a t e d  by t h e  r e l e a s e  o f  a c i d - s o l u b l e  r a d i o a c t i v i t y .

R e d u c t io n  o f  a c i d - p r e c i p i t a b l c  m a t e r i a l  i s  n o t  e x t e n s i v e ,  even  a f t e r  

20 min i n c u b a t i o n  a t  37°C. Wien the  n u c l e a s e  a c t i v i t y  o f  sh r im p  c rude  

homogcnates  was m easu red ,  the  a c t i v i t y  was o n ly  s l i g h t l y  enhanced in  t h e  

p r e s e n c e  o f  Mg r e l a t i v e  t o  the  a c t i v i t y  w i t h  Mn

The r e s u l t s  p r e s e n t e d  in  p a r t  B o f  t a b l e  3 c a n n o t  be compared in  an
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a b s o l u t e  s e nse  w i th  the d a t a  Irwn p a r t  A o f  t a b l e  3 s in c e  p r o t e i n  

d e t e r m i n a t i o n s  were n o t  c a r r i e d  ou t  on tb o se  sam p les .  The average  

amount of  t e m p l a t e  remain  in}; a f t e r  20 min a t  37°C in a s s a y s  c o n t a i n i n g  

homogenate ,  f i r s t  s u p e r n a t a n t  and second s u p e r n a t a n t  in  t h e  p r e s e n c e  o f  

Mn"***" a v e ra g e  91 -t 17c ( t a b l e  3, p a r t  B ) . A f t e r  10 min a t  37°C ( t a b l e  3, 

p a r t  A) the  homogenate  and f i r s t  s u p e r n a t a n t  a ve rage  97 -t 0.37. t e m p la t e  

r e m a in in g .  The e f f e c t s  o f  n u c l e a s e s  on the  t o t a l  amount o f  t e m p la t e  

a v a i l a b l e  under  t h e  c o n d i t i o n s  o f  RNA po lymerase  a s s a y  were c o n s i d e r e d  

n e g l i g i b l e  on th e  b a s i s  o f  t h e s e  r e s u l t s .

In  o r d e r  t o  d e t e r m i n e  the  range  o f  t e m p la t e  c o n c e n t r a t i o n s  ad e q u a te  

t o  o b t a i n  optimum a c t i v i t y  of  a h i g h l y  p u r i f i e d  p r e p a r a t i o n  o f  shr imp 

RNA po ly m e ras e ,  a r a d i o a c t i v e  t e m p la t e  was a g a i n  employed ( s e e  Methods
3

s e c t i o n  f o r  t h e  p r e p a r a t i o n  o f  l l-d(A-T) ) .  Shrimp c y s t  RNA polymerase

a c t i v i t y  p u r i f i e d  by DEAE-c.el lulose column ch rom atography  fo l low ed  by

chrom atography  on DN A-ce l lu lose  ( f i g u r e  3) was added in  amounts  from 0

t o  9 ug p r o t e i n  t o  a s e r i e s  o f  s t a n d a r d  po lymerase  a s s a y  mixes l a c k i n g

o n l y  t h e  l a b e l e d  n u c l e o t i d e  s u b s t r a t e  and c o n t a i n i n g  a c o n s t a n t  amount

o f  t h e  l a b e l e d  t e m p la t e  ( f i g u r e  4 ) .  A f t e r  5 min i n c u b a t i o n  a t  37cC,

t h e  m i x t u r e  was poured  o n t o  a m i l l i p o r c  f i l t e r .  Only t h a t  p o r t i o n  of

t h e  t e m p l a t e  bound t o  p r o t e i n  was h e l d  by th e  f i l t e r .  The amount of  
3

H’d(A -T)n h e l d  by t h e  f i l t e r  i n c r e a s e d  l i n e a r l y  u n t i l  a p l a t e a u  was 

r e a c h e d  a t  which 717o o f  t h e  t e m p la t e  was bound. D e p a r tu r e  from 

l i n e a r i t y  began a t  t h e  p o i n t  where the  r a t i o  o f  t e m p la t e  (microgram s)  

t o  p r o t e i n  (microgram s)  was 0 .3 1 .

S in c e  t h e  e f f e c t  o f  i n c r e a s i n g  the  p r o t e i n  c o n c e n t r a t i o n  in  t h e s e  

r e a c t i o n s  was i n i t i a l l y  t o  g e n e r a t e  a s t r a i g h t  l i n e ,  the  i n d i c a t i o n  i s  

t h a t  one po lymerase  m o le c u le  i s  s u f f i c i e n t  t o  b in d  one d (A -T)n m o le c u le .
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The p o i n t  a t  which l i n e a r i t y  is  l u s t  i n d i c a t e s  the  t r a n s i t i o n  from a 

one to  one r a t i o  to  a s i t u a t i o n  where more than  one po lymerase  m olecu le  

i s  bound t o  the  t e m p la t e  m o le c u le .  Po lymerase  m o le c u le s  can a c t i v e l y  

t r a n s c r i b e  w h i l e  s h a r i n g  a p a r t i c u l a r  t e m p l a t e ,  however ,  any polymerase 

a s s a y  c o n t a i n i n g  d(A-T) as  the  t e m p la t e  in a 0 . 3  r a t i o  t o  the  amount 

o f  p r o t e i n  c o u ld  s a f e l y  be c o n s i d e r e d  t o  c o n t a i n  a n o n - l i m i t i n g  or  

e x c e s s  amount o f  t e m p l a t e .

The e f f e c t  of  i n c r e a s i n g  the  amount o f  sh r imp p r o t e i n  i n  the

s t a n d a r d  RNA polymerase  a s s a y  m ix t u r e  was examined.  F i g u r e  5 r e l a t e s  
3

H’UMP i n c o r p o r a t i o n  (RNA s y n t h e s i s )  t o  p r o t e i n  c o n c e n t r a t i o n .  Shrimp 

c y s t  RNA po lym erase  e x t r a c t s  a t  s e v e r a l  s t a g e s  o f  p u r i f i c a t i o n  were 

employed.  A l though  the i n c o r p o r a t i o n  remained  l i n e a r  when 550 ug c rude  

homogenate  p r o t e i n  was added in  a f i n a l  a s s a y  volume of  125 u l ,  some 

component  of  the  s t a n d a r d  r e a c t i o n  mix was found t o  be r a t e  l i m i t i n g  

when th e  amount o f  p r o t e i n  i n  t h e  p o s t - D N A - c e l l u lo s e  s t a g e  enzyme 

was p r e s e n t  i n  amounts g r e a t e r  than  5 ug p r o t e i n  pe r  125 ul  a s s a y .

Obser v a t i o n  o f  M u l t i p l e  RNA Po lymerase  A c t i v i t i e s  in  A r tem ia  s a l i n a

I n i t i a l  as- .. s f o r  RNA polymerase  a c t i v i t y  i n  homogenates  of  

h y d r a t e d  sh r i i ,  s t s  showed t h a t  the  RNA polymerase  a c t i v i t y  p r e s e n t  

was p a r t i a l l y  r e s i s t a n t  t o  the  t o a d s t o o l  t o x i n ,  a l p h a - a m a n i t i n .  Th i s  

t o x i n  i s  known to  i n h i b i t  e l o n g a t i o n  o f  RNA c h a i n s  c a t a l y z e d  by c l a s s  

I I  e u k a r y o t i c  RNA p o ly m e r a s e s .  The f i n d i n g  o f  i n h i b i t i o n  by a l p h a -  

a m a n i t i n  o f  po lymerase  a c t i v i t y  i n  b r i n e  sh r im p homogenates  was the  

f i r s t  i n d i r e c t  e v id e n c e  of  the  e x i s t e n c e  of  more than  one c l a s s  o f  RNA 

po lym erase  i n  A r tem ia  s a l i n a .

D i r e c t  e v id e n c e  o f  the  p r e s e n c e  o f  s e v e r a l  forms o f  RNA polymerase
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i n  A r t cm i a came whi'ii DEAE-Sephudex co l umn chroma I og ra |>liy ( l i g u r e  6 .and 

f i g u r e  7) r e s u l t e d  i n  t he  c o m p l e t e  s o p o r ; i l i o n  o f  two maj or  enzyme  

a c t i v i t y  p e a k s .  The f i r s t  peak t o  be e l u t e d  from the  DEAE-Sephndex by 

t he  l i n e a r  g r a d i e n t  o f  ammonium s u l f a t e  was t o t a l l y  r e s i s t a n t  t o  8 up/ml  

a ma i i i t i n  ( f i u g r o  7 ) .  The s e c o n d  enzyme a c t i v i t y  peak had p a r t i a l  a m a n i t i n  

r e s i s t a n c e .  Th i s  made i t  p o s s i b l e  t h a t  A r t e mi a  had t h r e e  d i s t i ngu i s l iab 1 <■ 

and p o t e n t i a l l y  s e p a r a b l e  RNA p o l y m e r a s e  f o r ms .

Fol lo w in g  the  nom enc la tu re  deve lo ped  by Rneder  and R u t t e r  [1969] 

f o r  e u k a r y o t i c  RNA p o ly m e ras e s ,  the enzyme a c t i v i t y  e l u t i n g  f i r s t  from 

DEAE-Scphadex w i l l  be c a l l e d  enzyme I  w h i l e  a m a n i t i n - s e n s i t i v e  polymerase  

a c t i v i t y  e l u t i n g  a t  the  h i g h e r  i o n i c  s t r e n g t h  w i l l  be c a l l e d  polymerase  

I I .  In  sea u r c h i n s ,  where t h i s  naming sys tem was f i r s t  a p p l i e d ,  a t h i r d  

polymerase  e l u t e d  a f t e r  polymerase  I I  and was named po lymerase  111 [Rocder 

and R u t t e r  1969] .  Since t h a t  t im e ,  t i s s u e s  have been found in which 

po lymerase  I I I  e l u t e s  a t  an i o n i c  s t r e n g t h  s i m i l a r  or  i d e n t i c a l  t o  p o l y ­

merase  I I .  The a m a n i t i n - r c s i s t a n t  a c t i v i t y  c o - e l u t i n g  w i th  po lymerase  II  

o f  b r i n e  shr imp w i l l  be t e n t a t i v e l y  c a l l e d  po lymerase  I I I .

P r i o r  t o  ch romatography  on DEAE-Sephadex ( f i g u r e  6) the  RNA p o l y ­

merase  a c t i v i t y  e x t r a c t e d  from i n c u b a te d  (24 h r s  a t  28°C) Ar temia  was 

measured u s in g  t h r e e  t e m p l a t e s ,  each  in  the  p r e s e n c e  and absence  o f  a l p h a -  

amani t i n .

% R e s i s t a n c e  

Template  Po lymerase  t o  8 ug/ml

Template  Amount A c t i v i t y  A l p h a - a m a n i t i n

d(A-T) 5 ug 128 pmo 1 / m g/10'  77

CT ®NÂ  30 ug 95 pmol/mg/ lO1 68

CT RNA 30 ug 30 pmol/mg/lO '  75

O r i g i n a l l y  ( p r i o r  t o  f r e e z i n g )  the  e x t r a c t  had i n c o r p o r a t e d



] 7 0 pmol/mg p r o L e in / lO  min .'it 37cC wi th  5 ug d(A-T) in a f i n a l  volume of

125 u l .  A f t e r  thawing and p r i o r  to  ch rom atography ,  the a c t i v i t y  was as 

g iven  above.  The ch o ic e  o f  t e m p la t e  g r e a t l y  a f f e c t e d  the  t o t a l  a c t i v i t y  

o f  the  crude: e x t r a c t .  Choice o f  t em p la te  a l s o  had an e f f e c t  on the

t e m p la t e  oi a t  l e a s t  one o f  the  enzymes. The e l e v a t e d  a m a n i t i n  r e s i s t a n c e

t e m p la t e  o f  the a m a n i t i n - r e s i s t a n t  f o r m ( s ) .  There a r c  too  many v a r i a b l e s  

fo r  f u r t h e r  i n t e r p r e t a t i o n  of  t h i s  d a t a ,  however ,  the  e x i s t e n c e  of s e v e r a l  

enzyme forms which d i f f e r  in  t h e i r  t e m p la t e  p r e f e r e n c e s  i s  s t r o n g l y  

s u g g e s t e d .
3

I t  should  be no ted  t h a t  i n c o r p o r a t i o n  o f  H-UliP by A r tem ia  e x t r a c t  

became dependen t  upon the a d d i t i o n  of  DNA to  the  r e a c t i o n  m ix tu re  d u r in g  

the  p r e -c h ro m a to g ra p h y  p u r i f i c a t i o n  p r o c e d u r e .  Most endogenous DNA was 

removed by the  h ig h  speed c e n t r i f u g a t i o n .  Remaining n u c l e i c  a c id  f r a g ­

ments  were s e p a r a t e d  from the  enzyme when the  l a t t e r  was p r e c i p i t a t e d  from

p r e s e n t e d  in f i g u r e  17 show tlia t  n u c l e i c  a c i d s  were s i g n i f i c a n t l y  reduced

3
by t r e a t m e n t  o f  the shr im p e x t r a c t  w i t h  po lymin-P .  I n c o r p o r a t i o n  of  H*UMr 

became dependen t  on endogenous ly  added DNA a t  the  t ime o f  ammonium s u l f a t e  

p r e c i p i t a t i o n .  DNA-dependence of  the  r e a c t i o n  i s  s t r o n g  e v id e n c e  t h a t  the  

r e a c t i o n  p ro d u c t  i s  RNA. F u r t h e r  ev id e n c e  o f  t h i s  i s  the  dependence of  the  

r e a c t i o n  on the  p r e s e n c e  in  the  r e a c t i o n  mix o f  o t h e r  n u c l e o s i d e  t r i p h o s p h a t e s  

(ATP w i th  the t e m p la t e  d(A-T)n and ATP, GTP and CTP w i th  n a t i v e  and 

d e n a t u r e d  DNAs).

In an a t t e m p t  to  e l u c i d a t e  the enzyme com p o s i t i o n  o f  the  second 

DEAE-Sephadex a c t i v i t y  peak ,  a l i q u o t s  from p o l y m e r a s e - c o n t a i n i n g  f r a c t i o n s

degree  of  a m a n i t i n  r e s i s t a n c e  d i s p l a y e d .  C l e a r l y  d(A-T) i s  the  favored

wi th  t h a t  t em p la te  a l low s  a p r e l i m i n a r y  a s s ig n m en t  of  d(A-T)n as  the  favored

th e  h ig h  speed s u p e r n a t a n t  w i th  ammonium s u l f a t e .



won: sub joc  toil tii p o ly a c r y la m id e  gel  o lee  L ropho res  i s . The h y p o t h e s i s  

was t h a t  two polymerase wo 1 ecu 1 css o f  d i f f e r i n g  wo 1 ecu 1 or  we igh t  or  e l e c t  ro -  

p h o r e t i c  p r o p e r t i e s  might  bo c o - e l u t i n g  in the  a c t i v i t y  peak from the 

column and t h a t  t h es e  might c o r r e s p o n d  to  an aman i t i n - s e n s  i L i vc enzyme 

and an a m a n i t i n - r e s i s t a n t  enzyme. Dem ons tr a t i on  o f  enzymati c  a c t i v i t y  in 

an a c t u a l  gel . s l ice  i s  im p o s s ib l e  w i th  such low enzymatic  a c t i v i t y ,  how­

e v e r  p r o t e i n  bands migh t  be s e p a r a t e d  by e l e c t r o p h o r e s i s  which cou ld  be 

t e n t a t i v e l y  i d e n t i f i e d  as po lymerase  m o le c u le s .  The b a s i s  f o r  t h i s  

t e n t a t i v e ,  i d e n t i f i c a t i o n  would be the  c h a r a c t e r i s t i c  s low m i g r a t i o n  o f  

po lymerase  m o le c u le s  in g e l s  of  low a c ry l a m i d e  c o n c e n t r a t i o n  and c o r r e s ­

pondence of  the  column f r a c t i o n  polymerase  a c t i v i t y  w i th  the amount of  

p r o t e i n  in  t h e  r e s u l t i n g  g e l  band.  As f i g u r e  8 shows, e l e c t r o p h o r e s i s  

o f  p o l y m e r a s e - c o n t a i n i n g  f r a c t i o n s  from a DEAE-Sephadcx column d id  r e s u l t  

in  s i n g l e  p r o t e i n  bands .  A l though  the bands cou ld  be RNA polymerase  on 

th e  b a s i s  o f  t h e i r  s low m i g r a t i o n ,  the  amount o f  p r o t e i n  in  the  s t a i n e d  

band was no t  d i r e c t l y  p r o p o r t i o n a l  t o  the  amount o f  enzymatic  a c t i v i t y  in  

the f r a c t i o n  which was e l e c t r o p h o r e s e d .

Thus i t  appeared  d o u b t f u l  t h a t  the  p r o t e i n s  which had been seen  by' 

the  e l e c t r o p h o r e s i s  p r o c e d u r e  were po lym erases  a l t h o u g h  they  were v e r y  

s i m i l a r  in  e l e c t r o p h o r e t i c  b e h a v io r .  The r e s u l t s  o f  t h i s  work a r e  shown 

s i n c e  l a t e r  e x p e r im e n t s  p ro v id e  a p o s s i b l e  e x p l a n a t i o n  f o r  the d a t a  in  

f i g u r e  8 .  Th i s  s u b j e c t  i s  t r e a t e d  in  g r e a t e r  de p th  in  the  D i s c u s s i o n  

s e c t i o n .

F u r t h e r  e x p e r im e n t s  aimed a t  u n d e r s t a n d i n g  the  n a t u r e  and t h e  number 

o f  enzymes e l u t i n g  as  the  second DEAE-Sephadex a c t i v i t y  peak c a p i t a l i z e d  

on the  o b s e r v a t i o n  t h a t  the  a m a n i t i n - r e s i s t a n t  a c t i v i t y  was more l a b i l e  

th a n  th e  a m a n i t i n - s e n s i t i v e  a c t i v i t y .  At the  t ime o f  e l u t i o n ,  t h i s  RNA



j>olymerusc a c t i v i t y  from the DEAE-Sephadex co l umn o l  f i n u r e s  7 and 8

showed the* usua l  j ia r t i .n l  r e s i s t a n c e  to  a m a n i t i n  (237 r e s i s t a n c e  to  A u g /

ml a m a n i t i n  wi th  CT DNA. as  t e m p l a t e ) .  A f t e r  s e v e r a l  rounds ofden

f r e e z i n g  and thawin' ;  in a Revco a t  -70°C,  the  a m a n i t i n - r e s i s t a n t  a c t i v i t y  

was c o m p l e t e l y  a b o l i s h e d .  The rem ain ing  polymerase  a c t i v i t y  was r e -  

a s sayed  in the  p r e s e n c e  o f  i n c r e a s i n g  amounts o f  a m a n i t i n .  The r e s u l t s  

a r e  p r e s e n t e d  in  f i g u r e  9. T o t a l  i n h i b i t i o n  was ach ieved  a t  O.A ug/ml 

a m a n i t i n .  The h igh  degree  o f  l i n e a r i t y  and the  t o t a l  a b o l i t i o n  o f  

enzymati c  a c t i v i t y  i n d i c a t e s  t h a t  a s i n g l e  s p e c i e s  o f  enzyme i s  a c t i v e .

D isa ppea ra nce  of the po lymerase  a c t i v i t y  r e s i s t a n t  t o  A ug/ml 

a m a n i t i n  i n d i c a t e s  t h a t  the a m a n i t i n - r e s i s t a n t  po lymerase  i s  d i f f e r ­

e n t i a l l y  l a b i l e .  Th is  is  s u p p o r t e d  by f i g u r e  7 i n  which l o s s  of  the 

a m a n i t i n - r c s i s t a n t  a c t i v i t y  o c c u r s  under  c o n d i t i o n s  which l e a v e  th e  

a m a n i t i n - s e n s  i t i v e  po lymerase  a t  the o r i g i n a l  l e v e l  o f  a c t i v i t y .

F u r t h e r  s t r o n g  ev id e n c e  of  m u l t i p l e  po lym erases  in A i tcm ia  is  

found in  f i g u r e  10 which shows the  the  e f f e c t  of  ammonium s u l f a t e  

c o n c e n t r a t i o n  on the RNA polymerase  a c t i v i t y  of  f r a c t i o n  17 of  the  

D N A-ce l lu lo se  column whose a c t i v i t y  p r o f i l e  i s  g iven  in  f i g u r e  3. Th i s  

po lymerase  p r e p a r a t i o n  had been b a t c h - e l u t e d  from DEAE-cel lu lose  p r i o r  

t o  DNA-ce l lu lo se  ch rom a tography .  Because the  DN A-ce l lu lo se  column was 

deve loped  w i th  a s t e p  g r a d i e n t ,  the  a c t i v i t y  peak c o n t a i n s  a h i g h l y  

p u r i f i e d  m ix t u r e  of  a m a n i t i n - r e s i s t a n t  and a m a n i t i n - s e n s i t i v e  p o ly m e r a s e s .

F r a c t i o n  17 of the  DNA-cel l u l o s e  column ( f i g u r e  3) was 577o r e s i s t a n t  

t o  8 ug/ml a l p h a - a m a n i t i n  when assayed  wi th  d(A-T)^  as  t e m p l a t e .  The 

e f f e c t  of  i o n i c  s t r e n g t h  (ammonium s u l f a t e )  was examined under  t h r e e  s e t s  

o f  c o n d i t i o n s  and the  r e s u l t s  a r e  g iv en  in  f i g u r e  10. An a l i q u o t  o f  the  

enzyme m ix t u r e  was f r o z e n  and thawed to  remove i t s  a m a n i t i n - r e s i s t a n t
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a c t i v i t y  while; the  rem ainder  o£ th e  sample was a s sa y e d  in  the  absence  and 

p r e s e n c e  o f  a l p h a - a m a n i t i n :  The u n t r e a t e d  enzyme as sayed  w i t h o u t  a m a n i t i n

gave a b i p h a s i c  a c t i v i t y  p r o f i l e  w i t h  maxima a t  0 .025  and 0.075  M ammonium 

s u l f a t e .  The enzyme as sa y e d  in  the p r e s e n c e  o f  a m a n i t i n  had an a c t i v i t y  

optimum a t  0 .075  M and the  f ro z e n  and thawed a l i q u o t  c o n t a i n i n g  on ly  

a m a n i t i n  s e n s i t i v e - m a t e r i a l  had an a c t i v i t y  optimum a t  0 .025  M. The u n ­

t r e a t e d  enzyme m ix tu re  c l e a r l y  c o n t a i n s  a t  l e a s t  two enzyme a c t i v i t i e s  

which d i f f e r  in  t h e i r  i o n i c  s t r e n g t h  opt ima as  w e l l  as  in  t h e i r  s e n s i t i v i t y  

t o  a m a n i t i n  and f r e e z i n g  and thaw ing .

For  com par i son ,  a s s a y s  o f  t h e  a m a n i t i n - s e n s i t i v e  RNA polymerase  

a c t i v i t y  o f  the second a c t i v i t y  peak  of  a DEAE-Sephadex column e l u t e d  

w i t h  a l i n e a r  s a l t  g r a d i e n t  (and no t  p r e v i o u s l y  exposed t o  DN A -ce l lu lose )  

was examined .  A f t e r  f r e e z i n g  and thawing no a m a n i t i n - r e s i s t a n t  a c t i v i t y  

was p r e s e n t  and the  enzyme was a s sa y e d  w i t h  d i f f e r e n t  t e m p l a t e s  a t  

v a r i o u s  ammonium s u l f a t e  c o n c e n t r a t i o n s  and m e t a l  i o n  c o f a c t o r s  ( f i g u r e  11 

and f i g u r e  12 ) .  F i g u r e s  10, 32, 33 and 35 show o t h e r  i n s t a n c e s  i n  which 

Ar tem ia  RNA polymerase  I I  was found to  have an  i o n i c  s t r e n g t h  optimum 

n e a r  0 .075  M ammonium s u l f a t e  w i t h  CT DNA^^ as  t e m p l a t e .  Thus Artemia  

c o n t a i n  a po lymerase  I I  a c t i v i t y  which i s  s i m i l a r  t o  t h a t  o f  o t h e r  s p e c i e s  

[Roeder  1976] and s e p a r a b l e  from o t h e r  Ar temia  po lymerase  a c t i v i t i e s  by 

s e v e r a l  m ethods .

The A r tem ia  RNA polymerase  I I  used  in  the  a c t i v i t y  a s s a y s  o f  f i g u r e  

11 and f i g u r e  12 was examined by g l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n  a s  d e s ­

c r i b e d  in  the  legend  to  f i g u r e  13.  The enzyme was l a y e r e d  on to  a preformed 

g l y c e r o l  g r a d i e n t  (15 - 30% v / v )  and c e n t r i f u g e d  a t  35 ,000 rpm f o r  15 .4  h r  

i n  a SW41 r o t o r  a t  3°C. The g r a d i e n t s  were f r a c t i o n a t e d  and a s sa y e d  f o r  

RNA po lymerase  a c t i v i t y .  S e l e c t e d  f r a c t i o n s  were run  on 5% p o l y a c r y l a m id e
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g e l s  under  non-dona Lur i ug c o n d i t io n : ;  in o r d e r  Lo d e te rm in e  whe ther  

f r a c t i o n s  c o n t a i n i n g  enzymati c  a c t i v i t y  c o n t a i n e d  p r o t e i n ( s )  which 

m ig r a t e d  in  a manner s u g g e s t i v e  of  an RNA po lym erase .  The r e s u l t s  a re  

shown in f i g u r e  13. Although  the  enzymati c  a c t i v i t y  was v e r y  low, those  

g e l s  c o r r e s p o n d i n g  to  the peak f r a c t i o n s  were the ones found t o  c o n t a i n  

s i n g l e  abso rbance  bands .  O ther  g e l s  c o n t a i n e d  no bands w h a t s o e v e r .  The 

g e l s  were scanned in a s p e c t r o p h o to m e t e r  a t  600 nm and the r e l a t i v e  s i z e s  

o f  the  abso rba nc e  peaks of  d i f f e r e n t  g e l s  were de te rm ined  as  d e s c r i b e d  in 

the  f i g u r e  l ege nd .  The a c t u a l  abso rbance  p r o f i l e s  o f  two o f  t h e s e  g e l s  

a r e  shown in f i g u r e  44. In  f i g u r e  44,  the  Ar temia  g l y c e r o l  g r a d i e n t  

f r a c t i o n s  were run  on two g e l s  and compared to  a g e l  c o n t a i n i n g  a sample 

o f  E. c o l i  RNA polymerase  (Sigma) which had been p u r i f i e d  by c e n t r i f u g a t i o n  

on a s i m i l a r  g l y c e r o l  g r a d i e n t  ( f r a c t i o n  14, Appendix 2 ) .

Because p h o s p h o c c l l u l o s e  ch rom ato graphy  o f  E. c o l i  RNA polymerase  

c a u s e s  the  a s u b u n i t  o f  t h a t  enzyme to become d i s s o c i a t e d  from the  c o re  

p o ly m e r a s e ,  Artemia  po lymerase  b e h a v io r  on DEAE-Sephadex was checked a f t e r  

ch rom ato graphy  on D N A - c e l l u lo s e . F i g u re  14 shows t h a t  DN A-ce l lu lo se  

ch rom ato graphy  made no changes a f f e c t i n g  po lymerase  I I  and po lymerase  I I I  

b e h a v i o r  on DEAE-Sephadex. The e l u t i o n  p o s i t i o n  o f  po lymerase  I I  t r e a t e d  

in  t h i s  manner i s  v i r t u a l l y  i d e n t i c a l  t o  t h e  e l u t i o n  p o s i t i o n  o f  Artemia 

po lymerase  I I  from a c rude  homogenate ( f i g u r e s  6 and 7 ) .  Po lymerase  I I I  

a c t i v i t y  i s  s i m i l a r l y  unchanged w i t h  r e s p e c t  t o  e l u t i o n  p o s i t i o n ;  i t  c o ­

e l u t e s  w i th  po lymerase  I I .  I t  was e s s e n t i a l  t o  a s c e r t a i n  t h i s  s i n c e  DNA- 

c e l l u l o s e  was a v e r y  e f f e c t i v e  p u r i f i c a t i o n  s t e p .
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Largo S c a le  P u r i f i c a t i o n

Introduction

Further in v e s t ig a t io n  of the m ultip le  Artemia RNA polymerase 

c la s s e s  and their  s im i la r i ty  to each other and to the cognate polymerases 

i s o la te d  from other eukaryotic t i s s u e s  required separation  followed by 

c a t a ly t i c  ch a ra cter iza t io n . A number o f  problems were encountered.

The a c t iv i t y  of enzyme I as w e l l  as that o f  the am anitin-res is ta n t  

a c t i v i t y  in the DEAE-Sephadex a c t i v i t y  peak belonging to enzyme II  was 

low r e la t iv e  to  the a m a n it in -sen s it iv e  a c t iv i t y ;  these am an it in -res is tan t  

a c t i v i t i e s  were a ls o  the most l a b i l e .  Larger amounts of these enzymes would 

therefore be needed for f u l l  c a t a ly t i c  c h a ra c te r iza t io n  and id e n t i f i c a t io n .  

Due to the extreme and unequal l a b i l i t y  o f  the enzymes as they were eluted  

from the column, re -assay  o f  the column fra c t io n s  at a la te r  time resu lted  

in  s ig n i f i c a n t l y  le s s  product being formed although id e n t ic a l  incubation  

con d itions  were employed ( f ig u re  7, part B ) . As p rev iously  shown, th is  

d i f f e r e n t i a l  l a b i l i t y  of the c o -e lu t in g  enzymes permitted th e ir  separate  

ch a ra cter iza t io n  prior to the development o f  chromatographic separation  

tech n iq u es .

Attempts to obtain large amounts of separated polymerase c la s s e s  

from DEAE-Sephadex columns of shrimp homogenate fa i le d  s in ce  increasing  

the amount o f  protein  resu lted  in an overloading o f  the column material 

as w ell  as overlap o f  the enzyme a c t i v i t i e s .  Increasing  the amount of  

column m aterial as w e ll  as the amount o f  p rote in  had the e f f e c t  of pro­

longing the loading and running time o f  the column and, because o f  the 

longer time at 4°C, reducing the y ie ld  ( in  terms o f  a c t iv i t y )  to  approxi­

mately that o f  the smaller columns. The problem of dim inishing returns
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was made more acute by the low protein  concentration  o f  the c o l le c te d  

fr a c t io n s .  Eukaryotic RNA polymerases are unstable under these conditions  

so BSA (bovine serum albumin) was sometimes added to column fraction s  to  

bring the protein  concentration to approximately 0 .5  mg/ml. DEAE-Sephadex 

column fr a c t io n s ,  although they contained d e tec ta b le  enzymatic a c t i v i t y ,  

gen era lly  had in s u f f i c i e n t  polymerase protein  for ex ten s iv e  ch aracter iza tion  

by g e l  e le c tr o p h o r e s is .

Due to the complexity o f  th? p u r if ic a t io n  procedure, large amounts of  

hydrated shrimp c y s ts  could not be processed to the stage  of polymerase 

chromatography in a s in g le  day. Bulk p u r i f ic a t io n  required that shrimp 

enzyme be p urif ied  up to  the stage of column chromatography and then frozen.  

Enzyme preparations were then pooled for chromatographic separation and 

c a t a ly t i c  ch aracter iza t ion  s tu d ie s .

Large sca le  p u r if ic a t io n  not involv ing  chromatographic separation o f  RNA 
polymerase a c t i v i t i e s

On three occas ion s , Artemia c y s ts  ( t o t a l  wet weight = 1,231 g) were 

homogenized and the RNA polymerase a c t iv i t y  p a r t ia l ly  p u r if ied  by the 

pre-chromatography procedures outlined  in the flow-diagram, figure 1. The 

procedures used were as described in Methods and include so n ica t io n ,  high  

speed cen tr ifu g a t io n  and p r e c ip ita t io n  with polymin-P. The recovery o f  

enzymatic a c t i v i t y  a t  the various s tages o f  p u r i f ic a t io n  are g iven  in  

tab le  5 for these three separate experiments (1, 2 and 3). The F/s 
( fro zen /s to re d )  fra c t io n s  o f  these  three experiments were pooled for  

further p u r if ic a t io n  by chromatography. Table 5 a ls o  g iv e s  the r e s u lt s  

o f  s ix  ad d it ion a l Artemia c y s t  homogenizations (experiments 4-9) in  

which the RNA polymerases from a to ta l  o f  2,242 g hydrated shrimp c y s ts  

were p u r if ied  to  the F/S stage according to the procedures o f  f igure 1.
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The p roce du re  of polymin t i t r a t i o n  to  remove n u c l e i c  a c i d s  from 

the  h ig h  speed s u p e r n a t a n t  of the shr imp c y s t  e x t r a c t  has  a l r e a d y  been 

d e s c r i b e d  in Methods.  Data from the  polymin t i t r a t i o n  of  the  hip.h speed 

s u p e r n a t a n t s  o f  e x p e r im e n t s  2 and 3 are  p r e s e n t e d  in f i g u r e  17 A and 

f i g u r e  17 B r e s p e c t i v e l y  as  w e l l  as  i n  t a b l e  A. I t  can  be seen  from the 

s c s u l t s  o f  t h e s e  and o t h e r  polymin t i t r a t i o n s  ( d a t a  from e x p e r im e n t s  9 

and 6 in  f i g u r e  17 C and f i g u r e  17 D and from e x p e r im e n t s  A - 9 in  t a b l e  

A) t h a t  RNA polymerase a c t i v i t y  in  t h e  Ar temia  p r e p a r a t i o n s  tended  to  be 

a t  an optimum when the ^ 2 8 0 ^ 2 6 0  r a t i o  was 0 .7 7 .  Th i s  r a t i o  c o r r e s p o n d s  

t o  a n u c l e i c  a c id  c o n t e n t  of  7.5% r e l a t i v e  t o  t h e  p r o t e i n  c o n c e n t r a t i o n .  

P r i o r  t o  t r e a t m e n t  w i th  po lymin-P ,  the  shr imp h igh  speed s u p e r n a t a n t  had ,  

on the  a v e r a g e ,  an ^ 2 8 0 ^ 2 6 0  r p t *° ^*71 or  10% n u c l e i c  a c id  r e l a t i v e  to  

p r o t e i n .  The e f f e c t  o f  t h i s  r e d u c t i o n  in  n u c l e i c  a c i d s  i s  to  double  the 

enzymati c  a c t i v i t y  of  the  p o l y m e r a s e s . F i g u r e  17 shows d a t a  from four  

r e p r e s e n t a t i v e  e x p e r im e n t s  w h i le  t a b l e  A g i v e s  t h e  summary of  e i g h t  

e x p e r i m e n t s .

For e x p e r im e n t s  1 - 3  the  i n c r e a s e  i n  s p e c i f i c  a c t i v i t y  (po lymerase  

a c t i v i t y  u n i t s / m g  p r o t e i n )  of  the  shr imp e x t r a c t s  and the  d e g re e  of  

r e c o v e r y  o f  the  o r i g i n a l  homogenate enzymatic  a c t i v i t y  i s  d e t a i l e d  in t a b l e  

6 . The s p e c i f i c  a c t i v i t y  i n c r e a s e d  over  a thousand  f o ld  from t h e  c rude  

homogenate t o  the  DNA-ccl lu lo sc  peak  f r a c t i o n .  The t o t a l  amount of  p r o t e i n  

in  t h e  combined homogenates o f  e x p e r i m e n t s  1 - 3  was 33 ,700  mg. Th is  was 

reduced  to  13.8 mg a f t e r  the  DNA-cel lu lo se  s t e p ;  y e t  2A% o f  the  polymerase  

a c t i v i t y  o r i g i n a l l y  p r e s e n t  i n  the  homogenate  was r e c o v e r e d .  In  terms o f  

p r o t e i n  a l o n e ,  t h i s  r e p r e s e n t s  a g r e a t e r  than  2,A00 f o ld  p u r i f i c a t i o n .

The DEAE-ce l lu losc  p ro ce d u re  i s  o u t l i n e d  in  f i g u r e  15 and d e s c r i b e d  

in  d e t a i l  below.  No column a c t i v i t y  p r o f i l e  can be shown s i n c e  the
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enzymati c  a c t i v i L y  was pooled w i t h o u t  a s s a y i n g  tlu.* i n d i v i d u a l  t r a c t i o n s  

fo r  po lymerase  a c t i v i t y .

The pooled F/S f r a c  t i o n s  o f  e x p e r i m e n t s  1 - 3 c o n t a i n e d  3,001 mg of 

p r o t e i n .  The thawed sample was s t i r r e d  w i th  DEAE-cclIn 1ose ( p r e v i o u s l y  

e q u i l i b r a t e d  wi th  b u f f e r  A a t  0 .05  M ammonium s u l f a t e )  a t  a r a t i o  of 6 mg 

d r y  w e igh t  DEAE-cel lulose/mg p r o t e i n .  The m ix t u r e  was kep t  in  the  c o ld  

room and s t i r r e d  o c c a s i o n a l l y  f o r  45 min a t  which t ime the s l u r r y  was 

poured i n t o  a l a r g e  p l a s t i c  Buchner  f u n n e l .  The c e l l u l o s e  was washed 

w i t h  500 ml b u f f e r  A a t  0 .07  M ammonium s u l f a t e  and t r a n s f e r r e d  t o  a 

g l a s s  chromatography column 4 cm in  d i a m e t e r .  A l l  polymierase a c t i v i t y  

was removed by e l u t i o n  w i t h  b u f f e r  A a t  0 .5  M ammonium s u l f a t e .  F r a c t i o n s  

of  100 d rops  were c o l l e c t e d  and th o s e  16 tu b es  c o n t a i n i n g  t h e  UV a b s o r ­

bance were pooled  and made 51% s a t u r a t e d  w i th  ammonium s u l f a t e .  The 

p r o t e i n s  were p r e c i p i t a t e d  by c e n t r i f u g a t i o n  a t  25 ,0 00  rpm in  a Beckman 

35 r o t o r .  The p e l l e t  was r e suspe nde d  in  150 ml b u f f e r  B in p r e p a r a t i o n  

f o r  l o a d i n g  the  sample onto a DN A-ce l lu lo se  column.

F i g u r e  3 shows the  po lymerase  a c t i v i t y  and p r o t e i n  c o n c e n t r a t i o n  of  

t he  c o l l e c t e d  f r a c t i o n s  o f  t h i s  DNA-ce l lu lo se  column o f  the pooled  F/S 

f r a c t i o n s  of  e x p e r im e n t s  1 - 3 .  The legend to  t h i s  f i g u r e  d e s c r i b e s  the  

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

The DNA-ce l lu lo se  RNA polymerase  a c t i v i t y  peak c o n t a i n e d  247, of  

t h e  o r i g i n a l  a c t i v i t y  o f  the c rude  homogenate  w h i l e  t h e  peak f r a c t i o n  

o f  t h e  column c o n ta i n e d  on ly  0.0137. of  the homogenate  p r o t e i n .  The 

s p e c i f i c  a c t i v i t y  o f  the  peak f r a c t i o n  i s  1 ,100  t im es  t h a t  o f  t h e  c rude  

hom ogena te .

La rge  s c a l e  p u r i f i c a t i o n  and s e p a r a t i o n  o f  RNA polymerase  c l a s s e s

As p r e v i o u s l y  m en t ione d ,  t h e  F/S f r a c t i o n s  o f  s i x  a d d i t i o n a l  shr imp
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c y s t  homogen i zu t i uns ( ex p e r  intent s 4 - 9) wore pooled ;ind sub joe  Led to 

ch rom atography  on DEAE-cel lu lose  fo l lowed  by ch rom ato graphy  on DNA- 

c e l l u l o s e  ( f i g u r e  1, f i g u r e  16) .  The enzym at ic  a c t i v i t y  and p r o t e i n  

c o n c e n t r a t i o n  of  the p r e - c h ro m a to g r a p h y  p u r i f i c a t i o n  s t e p s  i s  shown in 

t a b l e  7 fo r  e x p e r im e n t s  5, 6, 7 and 8 .  Tab le  5 g i v e s  a summary of the 

recc 'very  of  a c t i v i t y  u n i t s  from h om ogen iz a t ion  t o  the thawing  of  the 

s t o r e d  p /S  f r a c t i o n s  in  e x p e r im e n t s  A - 9.

The c h rom a tog raph ic  t r e a t m e n t  of  t h i s  second b u lk  p r e p a r a t i o n  of  

shr im p po lymerase  a c t i v i t y  d i f f e r e d  from t h a t  d e s c r i b e d  in  f i g u r e  15 

in  t h a t  the o v e r a l l  pu rpose  was t o  s e p a r a t e  enzyme a c t i v i t i e s  on th e  

b a s i s  o f  t h e i r  e l u t i o n  p o s i t i o n  from D E AE-ce l lu lose  as  we l l  as  t o  p ro v id e  

a p u r i f i c a t i o n  s t e p .  DEAE-cel lu lose  ch rom a tog raphy  was fo l low ed  by DNA- 

c e l l u l o s e  chromatography;  a s s a y  o f  enzymati c  a c t i v i t y  w i th  and w i t h o u t  

a l p h a - a m a n i t i n  was used to  i n d i c a t e  the  d e g re e  o f  s e p a r a t i o n  a c h i e v e d .

F i g u r e  16 i s  a f low d iagram of  t h i s  l a r g e  s c a l e  p u r i f i c a t i o n  scheme. 

The pooled F / s  f r a c t i o n s  from e x p e r i m e n t s  4 - 9  c o n t a i n e d  1 , 892  u n i t s  of  

RNA polymerase  a c t i v i t y  i n  15 , 147  mg p r o t e i n .  T h i s  m a t e r i a l  was mixed 

w i th  DEAE-cel lu lose  i n  b u f f e r  A a t  0 . 0 4 5  M ammonium s u l f a t e  a s  d e s c r i b e d  

in  t h e  legend to  f i g u r e  18.  A f t e r  p r e - l o a d i n g  w i t h  shr imp e x t r a c t ,  the  

DE AE-ce l lu lose  was c o l l e c t e d  in  a Buchner f u n n e l .  The f l o w - t h r o u g h  

volume was r e s e r v e d  f o r  a s s a y  and r e c o v e r y  o f  po lymerase  a c t i v i t y  unab le  

t o  bind DEAE-cel lu lose  under  t h e s e  c o n d i t i o n s .

The DEAE-cel lu lose  was t h e n  washed w i th  b u f f e r  A (0 .08  M ammonium 

s u l f a t e )  and the  s l u r r y  was t r a n s f e r r e d  from the  Buchner f u n n e l  to  a 

l a r g e  ch ro m a to g ra p h ic  column as  d e s c r i b e d  in  t h e  legend t o  f i g u r e  18. 

Po lymerase  a c t i v i t y  was e l u t e d  s t e p w i s e  by b u f f e r  A ( 0 .5  M ammonium s u l ­

f a t e ) .  The enzymatic  a c t i v i t y  and p r o t e i n  c o n c e n t r a t i o n  o f  the  t h r e e
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p r e p a r a t i o n s ,  the  f l  ow-th rough  volume!, the  0.08  M ammonium s u l f a t e  wash 

and the  0 .5  M ammonium s u l f a t e - e l u t e d  enzyme were m easu red .  The RNA 

polymerase  a s s a y s  i n d i c a t e d  tlia t  a l l  t h r e e  f r a c t i o n s  c o n t a i n e d  s i g n i f i c a n t  

enzymati c  a c t i v i t y .

Sample T o ta l  P r o t e i n  T o t a l  A c t i v i t y  7„ R e s i s t a n c e

f lo w - t h r o u g h  n . d .  726 u n i t s  72

0.08  M wash 980 mg 516 u n i t s  45

e l u t e d  a c t i v i t y  400 mg 413 u n i t s  30

The DEAE-cel lu lose  p ro ce d u re  d e s c r i b e d  above i s  c a l l e d  DEAE-cel lu lose  

1 in  f i g u r e  16 and t a b l e  8 .  T a b le  8 p r e s e n t s  a summary o f  the y i e l d  a t  

each  s t e p  o f  the p u r i f i c a t i o n  p r o c e d u r e ,  in  t erms o f  p r o t e i n ,  enzymatic  

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

The DEAE-cel lu lose  1 a c t i v i t y  peak  ( f r a c t i o n s  27 - 32 o f  f i g u r e  18) 

f r a c t i o n s  were pooled and r e - c h ro m a to g r a p h e d  on DN A -ce l lu lose  (DNA-ce l lu lose  

1; f i g u r e  19) .  The DEAE-ce l lu lose  1 f l o w - t h r o u g h  f r a c t i o n  was mixed wi th  

a d d i t i o n a l  DEAE-cel lu lose  a t  a lower i o n i c  s t r e n g t h  and s t e p - e l u t e d  w i th  

b u f f e r  A ( 0 .5  M ammonium s u l f a t e ) .  The p r o c e d u r e  i s  d e s c r i b e d  in  the 

legend  t o  f i g u r e  20 and the  r e s u l t s  a r e  p r e s e n t e d  in  f i g u r e  20 ( t h e  

a c t i v i t y  p r o f i l e  o f  DEAE-cel lu lose  2) and t a b l e  8 ( i t e m  4, DEAE-cel lu lose  

2) .

The 0.08  M ammonium s u l f a t e  wash o f  DEA E-ce l lu lose  1 was ammonium 

s u l f a t e  p r e c i p i t a t e d ,  r e s u s p e n d e d  in  b u f f e r  B w i th  no NaCl and a p p l i e d  to  

a DN A-ce l lu lo se  column ( t a b l e  8 ,  i tem 3, D N A -ce l lu lose  2, column p r o f i l e  

no t  p r e s e n t e d ) .

Comparing the  r e s u l t s  o f  the two b u l k  p u r i f i c a t i o n  p r o c e d u r e s  as 

summarized in  t a b l e  6 and t a b l e  8 ,  i t  i s  s e en  t h a t  t h e  poo led e x p e r im e n t s
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1 - 3  (1,231 g wet w e igh t  shr imp c y s t s )  had a f i n a l  y i e l d  of  325 u n i t s  of 

enzymati c  a c t i v i t y  in 13.8 mg p r o t e i n .  Th i s  i s  a s p e c i f i c  a c t i v i t y  of 

23 .6  u n i t s / m g  (peak  f r a c t i o n  = 4 . 3  mg, 189 u n i t s ,  4 4 .0  u n i t s / m g ) .

The r e s u l t s  of  pooled e x p e r im e n t s  4 - 9 a re  s i m i l a r  to those  of 

e x p e r i m e n t s  1 - 3 in  terms of  y i e l d  and de g re e  of  p u r i f i c a t i o n  ( s p e c i f i c  

a c t i v i t y )  a c h i e v e d .  The 2,241 g wet w e igh t  shr imp y i e l d e d  248 u n i t s  of  

enzym at ic  a c t i v i t y  in 7 .0  mg a t  35 .4  u n i t s / m g  (peak  f r a c t i o n  = 0.45 mg,

2 1 .3  u n i t s ,  4 7 .3  u n i t s / m g )  a f t e r  DNA-cel lu lo se  ch rom ato graphy  of  the 

p o r t i o n  o f  the  o r i g i n a l  F / s  enzymati c  a c t i v i t y  which remained  bound to  

DE AE-cel lu lose  a f t e r  the  0.08  M wash ( f i g u r e  19) .  The lower a l p h a -  

a m a n i t i n  r e s i s t a n c e  of  t h i s  enzyme a c t i v i t y  i n d i c a t e s  t h a t  i t  i s  e n r i c h e d  

f o r  enzyme I I  w h i l e  the  f lo w - th ro u g h  of  the  DEAE-cel lu lose  1 had an 

a m a n i t i n  r e s i s t a n c e  (72%) i n d i c a t i n g  an en r i c h m e n t  f o r  a m a n i t i n - r e s i s t a n t  

po lymerase  a c t i v i t y .

F u r t h e r  s u b s t a n t i a t i o n  o f  tlie p a r t i a l  s e p a r a t i o n  o f  po lymerase  

c l a s s e s  i s  s e en  in  the  r e l a t i v e l y  h igh  e l u t i o n  p o s i t i o n  ( 0 . 1 3  M - 0 .25  M 

ammonium s u l f a t e )  o f  t h e  enzyme r em a in ing  bound t o  the o r i g i n a l  DEAE- 

c e l l u l o s e  column a f t e r  t h e  0.08  M wash. The b r e a k - t h r o u g h  volume o f  t h i s  

f i r s t  DEAE-cel lu lose  column n o t  on ly  d id  n o t  bind  to  the f i r s t  DEAE-cel lu lose  

column when loaded a t  a r e l a t i v e l y  low i o n i c  s t r e n g t h ,  i t  a l s o  had a low 

e l u t i o n  p o s i t i o n  ( 0 .0 5  M - 0 .19  M) from the  su b s eq u e n t  DEAE-cel lu lose  

column t o  which i t  was bound a t  a v e r y  low i o n i c  s t r e n g t h  ( l e s s  th a n  0 .04  M 

ammonium s u l f a t e ) .

Chromatographic  C h a r a c t e r i z a t i o n

I n - d e p t h  c h a r a c t e r i z a t i o n  of  the  enzymes,  RNA polymerase  I I  and RNA 

polymerase  I I I  from h y d r a t e d  c y s t s  of  Artemi a s a l i n a  was made p o s s i b l e  by
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the  e x t e n s i v e  i n fo r m a t io n  ga ine d  in the  e n r l y  e x p e r im e n t s  of  t l i i s  p r o j e c t  

which de.-ilt wi th  chroma togrnph  ic b e h a v io r  end c a t a l y t i c  p r o p e r t i e s  of  the  

shr imp p o lym e rase s .  Th is  i n f o r m a t io n  p e r m i t t e d  the  d e s i g n  of  a c h ro m a to ­

graphic.  scheme which r e s u l t e d  in a p p a r e n t l y  comple te  s e p a r a t i o n  o f  enzyme 

a c t i v i t i e s .  C h a r a c t e r i z a t i o n  o f  the c a t a l y t i c  r e q u i r e m e n t s  cou ld  be done 

wi th  g r e a t e r  a s s u r a n c e  t h a t  t h e  sample d id  no t  c o n t a i n  a m ix t u r e  of  

enzymes.  Because o f  the  l a b i l i t y  of  c e r t a i n  enzyme forms,  speed of  e x ­

p e r i m e n t a t i o n  had become an im p o r t a n t  v a r i a b l e .  Only 70 hou rs  e l a p s e d  

between the  hom ogen iza t ion  o f  the  h y d r a t e d  Ar temia  c y s t s  and the  runn ing  and 

a s s a y  of  the  DEAE-cel lu lose  column ( f i g u r e  2 2 ) ,  the  two DEAE-Sephadex 

columns ( f i g u r e s  23 and 24) and a l l  o f  t h e  c a t a l y s i s  c h a r a c t e r i z a t i o n  in 

t h e  s e t  o f  e x p e r im e n t s  p r e s e n t e d .  The p h o s p h o c e l l u l o s e  column o f  p o l y ­

merase I I  was run  s e v e r a l  days l a t e r  u s in g  the  pooled f r a c t i o n s  12 - 24 

from DEAE-Sephadex ( f i g u r e  24) which had been f r o z e n  and s t o r e d  a t  -70°C.

The r a t i o n a l e  behind  the  e x p e r i m e n t a l  d e s i g n  f o r  s e p a r a t i o n  o f  RNA 

po lym erases  by a c o m b in a t io n  of  DEAE-Sephadex and DEAE-cel lu lose  column 

chrom atography  i s  p r e s e n t e d  in  the  D i s c u s s i o n  s e c t i o n .  A f low d iagram of  

the ch ro m a to g ra p h ic  c h a r a c t e r i z a t i o n  scheme i s  p r e s e n t e d  as  f i g u r e  21.

The r e s u l t s  from e x p e r im e n t s  on the  c a t a l y t i c  r e q u i r e m e n t s  and p r e f e r e n c e s  

o f  the  s e p a r a t e d  c l a s s e s  o f  Ar temia  po lym erases  a r e  g iv e n  f o l l o w i n g  the 

p r e s e n t a t i o n  o f  t h e  r e s u l t s  o f  the  v a r i o u s  c h ro m a to g ra p h ic  p r o c e d u r e s .

As i n d i c a t e d  in  f i g u r e  21, 112 g (wet  w e i g h t )  o f  h y d r a t e d  Ar temia  

c y s t s  were ground in  a p o r c e l a i n  m o r t a r .  A f t e r  f i l t e r i n g  th ro u g h  c h e e s e ­

c l o t h ,  t h i s  homogenate was s o n i c a t e d  in  0 .4  M ammonium s u l f a t e  and c e n t r i ­

fuged a t  25 ,000  rpm in  a Beckman 30 r o t o r .  The s u p e r n a t a n t  from t h i s  

h i g h  speed c e n t r i f u g a t i o n  was b ro u g h t  to  557« s a t u r a t i o n  w i t h  ammonium 

s u l f a t e .  The ammonium s u l f a t e - p r e c i p i t a t e d  p e l l e t  c o n t a i n e d  882 mg p r o t e i n
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,'ind had a n u c l e i c  a c id  c o n t e n t  of  7. 57. r e l a t i v e  t o  the p r o t e i n  c onc en ­

t r a t i o n  as judged  from the  r e l a t i v e  abso rbance  a t  280 lira and 260 nm.

DKAE-ccI In l o s e  c h r o ma t o g r a p h y

The m a t e r i a l  d e s c r i b e d  above was loaded on to  DEAE-cel lu1ose as 

d e s c r i b e d  in  the  legend to  f i g u r e  22. The t ime-consuming s t e p  of  runn ing  

the  sample on to  a p r e - e q u i  1 i b r a t e d  column o f  DEAE-cel lu lose  was e l i m i n a t e d  

by mix ing  DEAE-cel lu lose  ( p r c - e q u i l i b r a t e d  w i t h  b u f f e r  A a t  0 .05  M ammonium 

s u l f a t e )  d i r e c t l y  w i th  the h igh  speed s u p e r n a t a n t  f r a c t i o n ,  and,  a f t e r  

a l l o w i n g  t ime f o r  a d s o r p t i o n  o f  the  enzyme, g e n t l y  removing the loaded  DEAE- 

c e l l u l o s e  by c e n t r i f u g a t i o n .  The DEAE-ce l lu lose  was washed four  t im es  by 

c e n t r i f u g i n g  i t  from s e v e r a l  volumes o f  b u f f e r  A (0 .0 5  M ammonium s u l f a t e ) .  

A f t e r  w ash ing ,  the  s l u r r y  was t r a n s f e r r e d  to  a c h rom a tog ra ph ic  column and 

the DEAE-cel lu lose  was a l lowed t o  s e t t l e  w h i l e  the  column was r u n n in g .  A 

l i n e a r  g r a d i e n t  of  b u f f e r  A c o n t a i n i n g  ammonium s u l f a t e  (0 .05  M t o  0 .4 0  M) 

was used  t o  e l u t e  the  p o ly m e r a s e s .  F r a c t i o n s  were c o l l e c t e d  and a s sayed  

f o r  RNA polymerase  a c t i v i t y  in  t h e  p r e s e n c e  and absence  o f  a l p h a - a m a n i t i n  

( f i g u r e  22) .

Po lymerase  a c t i v i t y  e l u t e d  from t h e  DEAE-cel lu lose  over  a wide range  

o f  ammonium s u l f a t e  c o n c e n t r a t i o n s .  A m a n i t i n - r c s i s t a n t  a c t i v i t y  was c o n ­

f in e d  t o  t h o s e  f r a c t i o n s  e l u t i n g  a t  lower i o n i c  s t r e n g t h s .  Exam ina t ion  of

t h e  A_„- and A0/lri ab s o rb a n c e  o f  the  column f r a c t i o n s  shows t h a t  t h e  n u c l e i c  
2 o 0  261)

a c i d s  which had bound the DEAE-ce l lu lose  e l u t e d  a t  an i o n i c  s t r e n g t l i  h i g h e r  

t h a n  the  m a jo r  po lymerase  a c t i v i t y  peak .

DEAE-Sephadex ch romatography

F r a c t i o n s  36 to  55 o f  t h e  DEAE-cel lu lose  column were pooled  and 

rech rom a tog raphed  on DEAE-Sephadex as  d e s c r i b e d  in  t h e  legend to  f i g u r e  24.
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F i g u re  24 .shows the  a c t i v i t y  p ro f i le !  in t h e  p re se nc e  and .'ibsence of a lph . i -  

a m a n i t i n .  The s i n g l e  a c t i v i t y  peak ( f r a c t i o n s  12 - 24) o f  t h i s  DEAE-Sephadex 

column was pooled fo r  r ech rom a tography  on p h o s p h o c e l l u l o s e  as  d e s c r i b e d  

and shown in f i g u r e  25 and the  accompanying f i g u r e  legend .

F r a c t i o n s  21 through 35 from the  DEAE-ce l lu lose  column were pooled 

and r cch rom a tographed  on DEAE-Sephadex as  d e s c r i b e d  in the  legend  to  

f i g u r e  23. I t  can  be seen  t h a t  t h e  po lymerase  a c t i v i t y  i s  d i s t r i b u t e d  i n t o  

f i v e  p e a ks ,  on ly  two of  which show s i g n i f i c a n t  r e s i s t a n c e  to  a l p h a - a m a n i t i n  

a t  4 ug /m l .  The amount of  po lymerase  a c t i v i t y  r e s i s t a n t  t o  4 ug/ml i s  

shown g r a p h i c a l l y  by f i g u r e  26 in  which t h e  deg ree  o f  r e s i s t a n c e  i s  

p r e s e n t e d  fo r  each  f r a c t i o n  as  the  p e r c e n t a g e  o f  the  t o t a l  a c t i v i t y  of  

each  f r a c t i o n  which i s  r e s i s t a n t  to  the i n h i b i t o r  a t  t h i s  c o n c e n t r a t i o n .

F r a c t i o n s  12, 17, 25 and 34 o f  the  DEAE-Sephadex column of  f i g u r e  23 

were chosen  f o r  t h e  s tu d y  o f  c a t a l y t i c  p r e f e r e n c e s  s i n c e  each  was the  most 

a c t i v e  f r a c t i o n  of  what appeared  to  be fou r  s e p a r a t e l y  e l u t i n g  RNA p o l y ­

merase a c t i v i t y  p e a k s .  C a t a l y t i c  p r o p e r t i e s  were examined w i t h  r e s p e c t  to
f | | |

t h e  e f f e c t  of  m e ta l  ion c o f a c t o r  (Mn o r  Mg ) c o n c e n t r a t i o n ,  a m a n i t i n  

c o n c e n t r a t i o n  and i o n i c  s t r e n g t h  (ammonium s u l f a t e )  as  w e l l  as  the e f f e c t  

o f  t e m p la t e  s t r u c t u r e  and b a se  c o m p o s i t i o n  on the  p o l y m e r i z a t i o n  r e a c t i o n .

C a t a l y t i c  C l i a r a c t e r i z a t i o n

P r e l i m i n a r y  d a t a  c h a r a c t e r i z i n g  the  A r tem ia  po lym erases  w i th  r e s p e c t  

t o  c a t a l y t i c  r e q u i r e m e n t s  were p r e s e n t e d  w i th  the  p u r i f i c a t i o n  d a t a  as  

f i g u r e s  9 ,  10, 11 and 12. The r e s u l t s  which fo l lo w  were o b t a i n e d  from 

s tu d y  o f  the  c a t a l y t i c  p r o p e r t i e s  of the  f o u r  c h r o m a t o g r a p h i c a l l y  s e p a r ­

a t e d  A r tem ia  RNA p o ly m e r a s e s ,  f r a c t i o n s  12, 17, 25 and 34 o f  the  DEAE- 

Sephadex column o f  f i g u r e  23.
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Te mp l a t e  p r e f e r e n c e

Three touip 1 a l e s  were employed in p r e l i m i n a r y  a s s a y s  of  the four

f r a c t i o n s  c h o s e n  for  c h a r a c t e r i z a t i o n  s i n c e  c o m p a r i s o n  o f  a c t i v i t y  wiLli

d i f f e r e n t  t e m p la t e s  i s  c r i t i c a l  t o  RNA polymerase  i d e n t i f i c a t i o n .  The

e f f e c t  o f  d i f f e r e n t  t e m p la t e s  i s  s een  in  t a b l e  9. The t e m p la t e s  employed

were CT DNA, ( d e n a t u r e d  c a l f  thymus DNA), CT DNA ( n a t i v e  c a l f  thymus den n a t

DNA) and the s y n t h e t i c  h e t e r o p o l y m e r ,  d (A-T)^ .  Data a r e  p r e s e n t e d  in  the

f i r s t  column as  [ H]*UMP i n c o r p o r a t e d .  The u n i t s  a re  pmol/50 u l  enzyme/

10 min i n c u b a t i o n  in  the  s t a n d a r d  r e a c t i o n  mix a t  37°C. The f i n a l  volume

of  t h e  a s s a y s  was 125 u l .  The c a l f  thymus DNA ( n a t i v e  o r  d e n a t u r e d )  was

p r e s e n t  as  3 u g / l 2 5  u l  a s s a y  and the  c o n c e n t r a t i o n  of  d (A-T)n was 5 u g /  125

u l  a s s a y .  S ince  t h e  r a d i o a c t i v e  l a b e l  was i n  the  s u b s t r a t e  n u c l e o t i d e ,

UTP, i t  has  t o  be assumed t h a t  t h e  p r o d u c t  RNA formed from th e  d (A-T)R

t e m p la t e  c o n t a i n e d  a p p r o x i m a t e ly  twice  as  much l a b e l  as  an e q u i v a l e n t  amount

o f  p r o d u c t  formed u s in g  c a l f  thymus DNA as t e m p l a t e .  Th is  i s  due to  the

r e l a t i v e l y  g r e a t e r  amount o f  AMP in  the  d (A-T)n t e m p la t e  which d e t e r m i n e s

p lacemen t  of  UMP in  t h e  p r o d u c t .

In  t a b l e  9, the  t e m p la t e  e f f e c t i v e n e s s  i s  a l s o  shown a s  the  r a t i o

o f  t h e  a c t i v i t y  g e n e r a t e d  by the  s i n g l e - s t r a n d e d  and s y n t h e t i c  t e m p la t e s

t o  t h e  a c t i v i t y  o f  n a t i v e  DNA and a g a i n  as  the  r a t i o  of a c t i v i t y  w i th

CT DNA, t o  a c t i v i t y  w i t h  d(A-T) . A s t r i k i n g  o b s e r v a t i o n  based  on theden n

a c t i v i t y  r a t i o s  o f  t a b l e  9 i s  t h a t  f r a c t i o n s  12 and 34 behave  s i m i l a r l y

and t h a t  f r a c t i o n s  17 and 25 l i k e w i s e  behave s i m i l a r l y .  F r a c t i o n s  17 and

25 were most  a c t i v e  w i t h  CT DNA, , bu t  were 5 - 6  t im es  more a c t i v e  w i thden

CT DNA th a n  w i t h  d(A-T) . F r a c t i o n s  12 and 34 were most  a c t i v e  w i thn a t  n

d (A-T)R. However, s i n c e  t h e r e  was such a s t i m u l a t i o n  of  a c t i v i t y  w i t h
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d(A -T )n in the  c;iscs  o f  f r a c t i o n s  12 and 34, f u r t h e r  c a t a l y t i c  c h a r a c t e r ­

i z a t i o n  o f  t h e s e  f r a c t i o n s  was performed in  the  p r e s e n c e  ( i n  s e p a r a t e

a s s a y s )  of  bo th  d(A-T) and CT DNA, . CT DNA, was used e x c l u s i v e l y  asn den den

the  t e m p la t e  fo r  the c a t a l y t i c  c h a r a c t e r i z a t i o n  of  f r a c t i o n s  17 and 23.

A l l  a s s a y s  were pe rfo rmed w i t h  the s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  2 mM
j |

Mn and 0.023  M ammonium s u l f a t e  u n l e s s  o t h e r w i s e  i n d i c a t e d .  Templa tes  

were p r e s e n t  a s  i n d i c a t e d  and i n c u b a t i o n  was fo r  20 min a t  37°C.

The e f f e c t  of  t e m p la t e  c h o ic e  on RNA s y n t h e s i s  was e x p lo r e d  in 

g r e a t e r  d e p th  w i th  Artemia  po lymerase  I I  from the  DEAE-Sephadex column of  

f i g u r e  24. F r a c t i o n s  12 - 24 of  t h i s  column had been poo led fo r  chroma­

t o g r a p h y  on p h o s p h o c e l l u l o s e  ( f i g u r e  2 5 ) .  An a l i q u o t  o f  t h i s  po lymerase  

I I  p r e p a r a t i o n  was r e s e r v e d  f o r  d e t e r m i n a t i o n  of  enzymati c  a c t i v i t y  in  

t h e  p r e s e n c e  o f  e qua l  amounts o f  v a r i o u s  t e m p l a t e s  in  n a t i v e ,  d e n a tu re d  

and s y n t h e t i c  forms .  Artemia DNA was p r e p a r e d  as  d e s c r i b e d  in  Methods;  

c o m m e rc i a l l y  o b t a i n e d  c a l f  thymus and salmon sperm DNA was f u r t h e r  p u r ­

i f i e d  as  d e s c r i b e d  in  Methods.  A l i q u o t s  of  the  t h r e e  DNA p r e p a r a t i o n s  

w ere  d e n a t u r e d  by h e a t i n g  a t  90°C fo r  10 min fo l low ed  by r a p i d  c o o l i n g .

The r e s u l t s  o f  the  a s s a y s  a r e  p r e s e n t e d  in  t a b l e  10. The t e m p la t e  

e f f e c t i v e n e s s  of  each  of  t h e  seven n u c l e o t i d e  po lymers  was i n d i c a t e d  by 

t h e  amount o f  s u b s t r a t e  i n c o r p o r a t e d  i n t o  a c i d - s o l u b l e  m a t e r i a l .  The 

second  column o f  t a b l e  10 compares the  amount o f  p r o d u c t  formed w i t h  

e a c h  t e m p la t e  t o  t h a t  formed w i t h  n a t i v e  Ar temia  DNA. The t h i r d  column 

o f  f i g u r e s  g i v e s  the  a c t i v i t y  r a t i o  o b t a i n e d  by com par ing the  i n c o r p o r a t i o n  

o f  s u b s t r a t e  i n  t h e  p r e s e n c e  o f  t h e  d e n a tu r e d  forms o f  each  DNA type  w i th  

t h e  a c t i v i t y  ac h ie v e d  w i th  d (A-T)n -

As i n d i c a t e d  by t a b l e  10, po lym erase  I I  from A r tem ia  does n o t  hiive 

any p r e f e r e n c e  fo r  the  homologous Ar tem ia  DNA over  c a l f  thymus and salmon
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sperm ONA. In agreement v; ith the r e s u l t s  o f  t a b l e  9,  Artemi n po 1 yme r;i so 

I I  c o n s i s t e n t l y  p r e f e r s  the  d e n a tu r e d  form of  n a t u r a l  DNA's over  the  n a t i v e  

form or  the  s y n t h e t i c  t e m p l a t e .

Al pha-atnnni  t i n  r e s i s t a n c e

D e t e r m in a t io n  o f  the  e f f e c t  o f  the e l o n g a t i o n  i n h i b i t o r ,  a l p h a -  

a m a n i t i n ,  i s  c e n t r a l  to  t h e  i d e n t i f i c a t i o n  o f  e u k a r y o t i c  RNA p o lym e rase s .

The e f f e c t  of  i n h i b i t o r  c o n c e n t r a t i o n  on th e  po lymerase  a c t i v i t y  of  

f r a c t i o n s  17 and 25 i s  g iv e n  in  f i g u r e s  27 and 28. F i f t y  p e r c e n t  i n h i b ­

i t i o n  o f  f r a c t i o n  17 was ach ie ve d  w i t h  0.028 ug/ml a l p h a - a m a n i t i n . For  

f r a c t i o n  25, f i f t y  p e r c e n t  i n h i b i t i o n  was ac h ie v e d  a t  0 .019  ug/ml 

a m a n i t i n .  Po lymerase  a c i t v i t y  o f  each  f r a c t i o n  was t o t a l l y  a b o l i s h e d  

by 0 .4  ug/ml a m a n i t i n .

F r a c t i o n  12 was a s sa y e d  a g a i n s t  i n c r e a s i n g  c o n c e n t r a t i o n s  of  a l p h a -

a m a n i t i n  u s in g  bo th  CT DNA, and d(A-T) under  c o n d i t i o n s  i d e n t i c a l  toden n

t h o s e  o f  f i g u r e  27 and f i g u r e  28. However the  a c t i v i t y  was too  low t o  be 

c e r t a i n  of  s i g n i f i c a n c e .  Repea t  o f  the  a s s a y s  gave s t i l l  lower  i n c o r ­

p o r a t i o n  ( w i t h i n  50 cpm o f  b a c k g ro u n d ) .  The s u g g e s t i o n  was t h a t  t h i s  

h i g h l y  l a b i l e  enzyme a c t i v i t y  i s  t o t a l l y  r e s i s t a n t  t o  t h e  i n h i b i t o r ,  how­

e v e r  t h i s  has  n o t  been s a t i s f a c t o r i l y  d e m o n s t r a t e d .

F r a c t i o n  34, when a s sayed  w i t h  a l p h a - a m a n i t i n ,  showed no d i m i n u t i o n  

o f  enzyme a c t i v i t y  t h rough  the  c o n c e n t r a t i o n  range  measured (0 t o  40 ug/ml)  

a l t h o u g h  t h e  c o u n t s  i n c o r p o r a t e d  were a g a in  low ( f i g u r e  2 9 ) .  The p o i n t s  

shown a r e  the r e s u l t s  o f  s i n g l e  d e t e r m i n a t i o n s .  The enzym at ic  a c t i v i t y  i s  

n o t  r educed  w i th  a l p h a - a m a n i t i n ;  however t h e r e  i s  no r e a d y  e x p l a n a t i o n  fo r  

t h e  a p p a r a n t  i n c r e a s e  in  enzyme a c t i v i t y  w i th  i n c r e a s e  in  a m a n i t i n  c o n c e n ­

t r a t i o n .  I t  may be due to  the  combined e f f e c t  o f  h a v in g  r e l a t i v e l y  low
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i n c o r p o r a t i o n  in  s i n g l e  do t e r m i n a t i o n s  coup led  w i th  a r e l a t i v e l y  h igh  

background which had been seen  t o  f l u c t u a t e  somewhat. Whatever  the  cause  

fo r  t h i s  s l i g h t  i n c r e a s e ,  the  e f f e c t  o f  t h e  i n h i b i t o r  on f r a c t i o n  34 i s  

d i f f e r e n t  from the  e f f e c t  on f r a c t i o n s  17 and 23. The r e s u l t s  a r e  c o n ­

s i d e r e d  s u g g e s t i v e  o f  comple te  r e s i s t a n c e  to  a l p h a - a m a n i t i n  s i n c e  the 

po lym erases  i n h i b i t e d  by v e r y  h ig h  c o n c e n t r a t i o n s  ( c l a s s  111 po lym erases )  

a r e  a l l  p a r t i a l l y  i n h i b i t e d  by 40 ug/ml ( f i g u r e  30 ) .

I o n i c  s t r e n g t h  e f f e c t s

The RNA polymerase  a c t i v i t y  o f  each  of  t h e  f o u r  chosen  DEAE-Sephadex

f r a c t i o n s  was measured over  t h e  range  of  i o n i c  s t r e n g t h s  p rov ided  by 0 to

0 .2 5  M ammonium s u l f a t e .  Assay c o n d i t i o n s  were as  d e s c r i b e d  in  the f i g u r e
||

l e g e n d s ;  i n  a l l  c a s e s ,  t h e  c o n c e n t r a t i o n  o f  Mn was 2 mM and the  t e m p la t e

c o n c e n t r a t i o n  was 3 u g / l 2 5  u l  a s s a y  (CT DNA^^n ) or  5 u g / l 2 5  u l  a s s a y  (d (A -T)n ) .

The RNA polymerase  a c t i v i t y  o f  f r a c t i o n  12 a s sa y e d  in  the  p r e s e n c e  of

i n c r e a s i n g  ammonium s u l f a t e  c o n c e n t r a t i o n  i s  shown in  f i g u r e  31. The

a c t i v i t y  p r o f i l e s  o b t a i n e d  w i t h  t h e  two t e m p l a t e s  d i f f e r  g r e a t l y .  With

d(A -T )n , t h e  optimum a c t i v i t y  o c c u r s  a t  0 .025  M ammonium s u l f a t e  and

f a l l s  o f f  q u i c k l y  a t  h i g h e r  i o n i c  s t r e n g t h s .  I n  t h e  p r e s e n c e  o f  CT DNA^^,

th e  a c t i v i t y  p r o f i l e  has  a d i s t i n c t l y  b i p l i a s i c  s ha pe ,  w i th  maxima o c c u r r i n g

a t  0 .05  M and 0 .25  M ammonium s u l f a t e .  Tak ing  i n t o  a c c o u n t  the  d i f f e r -
3

e n t i a l  i n c o r p o r a t i o n  of  t h e  l a b e l ,  [ H]-UTP, i n t o  the  RNA p r o d u c t s  o f  

t h e s e  two t e m p l a t e s ,  t h e  n e t  i n c r e a s e  in  a c t i v i t y  w i th  d (A -T)n a t  0 .025  M 

ammonium s u l f a t e  i s  a p p r o x i m a t e ly  4 .5  f o l d .

F i g u re  32 shows the  RNA polymerase  a c t i v i t y  o f  f r a c t i o n  17 a t  v a r i o u s  

ammonium s u l f a t e  c o n c e n t r a t i o n s .  Maximum a c t i v i t y  i s  o b t a i n e d  a t  an 

ammonium s u l f a t e  c o n c e n t r a t i o n  of  0 .075  M. The po lymerase  does no t  show 

a na r row  re q u i r e m e n t  fo r  i o n i c  s t r e n g t h ;  t h e  a c t i v i t y  f a l l s  o f f  s low ly  in
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t h e  h i g h e r  c o n c e n t r a t i o n s  measured .

F i g u re  33 shows the  po lymerase  a c t i v i t y  of f r a c t i o n  25 measured a t  

v a r y i n g  i o n i c  s t r e n g t h s  under  c o n d i t i o n s  i d e n t i c a l  to  th o se  d e s c r i b e d  for  

f r a c t i o n  17. Again t h e  c a t a l y t i c  p r e f e r e n c e s  of  f r a c t i o n  25 a re  seen  to 

be s i m i l a r  to  th o se  o f  f r a c t i o n  17; the  optimum ammonium s u l f a t e  conc en ­

t r a t i o n  i s  0 .075 M and the  shape  of  tlic cu rve  i s  r a t h e r  b road .

F i g u re  34 shows the  r e s u l t  o f  a s s a y i n g  f r a c t i o n  34 fo r  po lymerase 

a c t i v i t y  a t  v a r y i n g  i o n i c  s t r e n g t h s  u s in g  bo th  d(A-T)^  and CT DNA^^ as  

t e m p l a t e s .  F r a c t i o n  34 g i v e s  a p a t t e r n  o f  r e s p o n s e  which i s  s i m i l a r  to  

t h a t  o f  f r a c t i o n  12. The optimum w i t h  d (A-T)n i s  a t  0 .025  M ammonium

s u l f a t e  and i s  q u i t e  na r row .  The shape o f  t h e  cu rve  w i t h  CT DNA, i s   ̂ * den

g e n e r a l l y  s i m i l a r  t o  the  one g e n e r a t e d  by f r a c t i o n  12 unde r  the  same 

a s s a y  c o n d i t i o n s .

To s i m p l i f y  compar ison  of  the f o u r  f r a c t i o n s  w i th  r e s p e c t  t o  

t h e i r  b e h a v io r  o v e r  a range  o f  i o n i c  s t r e n g t h s ,  d a t a  i n d i c a t i n g  i n c o r ­

p o r a t i o n  has  been c o n v e r t e d  t o  the p e r c e n t a g e  o f  maximum RNA s y n t h e s i s  

( f i g u r e  35) .  For f r a c t i o n s  12 and 34, one hundred p e r c e n t  RNA s y n t h e s i s  

h a s  been t a k e n  as  the  amount o f  p r o d u c t  formed a t  0 .025  M ammonium 

s u l f a t e  w i t h  d(A-T)n as  t e m p l a t e ,  w h i l e  f r a c t i o n s  25 and 17 a r e  compared 

w i t h  CT DNA^en as  t e m p l a t e .

M e ta l  ion  r e q u i r e m e n t s

The e f f e c t  o f  m e ta l  ion  c o f a c t o r  i d e n t i t y  and c o n c e n t r a t i o n  on the

p o l y m e r i z a t i o n  r e a c t i o n  i s  i m p o r t a n t  to  t h e  i d e n t i f i c a t i o n  of  e u k a r y o t i c
| |

RNA po lymerase  c l a s s e s .  The e f f e c t  o f  v a r y i n g  c o n c e n t r a t i o n s  o f  Mg and 
| |

Mn on the  DEAE-Sephadex f r a c t i o n s  12, 17, 25 and 34 was measured in  the  

s t a n d a r d  r e a c t i o n  mix w i t h  ammonium s u l f a t e  a t  0 .025  M and e i t h e r  CT DNA
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( f r a c t i o n s  17 and 23) or  CT DNA ( f r a c t i o n s  12 and 34) as  template*. The 

d a t a  was c o n v e r t e d  to  p e r c e n t  maximum RNA s y n t h e s i s  fo r  pu rp o se s  of  com­

p a r i s o n  ( f i g u r e s  36, 37, 38 and 39) .
| ■ |

F i g u r e  36 shows a d i s t i n c t  p r e f e r e n c e  by f r a c t i o n  12 fo r  low Mn
|

when d(A-T)^ was the  added t e m p l a t e .  The Mn optimum l i e s  between 1 and

2 mM and th e  a c t i v i t y  f e l l  o f f  r a p i d l y  on e i t h e r  s i d e  of  t h i s  c o n c e n t r a t i o n .

Enzymatic  a c t i v i t y  was e s s e n t i a l l y  z e ro  u n l e s s  a m e ta l  ion c o f a c t o r  was
-H-

added.  A l though  a d d i t i o n  of  Mg had a s t i m u l a t o r y  e f f e c t ,  i t  was no t  as  

g r e a t  as  t h a t  o f  Mn nor  d id  i t  occu r  over  such a na rrow c o n c e n t r a t i o n

r a n g e .  There was no obv ious  optimum c o n c e n t r a t i o n  between  the  range  of
■|  — ■{ ■ (

1 and 10 mM Mg . The e f f e c t  o f  Mg on the  r a t e  o f  RNA s y n t h e s i s  by

f r a c t i o n  12 in  t h e  p r e s e n c e  o f  CT DNA, was seen  t o  be s i m i l a r  t o  t h a tden

o f  Mg** w i th  d (A-T)n .

F i g u r e  37 shows th e  e f f e c t  o f  m e ta l  i ons  on f r a c t i o n  17 RNA p o ly -
■)1} ++

merasc a c t i v i t y .  Mn had much g r e a t e r  s t i m u l a t o r y  e f f e c t  than  Mg

and the  optimum c o n c e n t r a t i o n  range  was bo th  lower and more na r row.  There

was v e r y  l i t t l e  enzymati c  a c t i v i t y  i n  the t o t a l  absence  o f  a m e ta l  ion

c o f a c t o r  ( a p p r o x i m a te l y  5% o f  the  maximum); the  optimum c o n c e n t r a t i o n  f o r
| j

Mn was 2 mM and the  a c t i v i t y  f e l l  t o  507, a t  10 mM w h i l e  t h e  optimum fo r  
| |

Mg was 6 mM and 507. a c t i v i t y  was r eached  a t  20 mM.

Assay o f  f r a c t i o n  25 f o r  RNA polymerase  a c t i v i t y  i n  the  p r e s e n c e  o t  

i n c r e a s i n g  m e ta l  ion c o n c e n t r a t i o n  ( f i g u r e  38) a g a i n  i n d i c a t e d  a s i m i l a r i t y  

i n  t h e  b e h a v i o r s  o f  f r a c t i o n s  17 and 25.  The g r e a t e s t  s t i m u l a t i o n  was
j - j -

o b t a i n e d  w i th  2 t o  3 mM Mn and a g a i n  t h e r e  was z e ro  a c t i v i t y  when no
| |

m e ta l  ion  was p r e s e n t .  The a c t i v i t y  p r o f i l e  w i t h  Mg showed a broad
j |

c u rv e  w i t h  t h e  optimum c o n c e n t r a t i o n  o f  Mg b e in g  a t  6 mM. Approx im a te ly
H -f

50% o f  the  maximum a c t i v i t y  remained  a t  20 mM Mg



t r a t i o n  in  the  p r e s e n c e  o t  e i t h e r  CT UNA. or  d(A-T) . The r e s u l t s  a r eden n

p r e s e n t e d  in  f i g u r e  39. The r e s u l t s  u s i n g  CT DNA^^ as  t e m p la t e  a rc

p r e s e n t e d  in  terms  of  t h e  a c t i v i t y  o b t a i n e d  w i t h  t h a t  t e m p la t e  a t  2 mM 
| |

Mn ( t a k e n  as  1007,) w h i l e  the  r e s u l t s  w i t h  d(A-T) as  t e m p l a t e  were inn

te rms  of the v a lue  a c h ie v e d  w i t h  d (A-T)n and 2 mM Mn ( t a k e n  as  1007,).

A compar ison  w i th  f i g u r e  36 shows t h a t  the  d a t a  o b t a i n e d  w i t h  f r a c t i o n  12
| f1

was s i m i l a r  t o  t h a t  o f  f r a c t i o n  34 w i th  r e s p e c t  t o  t h e  e f f e c t  o t  Mn and
•j ■}1 ^  "11

Mg on r e a c t i o n s  u s i n g  d(A-T)^  as  t e m p l a t e  and to  the  e f f e c t  o f  Mg on

t h e  CT DNA, d i r e c t e d  r e a c t i o n s ,  den

I n  summary, compar ison  o f  f i g u r e s  36 and 39 shows t h a t  t h e  e f f e c t s  

o f  m e ta l  ion  c o f a c t o r  on i n c o r p o r a t i o n  o t  l a b e l  i n t o  RNA p r o d u c t  a r e  

s i m i l a r  i n  a l l  fou r  f r a c t i o n s .  However, c a r e f u l  i n s p e c t i o n  o f  the  e f f e c t s
-j |

o t  Mn c o n c e n t r a t i o n  r e v e a l s  s u b t l e  d i t t e r e n c e s .  F r a c t i o n s  12 and 34

measured w i th  d(A-T) had lower optimum c o n c e n t r a t i o n s  (1 mM) and fo rn
-J |

t h e s e  f r a c t i o n s ,  the  po lymerase  a c t i v i t y  f e l l  w i th  i n c r e a s i n g  Mn c o n ­

c e n t r a t i o n s ,  r e a c h i n g  50% a t  4 mM. F r a c t i o n s  17 and 25 showed maximum 

a c t i v i t y  between 2 and 3 mM. These f r a c t i o n s  approached  50% a c t i v i t y  a t  

a more g r a d u a l  r a t e  and r e a c h e d  i t  a t  10 mM.

P o l y a c r y l a m id e  Cel  E l e c t r o p h o r e s i s

V a r io u s  Ar temia  RNA polymerase  p r e p a r a t i o n s  were e l e c t r o p h o r e s e d  on 

5% p o l y a c r y l a m id e  g e l s  unde r  n o n - d e n a t u r i n g  c o n d i t i o n s .  I n  some i n s t a n c e s ,  

t h e  RNA polymerase  p r e p a r a t i o n s  from Ar temia  were c o - e l e c t r o p h o r e s e d  w i th  

o t h e r  Artemia  po lymerase  p r e p a r a t i o n s  o r  w i t h  E. c o l i  RNA po lym e rase .

P o l y a c r y l a m id e  g e l s  were p re p a r e d  and e l e c t r o p h o r e s i s  c a r r i e d  ou t  

a s  d e s c r i b e d  i n  Methods.  Samples were as  d e s c r i b e d  i n  t h e  f i g u r e  l e g e n d s .
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R e p r e se n t ; ) t i v o  g e l s  were scanned a f t e r  s t a i n i n g  in  a s p e c t r o p l i o t o m e t e r . 

T h e i r  a b s o rb a n c e  p r o f i l e s  a r e  p r e s e n t e d  in f i g u r e s  AO, 41, A2, A3 and AA. 

F i g u r e  AO i s  the  ab s o rb a n c e  p r o f i l e  r e s u l t i n g  from e l e c t r o p h o r e s i s  of  

f r a c t i o n  12 from f i g u r e  23. In  g e l  A, t h e  sample was f r a c t i o n  12 (60 u l )

and in  ge l  B, the  sample was a m ix t u r e  o f  f r a c t i o n  12 (A5 u l )  and E. co 1 i

RNA polymerase  ( 6 . 3  u g ) . F r a c t i o n  12 e l e c t r o p h o r e s e d  a lo n e  gave a s i n g l e  

a b so rba nc e  band.  In  gel  B of  f i g u r e  AO, E. c o l i  po lymerase  had been mixed 

w i t h  f r a c t i o n  12 p r i o r  t o  e l e c t r o p h o r e s i s .  The two p r o t e i n s  m i g r a t i n g  

r e l a t i v e l y  s lo w ly  ( l e f t  s i d e  o f  g e l )  a r e  assumed t o  be the  d i m e r i c  and 

monomeric forms o f  the  E. c o 1i  po lym erase .  The o t h e r  minor  bands a r e

c o n ta m in a n t s  o f  the commercial  E. c o l i  p r e p a r a t i o n .

F i g u r e  A1 shows the  a b s o rb a n c e  p r o f i l e s  o f  f r a c t i o n  17 e l e c t r o ­

p ho resed  a lo n e  and as  a m i x t u r e  w i t h  E. c o l i  po lym e rase .  F r a c t i o n  17 

a p p e a r s  to  c o n s i s t  o f  a s i n g l e  major  p r o t e i n  s p e c i e s  m i g r a t i n g  a t  a r a t e  

i n t e r m e d i a t e  t o  t h a t  o f  the  E. c o l i  monomer and d im er .  Aga in ,  the  E. c o l i  

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

The g e l s  scanned in  f i g u r e s  A2 and A3 be lo n g  t o  a second s e t  of  g e l s .  

A l though  th e y  were p r e p a r e d  and run  under  i d e n t i c a l  c o n d i t i o n s ,  i n s p e c t i o n  

o f  t h i s  s e t  showed t h a t  d e s t a i n i n g  was n o t  c o m p l e t e .  There  was no obvious  

r e a s o n  f o r  t h i s  d i f f i c u l t y  and v a r i o u s  a t t e m p t s  to  f u r t h e r  d e s t a i n  t h e  g e l s  

f a i l e d .  S ince  the  p r e p a r a t i o n  o f  12. c o l i  po lymerase  which produced  low 

background i n  the  g e l s  o f  f i g u r e s  AO and A1 a l s o  r e t a i n e d  s t a i n  i n  a 

g r a d i e n t  a lo n g  t h e s e  g e l s ,  i t  seemed t h a t  t h e  prob lem was n o t  i s o l a t e d  t o  

t h e  Artemia  p r e p a r a t i o n  o r  due t o  p r o t e i n s  i n  the  g e l ,  b u t  i n s t e a d  was an 

a r t i f a c t  o f  s t a i n i n g .

F i g u r e  A2 compares  t h e  e l e c t r o p h o r e t i c  b e h a v i o r  o f  pooled  f r a c t i o n s  

2A and 26 from f i g u r e  23 w i t h  E. c o l i  RNA po lym e rase .  The Artemi a p o l y -
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mcrase sample hud a .s ing le  p r o t e i n  band which was e a s i l y  d i s c e r n a b l o  

d e s p i t e  the  high  background.  Th is  p r o t e i n  m ig r a t e d  between the  d im e r ic  

and monomeric forms of  E. c o l i  RNA polymerase  as  c l e a r l y  shown by ge l  C. 

F i g u r e  A3 shows the  abso rba nc e  p r o f i l e  of  f r a c t i o n s  2A and 26 ( f i g u r e  23) 

and th e  pooled po lymerase  I I  a c t i v i t y  f r a c t i o n s  (12 - 24) o f  f i g u r e  24 

c l e c t r o p h o r e s c d  s i n g l y  and in  c o m b in a t io n .  E l e c t r o p h o r e s i s  o f  each 

p r e p a r a t i o n  a lo n e  y i e l d e d  a s i n g l e  s low ly  m i g r a t i n g  p r o t e i n  band.  E l e c t r o ­

p h o r e s i s  o f  the  m ix t u r e  of  t h e s e  two Artemia  p r e p a r a t i o n s  a l s o  r e s u l t e d  in  

a s i n g l e  s lo w ly  m i g r a t i n g  p r o t e i n  band. Comparison o f  t h e  abso rba nc e  p r o ­

f i l e s  shows t h a t  t h e  p r o t e i n s  o f  the  s lo w ly  m i g r a t i n g  bands o f  g e l  A and 

g e l  B a c t u a l l y  co m ig ra t c d  when mixed and run  on a t h i r d  g e l  ( C ) . The 

e f f e c t  on the  ab s o rb a n c e  p r o f i l e  was s t r i c t l y  a d d i t i v e .

High ly  p u r i f i e d  Ar temia  and E. c o l i  po lym erases  were run  on p a r a l l e l  

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

The enzyme samples  were from the  a c t i v i t y  peaks o f  s e p a r a t e  g l y c e r o l  

g r a d i e n t s  ( f i g u r e  13 and append ix  2 ) .  T race  A shows E. c o l i  po lymerase  

e l e c t r o p h o r e s e d  a l o n e - - i t  m i g r a t e s  as  a monomer because  t h e  g l y c e r o l  

g r a d i e n t  was run  under  i o n i c  c o n d i t i o n s  ( 0 .1  M ammonium s u l f a t e )  which 

f a v o r  t h i s  form.  In  a d d i t i o n ,  the g l y c e r o l  g r a d i e n t  f r a c t i o n  ( f r a c t i o n  

14) cho s en  f o r  e l e c t r o p h o r e s i s  was i n  the  m ajo r  a c t i v i t y  peak o f  the  

g r a d i e n t  r a t h e r  t h a n  the  h e a v i e r  minor  peak thou g h t  t o  c o n t a i n  a g g re g a te d  

polymera s e s .

T r a c e s  B and C show the  abso rba nc e  p r o f i l e s  of  f r a c t i o n s  15 and 16/17 

( p o o le d )  of  t h e  Ar temia  po lymerase  g l y c e r o l  g r a d i e n t .  A l though  the 

Ar tcm ia  and E. c o l i  po lymerases  were no t  run  on the same g e l ,  i t  seems 

c l e a r  t h a t  the  Artemia  polymerase  m i g r a t e s  s low er  than  th e  E. c o l i  monomer 

unde r  t h e s e  c o n d i t i o n s .
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DISCUSSION

The o r i g i n a l  purpose of  t h i s  p r o j e c t  was t w o f o l d - - t h e  i n v e s t i g a t i o n  

o f  the  RNA polymerase a c t i v i t i e s  o f  t h e  b r i n e  sh r im p ,  Artemia  s a l i n a , and 

the  compar ison  of  t h e s e  polymerase  a c t i v i t i e s  w i th  c ogna te  po lymerases  

d e s c r i b e d  in  o t h e r  t i s s u e s .  The R e s u l t s  s e c t i o n  p r o v id e s  s u b s t a n t i a l  

i n f o r m a t i o n  on the  c h rom a tog ra ph ic  and c a t a l y t i c  p r o p e r t i e s  and i n h i b i t o r  

s e n s i t i v i t i e s  o f  t h e  Artemia p o ly m e ras e s .  I n  t h e  D i s c u s s i o n ,  the  r e s u l t s  

o f  t h e s e  e x p e r im e n t s  w i l l  be summarized and then  c o n s i d e r e d  in  g r e a t e r  

d e t a i l .  The l i m i t a t i o n s  o f  the e x p e r im e n t s  w i l l  be e x p lo r e d  and 

d i r e c t i o n s  fo r  f u t u r e  r e s e a r c h  w i l l  be o u t l i n e d .

R e s u l t s  o f  o t h e r  r e s e a r c h e r s  working  w i t h  po lym erases  from o t h e r  

e u k a r y o t i c  t i s s u e s  w i l l  be compared to  t h e  r e s u l t s  o b t a i n e d  w i th  A r t e m i a . 

P a r t i c u l a r  a t t e n t i o n  w i l l  be g iv en  t o  t h r e e  p u b l i s h e d  pa p e rs  [ B i r n d o r f ,  

D 'A l e s s i o  and Bagshaw 1975; Bagshaw 1976; R e n a r t  and S e b a s t i a n  1976] which 

p a r t l y  d e s c r i b e  the RNA po lymerases  o f  A r t e m i a . Only on*of  t h e s e  p ape rs  

[ B i r n d o r f ,  D 'A l e s s i o  and Bagshaw] had been p u b l i s h e d  a t  the  time t h a t  t h i s  

p r o j e c t  was s t i l l  b e in g  c a r r i e d  o u t .  The o t h e r  two pa p e rs  were p u b l i s h e d  

s e v e r a l  months a f t e r  the l a s t  e x p e r im e n t  was co m p le te d .

Ar tem ia  s a l i n a  c e r t a i n l y  c o n t a i n s  m u l t i p l e  RNA p o ly m e r a s e s .  The 

d e m o n s t r a t i o n  of  t h i s  i s  the  ch ro m a to g ra p h ic  s e p a r a t i o n  o f  RNA polymerase  

a c t i v i t i e s  which d i f f e r  in  t h e i r  c a t a l y t i c  p r o p e r t i e s  and i n h i b i t o r  

s e n s i t i v i t i e s .  The po lymerase  a c t i v i t y  o f  h y d r a t e d  b r i n e  shr imp c y s t s  i s  

q u a n t i t a t i v e l y  comparable  t o  o t h e r  t i s s u e s .  As w i l l  be shown, the  

m u l t i p l e  RNA po lymerases  o f  b r i n e  shr imp c y s t s  s h a r e  the  p r o p e r t i e s  o f  RNA
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po lymerases  i s o l a t e d  from h i g h e r  e u k a r y o t e s .  The c a t a l y t i c  and c h rom a to ­

g r a p h i c  s i m i l a r i t i e s  a r c  so  g r e a t  t h a t  i d e n t i f i c a t i o n  of  the  predominant  

b r i n e  sh r im p po lymerases  in  terms o f  t h e i r  co g n a te  forms can be done wi th  

c o n f i d e n c e  even though th e y  have no t  been i n v e s t i g a t e d  w i th  r e s p e c t  to  

i n t r a c e l l u l a r  l o c a l i z a t i o n  and f u n c t i o n  ( c l a s s  of  RNA s y n t h e s i z e d ) .

I t  might  be we l l  t o  b e g in  d i s c u s s i o n  of  the e x p e r i m e n t a l  r e s u l t s  

w i th  some o b s e r v a t i o n s  on th e  impor tance  o f  the  a s s a y  sys tem  f o r  RNA 

po lym e rase .  The a s s a y s  used in  t h i s  work measured o n ly  the  n e t  s y n t h e s i s  

o f  RNA. No d e t e r m i n a t i o n  o f  the  l e n g t h  o f  the p r o d u c t  RNA, th e  p r o ­

p o r t i o n  of  a c t i v e  po lymerases  or  the  amount or  a r e a  o f  the  t e m p la t e  

t r a n s c r i b e d  cou ld  be made.

The c o m p l e x i t y  o f  t r a n s c r i p t i o n  as  a p r o c e s s ,  coup led  w i th  the 

c o m p l e x i t y  of  DNA which i s  an i n t e g r a l  componant in  the  r e a c t i o n  makes i t  

d i f f i c u l t  t o  a s s a y  f o r  a n y th i n g  o t h e r  than  n e t  p r o d u c t i o n  o f  RNA [Chamber l in  

1976] ,  Net p r o d u c t i o n  i s  the  sum of  s e v e r a l  d i s c r e t e  t r a n s c r i p t i o n a l  

e v e n t s ,  any one o f  which cou ld  be r a t e - l i m i t i n g  under  d i f f e r e n t  c i r c u m ­

s t a n c e s .  When po lymerase  p r e p a r a t i o n s  a r e  impure ,  t h e r e  may be p r e -  

t r a n s c r i p t i o n a l  o r  p o s t - t r a n s c r i p t i o n a 1 e v e n t s  a f f e c t i n g  th e  n e t  RNA 

p r o d u c t i o n ,  i n c l u d i n g  the  a c t i o n s  o f  e t h e r  enzymes such as  n u c l e a s e s ,  

p r o t e a s e s ,  p o l y a d e n y l i c  a c i d  po lym erases  and p o l y n u c l e o t i d e  p h o s p h o r y l a s e . 

Measurement  o f  n e t  p r o d u c t i o n  encompasses  the  e v e n t s  o f  enzym e- tem pla te  

b i n d i n g ,  c h a in  i n i t i a t i o n ,  c h a in  e l o n g a t i o n  and c h a i n  t e r m i n a t i o n .  I t  i s  

d i f f i c u l t  t o  d e t e r m i n e  which s t e p  of  the  r e a c t i o n  or  which componant  

(enzyme,  t e m p l a t e ,  p r o d u c t  or  s u b s t r a t e )  i s  a f f e c t e d  by a p a r t i c u l a r  

v a r i a b l e .

RNA c h a i n  l e n g t h s  can  be e s t i m a t e d  in  e x p e r i m e n t s  u s i n g  two s u b s t r a t e  

32l a b e l s .  [Gamma- P ] - l a b e l e d  n u c l e o s i d e  t r i p h o s p h a t e s  w i l l  r e t a i n  t h e i r



79

l a b e l  on ly  when they  a r e  p l ac e d  in  the  5 '  t e r m in a l  p o s i t i o n  of  the  p r o d u c t .

32 3The r a t i o  of  i n c o r p o r a t e d  [ P] to  i n t e r n a l  [ H] l a b e l  g i v e s  the  a ve rage

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

c o n s i d e r e d .  T r a n s c r i p t i o n  is  so complex t h a t  d e t e r m i n a t i o n  o f  the  average  

c h a i n  l e n g t h  may be m i s l e a d i n g  u n l e s s  a d e f i n e d  t e m p la t e  i s  u s e d .  For 

the  pu rpose  of  m o n i t o r i n g  the  polymerase  p u r i f i c a t i o n  p r o c e d u r e s  and fo r  

p r e l i m i n a r y  c h a r a c t e r i z a t i o n  e x p e r i m e n t s ,  t h e  measurement o f  n e t  RNA 

p r o d u c t i o n  was a d e q u a t e .  Th i s  method i s  a l s o  a d e q u a t e  f o r  compar ison  of  

po lym erases  from o t h e r  t i s s u e s  s i n c e  a l l  r e s e a r c h e r s  s h a re  t h e s e  l i m i t a t i o n s .  

As d e s c r i b e d  p r e v i o u s l y ,  p r e c a u t i o n s  were t a k e n  ( f i g u r e s  2, 4 ,  5; t a b l e  3) 

t o  i n s u r e  t h a t  the  s t a n d a r d  a s s a y  mix used  in  t h e s e  e x p e r im e n t s  was ade qua te  

f o r  t h e  measurement o f  n e t  RNA p r o d u c t i o n .

I n  examin ing the  l i t e r a t u r e ,  i t  seems t h a t  a u t h o r s  sometimes u n d e r ­

e s t i m a t e  the  c o m p l e x i t y  and s e n s i t i v i t y  o f  the  t r a n s c r i p t i o n  p r o c e s s .  

A l though  the  q u e s t i o n  i s  i n t e r e s t i n g ,  i t  i s  v e r y  d i f f i c u l t ,  f o r  example ,  

t o  make a b s o l u t e  s t a t e m e n t s  abou t  whe the r  changes  in  RNA po lymerase  

a c t i v i t y  a r e  r e l a t e d  t o  p h y s i o l o g i c a l  or  d e v e lopm en ta l  s t a t e s  o f  a t i s s u e  

or  o rgan i sm .  Many f a c t o r s  d e te r m in e  or  i n f l u e n c e  the a c t i v i t y  of  a p o l y ­

merase i n  v i t r o  so t h a t  i t  i s  d i f f i c u l t  t o  d e te rm in e  the  t r u e  s i t u a t i o n  

in  v i v o . Repor ted  s h i f t s  a re  o f t e n  on the  o r d e r  o f  2 t o  10 fo ld  i n c r e a s e s  

o r  r e d u c t i o n s .  An example i s  found in  an A r tem ia  paper  [ R e n a r t  and 

S e b a s t i a n  1976] which s t a t e s  t h a t  between  36 hou rs  o f  deve lopment  and 72 

h o u r s  o f  deve lo pm en t ,  po lymerase  I I  a c t i v i t y  i s  r educed  by one h a l f .  The 

a u t h o r s  f e e l  t h a t  t h i s  i s  r e l a t e d  t o  the  c o n c u r r a n t  r e d u c t i o n  o f  RNA 

s y n t h e s i s .  Yet  f i g u r e  38 o f  t h i s  p r o j e c t  shows t h a t  A r tem ia  RNA polymerase

a c t i v i t y  ( a s s a y e d  wi th  CT DNÂ  as i n  t h e  p u b l i s h e d  work) v a r i e s  from

-H-0 t o  1007o a c t i v i t y  over  the  r ange  o f  from z e ro  to  2 mM Mn . W ithout
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s in g l in g  out the work of these authors except for purposes of i l lu s t r a t io n ,  

i t  i s  important to s t r e s s  that RNA polymerases are s e n s i t iv e  to many 

v a r ia b le s .  Probably they are s e n s i t iv e  to v a r ia b les  as yet unknown.

Caution must be used when comparing the r e s u l t s  of d i f f e r e n t  preparations  

and d i f f e r e n t  systems. S p e c if ic  a c t i v i t i e s  f lu c tu a te  between otherwise  

id e n t ic a l  preparations ( ta b le  7) d esp ite  care taken to d u plica te  pro­

cedures. An obvious but gen era lly  unreported var iab le  i s  the length of  

time required to complete various procedures. The length  o f  time e lapsin g  

between homogenization and assay of a p articu lar  fra c t io n  i s  c r i t i c a l ;  

other v a r ia b les  such as the e f f e c t  o f  protein  concentration  on enzyme 

s t a b i l i t y  are a ls o  o ften  overlooked. To add another dimension o f  

com plexity, the three polymerase c la s s e s  from eukaryotes are d i f f e r e n t i a l l y  

s ta b le  ( f ig u re  7) and so fa l s e  impressions about the r e l a t iv e  a c t i v i t y  or 

amounts o f  the enzyme forms are e a s i l y  obtained.

Experiments presented in the f i r s t  s e c t io n  o f  the R esults  show that  

the standard reaction  mix i s  not lim ited  by componants of the reaction  

mixture i t s e l f  over a period o f  15 to 20 min incubation (f ig u re  2 ) .

Figures 4 and 5 show that with the appropriate amounts o f  template and 

Artemia p ro te in ,  the incorporation o f  la b e l led  su bstrate  could procede in  

an e s s e n t i a l l y  l in ear  fashion for th is  period o f  time. From the time o f  

the f i r s t  RNA polymerase assay o f  a crude Artemia c y s t  homogenate with  

alpha-am anitin, i t  was apparent that m u ltip le  RNA polymerase a c t i v i t i e s  

e x is te d  in brine shrimp. DEAE-Sephadex column chromatography of e i th e r  

incubated Artemia embryos or hydrated Artemia c y s ts  r e su lted  in the 

separate e lu t io n  of two major polymerase a c t i v i t i e s  ( f ig u r e s  6 and 7 ) .  An 

a m a n it in -res is ta n t  a c t i v i t y  e lu ted  at an ion ic  s trength  ty p ic a l  for p o ly ­

merase I in other eukaryotic systems [for  reviews see Roeder 1976 and
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Chombon 19 71» ] . (A s i n g l e  e x c e p t i o n  i s  the  po lymerase  1 of  I'liysnrtim 

[ G o r n ic k i ,  Vu tu ro ,  West and Weaver 197A] which e l u t e s  a f t e r  the p o l y ­

merase I I  a c t i v i t y . )  Ar temia  polymerase  I  was n o t  e x t e n s i v e l y  c h a r ­

a c t e r i z e d  beyond n o t i n g  i t s  a m a n i t i n - r c s i s t a n c e  and DEAE-Sephadex 

e l u t i o n  p o s i t i o n .

N e v e r t h e l e s s ,  Artemi a polymerase I  was i n c l u d e d  in t h e  d e v e l o p ­

ment o f  the  p u r i f i c a t i o n  and c h ro m a to g ra p h ic  t e c h n i q u e s  and c e r t a i n  

enzym at ic  p r o p e r t i e s  became e v i d e n t  as  ou tg ro w th s  of  the  e f f o r t  t o  

s e p a r a t e  and c h a r a c t e r i z e  po lymerases  I I  and I I I .  C o n s e q u e n t l y ,  d i s ­

c u s s i o n  of  Ar temia  polymerase  I  w i l l  occu r  o n l y  in  t h e  c o n t e x t  of  

o t h e r  e n d e a v o r s .

The second DEAE-Sephadex po lymerase  a c t i v i t y  peak  o f  Artemia  

proved somewhat u n u s u a l .  No d i f f e r e n c e  was found between the  e l u t i o n  

p o s i t i o n  and the  de g re e  o f  a m a n i t i n - r e s i s t a n c e  o f  t h i s  a c t i v i t y  when 

h y d r a t e d  c y s t s  and 24 i n c u b a te d  embryos were compared.  The polymerase 

a c t i v i t y  e l u t e d  a t  a p o i n t  c o n s i d e r e d  c h a r a c t e r i s t i c  f o r  po lymerase  I I  

[ s e e  I n t r o d u c t i o n  and t a b l e  12] b u t  the  o b s e r v a t i o n  t h a t  i t  was n o t  

c o m p l e t e l y  i n h i b i t e d  by l e v e l s  o f  a l p h a - a m a n i t i n  s u f f i c i e n t  t o  a b o l i s h  

known po lymerase  I I ' s  [ s e e  I n t r o d u c t i o n  and t a b l e s  2 and 12] l ed  to  

i n i t i a l  c o n f u s i o n .

Th i s  c o n f u s i o n  was r e s o l v e d  by two l i n e s  o f  e v id e n c e  which s u p po r te d  

t h e  t h e o r y  t h a t  the  second DEAE-Sephadex peak was a m ix t u r e  o f  Artemia 

polymerase  I I  and Artemi a po lymerase  I I I  and t h a t  t h e s e  two s e p a r a t e  

enzymes e l u t e  from t h i s  m a t e r i a l  a t  the  same i o n i c  s t r e n g t h .  Expe r im en t s  

pe rfo rmed  on t h i s  DEAE-Sephadex a c t i v i t y  peak under  c o n d i t i o n s  in  which 

the  enzyme a c t i v i t i e s  were p h y s i c a l l y  mixed ( t h e  c o n d i t i o n  in  which they  

e l u t e d  from the  column) bu t  d i f f e r e n t i a l l y  i n a c t i v a t e d  ( a s  w i l l  be
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d e s c r i b e d )  .'ire in p e r f e c t  agreement  w i th  c h a r a c t e r i z a t i o n  e x p e r im e n t s  

pe rfo rmed a f t e r  p h y s i c a l  s e p a r a t i o n  of  t h e s e  a c t i v i t i e s  had been 

a ccom pli shed  by column ch romatography .

Evidence  for  Polymerase  I I  in A r temia s a l i n a

There seems to be no q u e s t i o n  t h a t  the  a m a n i t i n - s e n s i t i v e  a c t i v i t y

of  the  second DEAE-Sephadex a c t i v i t y  peak i s  Artemia  polymerase  I I .  A 

s t r o n g  argument  can be made t h a t  the  c o - e l u t i n g  a m a n i t i n - r e s i s t a n t  a c t i v i t y  

i s  po lymerase  I I I .  Th i s  l a t t e r  argument  r e l i e s  p a r t l y  on comparison  wi th

the  b e h a v io r  of  the po lymerases  o f  o t h e r  systems d u r i n g  ch romatography

and w i l l  be deve lo ped  th ro u g h o u t  t h i s  d i s c u s s i o n .

For  the  pu rpose  of  d i s c u s s i n g  the  p r o p e r t i e s  o f  the  Artemia  p o l y ­

merase I I  enzyme, s e v e r a l  p r e p a r a t i o n s  w i l l  be c o n s i d e r e d  t o  be e n z y m a t i ­

c a l l y  pure  po lymerase  11.  In  t h o s e  i n s t a n c e s  where polymerase  I I  i s  

a s sa y e d  in  the  p h y s i c a l  p r e s e n c e  of  an i n a c t i v a t e d  po lym e rase ,  t h i s  i s  

made c l e a r  in  the  t e x t  o f  the  d i s c u s s i o n  or  in the  legend  to the f i g u r e  

m e n t i o n e d .

F r a c t i o n s  17 and 25 from the DEAE-Sephadex column o f  f i g u r e  23 a re  

c o n s i d e r e d  pure  polymerase  I I  on the  b a s i s  o f  s e n s i t i v i t y  t o  a m a n i t i n .  The 

poo led  f r a c t i o n s  12 -  24 from the  DEAE-Sephadex column of  f i g u r e  24 a re  

a l s o  c o n s i d e r e d  to  be pure po lymerase  II. f o r  t h e  same r e a s o n ;  however ,  

because  of  c h rom a tog ra ph ic  c o n s i d e r a t i o n s ,  poo led  f r a c t i o n s  12 - 24 a r e  

c o n s i d e r e d  p h y s i c a l l y  , as  w e l l  as  e n z y m a t i c a l l y ,  pu re  polymerase  I I .

The d i s c o v e r y  t h a t  the  a m a n i t i n - r e s i s t a n t  po lymerase  a c t i v i t y  of  

t he  second DEAE-Sephadex peak ( f i g u r e s  6 and 7) was r e l a t i v e l y  l a b i l e ,  and 

t h a t  i t  c ou ld  be a b o l i s h e d  by s e v e r a l  rounds  o f  f r e e z i n g  and thaw ing  wi th  

l i t t l e  e f f e c t  on the  a m a n i t i n - s e n s i t i v e  a c t i v i t y ,  p e r m i t t e d  s e p a r a t e
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c h a r a c t e r i z a t i o n  o f  t h e  amani  t. i n - s e n s  i t  i v c  a c t i v i t y  ( f i g u r e s  9 - 1 3 ) .

As f i g u r e  9 shows, the  Ar temia  RNA polymerase  which i s  r e l a t i v e l y  s t a b l e  

t o  f r e e z i n g  and thawing i s  t o t a l l y  i n h i b i t e d  by 0 .4  ug/ml a m a n i t i n  (w i th  

60% a c t i v i t y  r em a in ing  a t  0 .004  u g / m l ) .  Th is  h igh  de g re e  o f  s e n s i t i v i t y  

t o  a m a n i t i n  i s  c h a r a c t e r i s t i c  of  e u k a r y o t i c  RNA polymerase  I I  [ see  t a b l e s  

2 and 12 and I n t r o d u c t i o n ] .  The degree  of  s e n s i t i v i t y  v a r i e s  somewhat 

b e tw e e n  h i g h e r  and lower e u k a r y o t e s ,  bu t  w i t h  the e x c e p t i o n  of  the  l e s s  

s e n s i t i v e  y e a s t  polymerase  I I  [ G r e e n l e a f  and Bautz  1975] ,  t o t a l  i n h i b i t i o n  

i s  ac h ie v e d  by 0 .1  t o  1 .0  ug/ml a m a n i t i n .

The b e h a v io r  o f  f r a c t i o n s  17 and 25 and the  pooled  f r a c t i o n s  12 - 24 

( f i g u r e s  23 and 24 r e s p e c t i v e l y )  when a s sa y e d  in  the  p r e s e n c e  of  a m a n i t i n  

can be seen  in  f i g u r e s  23 to  28 and f i g u r e  30. F r a c t i o n  17 i s  507o 

i n h i b i t e d  by 0.028 ug/ml w h i l e  f r a c t i o n  25 i s  50% i n h i b i t e d  by 0 .019  ug/ml 

a l p h a - a m a n i t i n .  Both a r e  t o t a l l y  i n h i b i t e d  by 0 .4  ug/ml a m a n i t i n .

F r a c t i o n s  12 - 24 (p o o le d )  were t o t a l l y  i n h i b i t e d  by 4 . 0  ug /ml ,  the on ly  

c o n c e n t r a t i o n  o f  a m a n i t i n  t e s t e d .

On the b a s i s  of  a m a n i t i n  s e n s i t i v i t y ,  t h e s e  Ar temia  po lymerase  

a c t i v i t i e s  a r e  a l l  polymerase  I I  and t h e r e  i s  no d i s c e r n a b l e  d i f f e r e n c e  

between the  c h r o m a t o g r a p h i c a l l y  p u r i f i e d  po lymerase  I I  p r e p a r a t i o n  and 

t h e  po lymerase  I I  a s sayed  in  the  p r e s e n c e  o f  i n a c t i v a t e d  a m a n i t i n - r e s i s t a n t  

po lymerase  I I I .

In  a d d i t i o n  to  a m a n i t i n  s e n s i t i v i t y ,  Ar temia  po lymerase  I I  has  o t h e r  

a t t r i b u t e s  o f  the  c l a s s  I I  p o ly m e ras e s .  F i g u r e s  12, 37 and 38 show t h a t  

Ar tem ia  polymerase  I I  a s sa y e d  unde r  v a r i o u s  i o n i c  s t r e n g t h  c o n d i t i o n s  i s
j

s h a r p l y  s t i m u l a t e d  by 2 - 3 mM Mn . F i g u r e s  37 and 38 a l s o  show the
- j - j

e f f e c t  o f  Mg c o n c e n t r a t i o n  on th e  p o l y m e r i z a t i o n  r e a c t i o n .  The b r o a d e r
I | 4 4

shape  o f  the  c u rve  w i th  Mg and the  r e l a t i v e l y  g r e a t e r  a c t i v i t y  w i th  Mn
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a re  i d e n t i c a l  t o  the  e f f e c t  seen on sea u r c h i n  and r a t  l i v e r  RNA p o l y ­

merase  I I  in  t h e  f i r s t  paper  t o  d e m o n s t r a t e  m u l t i p l e  RNA polymerase  

a c t i v i t i e s  [Roeder and R u t t e r  1969] .  S ince  Roeder and R u t t e r ' s  1969 

d e s c r i p t i o n ,  e s s e n t i a l l y  a l l  s u b s eq u e n t  pa p e rs  have been in agreement  on 

t h i s  p o i n t  d e s p i t e  a d i v e r s i t y  of  s o u rc e s  f o r  the  po lymerase  I I ' s  which 

were t e s t e d  [ se e  s e l e c t e d  b i b l i o g r a p h y  f o r  polymerase  I I  g iv en  in  I n t r o ­

d u c t i o n ]  .

The Ar temia  DEAE-Sephadex polymerase  I I  which had been f r o z e n  and 

thawed was maximal ly  s t i m u l a t e d  by i o n i c  s t r e n g t h  c o n d i t i o n s  between 0.075 

and 0 .1 0 0  M ammonium s u l f a t e  ( f i g u r e  10) .  Th is  i s  the  same optimum found 

f o r  po lymerase  I I  in  o t h e r  t i s s u e s  ( s e e  t a b l e  12 and the  s e l e c t e d  b i b l i o ­

g raphy  f o r  po lymerase  I I  g i v e n  in  the  I n t r o d u c t i o n ] .  F i g u r e s  10 and 11 

show the  a c t i v i t y  cu rve  w i t h  CT DNÂ  as t e m p l a t e .  F i g u r e  11B shows 

t h a t  use  o f  d (A-T)n as  t em p la te  has  the  e f f e c t  of  low er ing  th e  optimum 

i o n i c  s t r e n g t h  f o r  the  n e t  p r o d u c t i o n  o f  RNA by the  Ar temia  po lymerase  I I .

The b e h a v i o r  o f  f r a c t i o n s  17 and 25 w i t h  r e s p e c t  to  m e ta l  ion c o ­

f a c t o r  c o n c e n t r a t i o n  and i d e n t i t y  ( f i g u r e s  37 and 38 and t a b l e  11) a r e  

e s s e n t i a l l y  i d e n t i c a l  t o  the  l i t e r a t u r e  v a l u e s  fo r  po lymerase  I I  from o t h e r  

o rgan isms  as  summarized in  t a b l e  12. F i g u r e  12 shows t h a t  the  e f f e c t  o f  

Mn*~̂  c o n c e n t r a t i o n  i s  s i m i l a r  when the  enzyme t e s t e d  i s  the  a l p h a - a m a n i t i n -  

s e n s i t i v e  a c t i v i t y  from the  DEAE-Sephadex chrom atography  of  a shr imp c y s t  

homogenate .  The a c t i v i t y  c u rv e  measured f o r  t h i s  enzyme wi th  i n c r e a s i n g  

Mg c o n c e n t r a t i o n  ( d a t a  n o t  shown) was a l s o  i d e n t i c a l  to  th o se  o f  f i g u r e  

37 and 38 as  w e l l  a s  the  l i t e r a t u r e  v a l u e s  fo r  po lymerase  I I  from o t h e r  

s p e c i e s .  The s t i m u l a t o r y  e f f e c t  o f  a d e n a tu r e d  DNA te m p la t e  ( t a b l e s  9,  10 

and 11) on f r a c t i o n s  17 and 25 f u r t h e r  co n f i rm s  t h e i r  i d e n t i t y  as  c l a s s  I I  

po lym e rase s  ( t a b l e  12 ) .
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Evidence  for  Polymerase 111 in Artemia i a ixua ,

The e x i s t e n c e  of  po lymerase I I I  in  Artemi a s a 1ina i s  b e s t  dem o n s t ra t ed  

by a comparison  of  the  e l a t i o n  p a t t e r n s  o f  the  po lymerase  a c t i v i t i e s  

shown in f i g u r e  22 (DEAE-ce1l u l o s e  chromatography)  and f i g u r e  23 (DEAE- 

Sephadex c h rom a tog ra phy ) .  Pe rhaps the most  un ique  p r o p e r t y  o f  the  RNA 

polymerase  I l l ' s  d e s c r i b e d  in  o t h e r  t i s s u e s  [Hossen lopp ,  Wells  and Chambon 

1975; Roeder 1976] i s  the  d i f f e r e n c e  in  the  p o i n t  o f  e l u t i o n  o f  t h i s  

enzyme from DEAE-cel lulose and DEAE-Sephadex. Polymerase I  and polymerase  

I I  a r e  each  c o n s i s t e n t  in  t h e i r  b e h a v io r  on the  two m a t e r i a l s  and e l u t e

a t  a p o i n t  c h a r a c t e r i s t i c  f o r  each .

As shown by t a b l e  12, po lymerase  I I I  from o t h e r  t i s s u e s  e l u t e s  

from DEAE-cel lu lose  a t  a p p r o x i m a t e ly  0 .1  M ammonium s u l f a t e  and from

DEAE-Sephadex a t  0 .2  -  0 . 3  M ammonium s u l f a t e .  The r e s u l t  o f  t h i s  i s

t h a t  polymerase  I I I  and po lymerase  I  t end  to  c o - e l u t e  from DEAE-cel lu lose  

b u t  upon r ech rom a tog raphy  on DEAE-Sephadex, po lymerase  I I I  t en d s  t o  c o ­

e l u t e  w i th  po lymerase  I I  or  t o  e l u t e  a f t e r  po lymerase  I I .  In  A r t e m i a , 

po lymerase  IIB e l u t e s  from DEAE-Sephadex a t  0 .24  M ammonium s u l f a t e  (a = 

0 . 0 2 ,  n = 13) w h i l e  po lymerase  I I I  e l u t e s  a t  0 .32  M ammonium s u l f a t e  (a = 

0 . 0 5 ,  n = 12) .  Also  on DEAE-Sephadex, Artemia  polymerase  IIA e l u t e s  a t  

0 .1 7  M ammonium s u l f a t e  (o = 0 .0 1 ,  n = 11) and po lymerase  I  e l u t e s  a t  0 .11 M 

ammonium s u l f a t e  (a = 0 .0 2 ,  n = 9 ) .

Exam in a t ion  of  the  DEAE-cel lu lose  a c t i v i t y  p r o f i l e  shown i n  f i g u r e  

22 shows t h a t  the  a l p h a - a m a n i t i n - r e s i s t a n t  polymerase  a c t i v i t y  ( a m a n i t i n  

r e s i s t a n c e  i s  a p r o p e r t y  of  po lymerase  I I I  as w e l l  as  po lymerase  I )  e l u t e s  

between 0 .05  M and 0 .2 0  M ammonium s u l f a t e .  The f r a c t i o n s  e l u t i n g  between 

0 .11  M and 0 .1 9  M ammonium s u l f a t e  ( f r a c t i o n s  21 - 35) were pooled  and
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r ech romatographed  on DEAE-Sephadex ( f i g u r e  23 ) .

In  f i g u r e  23, a m a n i t i n  r e s i s t a n c e  i s  p r e s e n t  in f r a c t i o n s  e l u t i n g  

a t  g r e a t e r  t l ian 0 .19  M ammonium s u l f a t e .  F r a c t i o n  34 ( e l u t i n g  a t  0 .32  M 

ammonium s u l f a t e )  was cliosen fo r  f u r t h e r  s t u d y .  The e f f e c t  o f  a l p h a -  

a m a n i t i n  on t h i s  f r a c t i o n  i s  shown by f i g u r e  29; o t h e r  c a t a l y t i c  p r o p e r t i e s  

a r e  i n v e s t i g a t e d  in e x p e r im e n t s  whose r e s u l t s  a r e  shown in f i g u r e s  34, 35 

and 39 and t a b l e  9. I n f o r m a t io n  g a th e r e d  from t h e s e  e x p e r im e n t s  i s  i n ­

c luded  in  t h e  summary o f  Artemia  RNA polymerase  a c t i v i t i e s  p r e s e n t e d  in 

t a b l e  11. In  t h i s  t a b l e ,  Artemia  po lymerase  1IA i s  r e p r e s e n t e d  by f r a c t i o n  

17, po lymerase IIB i s  r e p r e s e n t e d  by f r a c t i o n  25 and po lymerase  I I I  i s  

r e p r e s e n t e d  by f r a c t i o n  34. The q u e s t i o n  o f  t h e  i d e n t i t y  o f  the p o l y ­

merase a c t i v i t y  i n  f r a c t i o n  12 w i l l  be d e a l t  w i th  a t  a l a t e r  p o i n t .

Comparison of the  observed  p r o p e r t i e s  of  Ar temia  po lymerase  I I I  ( i n  

the  form of  f r a c t i o n  34) ( s e e  t a b l e  11) w i t h  the  g e n e r a l  p r o p e r t i e s  of  

n u c l e a r  RNA polymerases  summarized by Roeder [Roeder  1976] ( s e e  t a b l e  12) 

c o m p l e t e l y  s u b s t a n t i a t e s  the c o n t e n t i o n  t h a t  Ar temia  s a l i n a  c o n t a i n s  p o l y ­

merase I I I .

The q u e s t i o n  of  the  i d e n t i t y  o f  the  a m a n i t i n - r e s i s t a n t  po lymerase  

c o - e l u t i n g  w i t h  polymerase  I I  i n  f i g u r e s  6 and 7 c a n n o t  be f ix e d  w i t h  

c e r t a i n t y  u s in g  the  r e s u l t s  p r e s e n t e d .  However, f o r  s e v e r a l  r e a s o n s ,  i t  

i s  f e l t  to  be a c h r o m a to g r a p h ic a 1ly  s e p a r a t e  form o f  polymerase  I I I .

Because o f  i t s  a m a n i t i n - r e s i s t a n c e , t h i s  enzyme must  be long  t o  e i t h e r  c l a s s  

I  or  c l a s s  I I I  p o lym e rase s .  C l a s s  I  po lymerase  from Ar temia  has  a l r e a d y  

been  d e m o n s t ra t ed  t o  e l u t e  a t  a p p r o x i m a t e ly  0 .1 0  M ammonium s u l f a t e  ( f i g u r e  

6 and f i g u r e  7 ) .  Although  d i f f e r e n t  c h ro m a to g r a p h ic  forms o f  the  c l a s s  I  

po lymerases  e x i s t ,  t h ey  t y p i c a l l y  e l u t e  from DEAE-Sephadex a t  lower r a t h e r  

than  h i g h e r  i o n i c  s t r e n g t h s .
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In  Ar tcnii .1 , a c l a s s  I I I  RNA polymerase  has  been shwon to  e l u t e  

from DEAE-Sephadex a t  0 .32  M ammonium s u l f a t e .  In  mouse plasmacytoma,  

a c l a s s  I I I  polymerase  ( I1 IB )  e l u t e s  a t  0 .31 M ammonium s u l f a t e  w h i l e  a 

second c l a s s  I I I  po lymerase  (IITA) e l u t e s  s l i g h t l y  a f t e r  the plasmacytoma 

polymerase  I I  ( a t  0 .24  M ammonium s u l f a t e )  [ Schw ar tz ,  S k l a r ,  J a o n in g ,

Weinmann and Roeder 1974] .

In  HeLa c e l l  p r e p a r a t i o n s  [Hossen lopp ,  Well s  and Chambon 1975] ,  

c l a s s  I I I  po lym erases  a r e  seen  e l u t i n g  from DEAE-Sephadex a t  0 .09  M,

0 .15  M, 0 .2 6  M and 0 .35  M ammonium s u l f a t e .  They have been named C l ,

C I I ,  C i l i a  and C H I b .  Po lymerases  C i l i a  and C H I b  seem to  c o r r e s p o n d  to  

th e  po lymerases  IILA and II1B o f  the  mouse pl asmacytoma.

In  t h e  Ar temia  sys tem ,  c a r e f u l  e x a m i n a t i o n  of  f i g u r e  22 shows no 

a m a n i t i n - r e s i s t a n c e  e l u t i n g  a t  a p o i n t  g r e a t e r  than  0 .2 0  M, however ,  

r ech rom a tog raphy  o f  the  f r a c t i o n s  e l u t i n g  between  0.11  M and 0 .19  M r e s u l t s  

i n  a c e r t a i n  amount o f  a m a n i t i n - r e s i s t a n c e  c o - e l u t i n g  wi th  po lymerase  I I  

( 0 . 2 3  M) ( f r a c t i o n  25) as  w e l l  as  the  po lymerase  I I I  a c t i v i t y  c e n t e r e d  

around f r a c t i o n  34 ( 0 .3 2  M ammonium s u l f a t e ) .  Th i s  s u p p o r t s  the  p o s s i ­

b i l i t y  t h a t  the  a m a n i t i n - r e s  i s t a n t  a c t i v i t y  c o - e l u t i n g  w i t h  po lymerase  I I  

in  f i g u r e  6 and f i g u r e  7 i s  po lymerase  I I I .  A p o s s i b l e  r e a s o n  f o r  the

a b s e n c e  o f  a s e p a r a t e l y  e l u t i n g  po lymerase  I I I  a c t i v i t y  may be the  h ig h  
| |

Mn (4 mM) c o n c e n t r a t i o n  used in  the  a s s a y s  o f  the  DEAE-Sephadex column

f r a c t i o n s  shown in  f i g u r e s  6 and 7. A l though  po lymerase  I I I  has  a r e l a t i v e l y

broad  a c t i v i t y  p r o f i l e  over  i n c r e a s i n g  i o n i c  s t r e n g t h s  when CT DNA^^^ i s

used  as  the t e m p l a t e  ( f i g u r e  3 4 ) ,  t a b l e  9 shows t h a t  ( a t  0 .025  M ammonium
_|—|

s u l f a t e  and 2 mM Mn ) ,  po lymerase  I I  i s  s t i m u l a t e d  up t o  6 f o ld  over  i t s

a c t i v i t y  w i th  d(A-T)^  w h i l e  t h e  a c t i v i t y  o f  po lymerase  I I I  i s  somewhat
| |

r educed  (from 1 .0  t o  0 . 9 )  w i th  CT DNA^^.  Measured a t  3 mM Mn ( t a b l e  10)
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nolynierelse 11 i s  10 t im es  more a c t i v e  w i th  CT DNA, than  w i th  d(A-T) .den n

Any column whose f r a c t i o n s  a r e  assayed  f o r  polymerase  a c t i v i t y  w i t h  CT

DNÂ  as  t e m p la t e  w i l l  appe a r  to  c o n t a i n  a t  l e a s t  5 t imes  more po lymerase

I I  a c t i v i t y .  However, a s s a y  w i t h  d(A-T)n s u b j e c t s  bo th  po lymerase  I and

polymerase  I I I  t o  s h a r p e r  opt ima w i th  r e s p e c t  to  m eta l  ion c o f a c t o r s  and

i o n i c  s t r e n g t h s .  I t  can be seen  t h a t  no s ingle ,  s e t  o f  a s s a y  c o n d i t i o n s

e q u a l l y  f a v o r s  a l l  t h r e e  enzyme c l a s s e s .

However, s i n c e  the  DEAE~Sepliadex columns o f  f i g u r e  6, 7 and 23

were a s sa y e d  w i th  CT DNÂ  , and the  i o n i c  s t r e n g t h s  o f  the  a s s a y  v a r i e d

s i m i l a r l y  ( a l t h o u g h  in  f i g u r e s  6 and 7, 30 u l  o f  enzyme was a s sa y e d  in  a

f i n a l  volume of  125 u l ,  w h i l e  in  f i g u r e  23, 50 u l  o f  enzyme was assayed
| |

i n  a f i n a l  volume o f  125 u l ) ,  t h e  Mn c o n c e n t r a t i o n  of  f i g u r e  6 and f i g u r e

7 was A mM w h i l e  t h a t  of  f i g u r e  23 was 3 mM. The m a t e r i a l  chromatographed

on t h e s e  DEAE-Sephadex columns d i f f e r e d  in  p r e v i o u s  h i s t o r y :  the  sample

loaded on to  t h e  column in  f i g u r e  6 was p r e p a r e d  from 24 hour  i n c u b a te d  

A r tem ia  embryos,  w h i l e  t h a t  o f  f i g u r e  7 and f i g u r e  23 were p r e p a r e d  from 

h y d r a t e d  A r tem ia  c y s t s .  F i g u re  23 d i f f e r e d  from bo th  f i g u r e  6 and f i g u r e  

7 i n  t h a t  the  m a t e r i a l  loaded  had p r e v i o u s l y  e l u t e d  from DEAE-cel lu lose  a t  

low i o n i c  s t r e n g t h s  (0 .1 1  t o  0 .19  M ammonium s u l f a t e ) .  The p o s s i b i l i t y  

e x i s t s  t h a t  p r i o r  t r e a t m e n t  on DEAE-ce l lu lose  a f f e c t e d  the  p r o p o r t i o n  of  

po lymerase  m o le c u le s  c o - e l u t i n g  w i th  po lymerase  I I .  I t  s h ou ld  be remembered 

t h a t  t h e  mouse plasmacytoma s t u d i e s  [Schwartz  ej_ a_l. 1974] i n d i c a t e  t h a t  

t h e  two po lymerase  I I I  s p e c i e s  ( I I I A  and I I I B )  have d i f f e r e n t  i n t r a c e l l u l a r  

l o c a t i o n s .

Measurement of  the  RNA polymerase  a c t i v i t y  o f  f r a c t i o n  34 in  the
| |

p r e s e n c e  o f  v a r y i n g  c o n c e n t r a t i o n s  o f  a l p h a - a m a n i t i n  ( f i g u r e  2 9 ) ,  Mn
-j-|

and Mg ( f i g u r e  39) ,  ammonium s u l f a t e  ( f i g u r e  34) and v a r i o u s  t e m p la t e s
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( t a b l e  9) c o n f i r m s  the p r e l i m i n a r y  i d e n t i f i c a t i o n  based on the  d i f f e r ­

e n t i a l  b e h a v io r  of  t h i s  enzyme on DEAE-cel lu lose  and DEAE-Sephadex.

F r a c t i o n  34 i s  a c l a s s  I I I  po lymerase  as  f u r t h e r  seen  by comparison of  

t a b l e  11 ( f r a c t i o n  34 summary), and t a b l e  12 ( l i t e r a t u r e  summary).

F r a c t i o n  12 o f  the  DEAE-Sephadex column shown in f i g u r e  23 behaves 

v e r y  s i m i l a r l y  t o  f r a c t i o n  34 ( t a b l e  11) and c l a s s  I I I  po lymerases  have 

been seen  to  e l u t e  from DEAE-Sephadex a t  t h e  same i o n i c  s t r e n g t h  [Hossen-  

l o p p ,  Wells  and Chambon 1975] ,  however ,  t h e  a c t u a l  a c t i v i t y  o f  t h i s  

f r a c t i o n  was v e r y  low. There  i s  no c e r t a i n t y  t h a t  t h i s  f r a c t i o n  does no t  

c o n t a i n  a m ix t u r e  o f  po lym erases  I  and I I I .  P o s i t i v e  i d e n t i f i c a t i o n  of  

f r a c t i o n  12 i s  i m p o s s ib l e  w i t h o u t  f u r t h e r  c h ro m a to g r a p h ic  s e p a r a t i o n  and,  

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

Polymerase  I I I  was n o t  found by B i r n d o r f  e t  a_l. [1975]  when they  

d e s c r i b e d  po lymerase  I  and po lymerase  I I  from A r tem ia  embryos.  The on ly  

c h ro m a to g r a p h ic  s t e p  used in  t h e i r  p u r i f i c a t i o n  p ro ce d u re  was D EAE-ce l lu lose .  

S ince  polymerase  I  and I I I  a r e  known to  c o - e l u t e  from t h i s  m a t e r i a l ,  t he  

c h a r a c t e r i z a t i o n  o f  Artemia  po lymerase  I  by t h e s e  a u t h o r s  i s  p r o b a b ly  the  

c h a r a c t e r i z a t i o n  o f  a m ix t u r e  o f  po lym erases  I  and I I I .

Po lymerase  I I I  was found by R e n a r t  and S e b a s t i a n  [1976] t o  e l u t e  a t  

a p p r o x i m a t e l y  0 .38  M ammonium s u l f a t e  from DEAE-Sephadex. However, they  

d o n ' t  i n c l u d e  a m a n i t i n - s e n s i t i v i t y  d a t a  f o r  t h e i r  column a c t i v i t y  p r o f i l e  

and so i t  i s  i m p o s s ib l e  t o  know whe the r  any po lymerase  I I I  i s  c o - e l u t i n g  

w i t h  po lymerase  I I .

N e i t h e r  o f  t h e  above -m ent ioned  p r e l i m i n a r y  c h a r a c t e r i z a t i o n s  [ B i r n ­

d o r f  e £  a_l_. 1975 Re na r t  and S e b a s t i a n  1976] g i v e  any i n d i c a t i o n  o f  

two c h ro m a to g ra p h ic  forms o f  po lymerase  I I  in  Artemi a . One p o s s i b l e  

r e a s o n  f o r  t h i s  i s  t h a t  po lymerase  IIA i s  h i g h l y  l a b i l e  w h i l e  po lymerase
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I IB i s  Lhe most s t a b l e  of  a l l  the  sh r im p p o ly m e ras e s .  Although p o l y ­

merase  IIA i s  p r e s e n t  in g r e a t e r  amounts ,  i t s  a c t i v i t y  i s  e n t i r e l y  o v e r ­

shadowed by the  h i g h l y  a c t i v e  po lymerase  I IB e l u t i n g  n e a r  i t .  Polymerase 

IIA most  o f t e n  a p p e a r s  as  a s h o u l d e r  on the  polymerase IIB a c t i v i t y  peak.

I t  was i n i t i a l l y  on ly  th ro u g h  the  g e l  e l e c t r o p h o r e s i s  of  f i g u r e  8 t h a t  the 

e x i s t e n c e  o f  po lymerase  IIA was s u s p e c t e d .  The s u c c e s s i v e  c h rom a tograph ic  

s t e p s  (DEAE-ce l lu lose  fo l lowed  by DEAE-Sephadex, f i g u r e s  22, 23 and 24) 

s e p a r a t e d  the  m a j o r i t y  o f  po lymerase  I IB a c t i v i t y  from polymerase  IIA and 

gave t h e  f i r s t  good c h ro m a to g ra p h ic  s e p a r a t i o n  of  t h e s e  two forms.  Thus,  

f r a c t i o n  17 o f  f i g u r e  23 i s  po lymerase  IIA w h i l e  f r a c t i o n  25 i s  po lymerase  

I IB .  Po lymerase  IIA had been  r e l a t i v e l y  e n r i c h e d  by th e  s e p a r a t i o n  from 

t h e  l a t e - e l u t i n g  polymerase  I I  a c t i v i t y  f r a c t i o n s  from f i g u r e  23. The 

po lymerase  I I  a c t i v i t y  peak o f  f i g u r e  24 i s  thus  i d e n t i c a l  t o  f r a c t i o n  25 

o f  f i g u r e  25 i n  b e in g  po lymerase  I IB .

Phys i c a l  S t u d i e s  on Ar temia  s a l i n a  RNA Polymerases

P h y s i c a l  s t u d i e s  on A r tem ia  RNA po lymerase  IIA and po lymerase  IIB 

i n d i c a t e  t h a t  t h e s e  enzymes a r e  s i m i l a r  t o  o t h e r  e u k a r y o t i c  RNA po lymerases  

i n  ha v in g  a h ig h  m o l e c u l a r  w e i g h t .  P o l y a c r y l a m id e  g e l  e l e c t r o p h o r e s i s  

unde r  n o n - d e n a t u r i n g  c o n d i t i o n s  and g l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n  were 

t h e  methods u s e d .  In  ea ch  p r o c e d u r e ,  the  b e h a v i o r  o f  the  A r tem ia  enzymes 

was compared d i r e c t l y  or  i n d i r e c t l y  t o  t h a t  o f  the  E. c o l i  RNA polymerase  

( S ig m a ) .

F i g u r e s  41 and 42 show t h e  a b s o rb a n c e  p r o f i l e s  o f  A r tem ia  po lymerase  

IIA and I IB  a f t e r  p o l y a c r y l a m id e  g e l  e l e c t r o p h o r e s i s  on 5% a c ry l a m id e  g e l s  

unde r  n o n - d e n a t u r i n g  c o n d i t i o n s .  Each p r e p a r a t i o n  a p p e a r s  t o  c o n t a i n  a 

s i n g l e  major  p r o t e i n  s p e c i e s .  T h i s  p r o t e i n  m i g r a t e s  be tween  the  E. c o l i
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RNA polymerase  monomer and t h e  E. c o 1i RNA po lymerase  d im er ,  r e g a r d l e s s  

o f  whe the r  the  sample was Ar temia  polymerase  IIA or  po lymerase  I IB .

The m o le c u la r  we igh t  of  the  c - c o n t a i n i n g  E. c o l i  RNA polymerase  h o lo -  

enzyme i s  v a r i o u s l y  g iven  as  422 ,000 d a l t o n s  [Berg ,  B a r r e t t  and Chamberl in  

1971] ,  440 ,000  d a l t o n s  [ Z i l l i g ,  Zechel  and Halbwachs 1970] and 454,000 

d a l t o n s  [Burgess  1969] .  E. c o l i  holoenzyme a g g r e g a t e s  to  a dimer a i o n ic  

s t r e n g t h s  below 0.1  M [Chamber l in  1976] .  The com m e rc i a l l y  o b t a i n e d  E. c o 1i 

RNA polymerase  used in  t h e s e  s t u d i e s  had been s t o r e d  a t  0 .1  M ammonium 

s u l f a t e  so the  p r e s e n c e  o f  bo th  forms cou ld  have been p r e d i c t e d .  (The 

c o re  enzyme i s  known to  a g g r e g a t e  a t  up t o  0 .2  M i o n i c  s t r e n g t h  [Chamber l in  

1 9 7 6 ] ) .  G l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n  a t  0 .1  M ammonium s u l f a t e  (15 - 

30% g l y c e r o l )  s e p a r a t e d  the E. c o l i  holoenzyme monomers from the  d imers  

( appe nd ix  2 ) ;  f r a c t i o n  14 from append ix  2 was e l e c t r o p h o r e s e d  on 5% p o l y ­

a c ry l a m id e  g e l s  under  n o n - d e n a t u r i n g  c o n d i t i o n s  and the  p r o f i l e  i s  shown 

in  f i g u r e  44A. Only the  monomeric form of  the  enzyme is  p r e s e n t  on t h i s  

g e l .

F ig u re  44 compares  the  e l e c t r o p h o r e t i c  b e h a v i o r  o f  the  E. c o l i  h o l o ­

enzyme monomer ( t r a c e  A) w i t h  Ar temia  po lymerase  I I  ( t r a c e s  B and C) from 

the  a c t i v i t y  peak  of  a s i m i l a r  g l y c e r o l  g r a d i e n t  ( f i g u r e  13 ) .  The a b s o r b ­

ance p r o f i l e s  s u p p o r t  the  c o n t e n t i o n  t h a t  the  n a t i v e  Ar temia  po lymerase  

m i g r a t e s  more s low ly  than  the  E. c o l i  po lymerase  monomer under  i d e n t i c a l  

c o n d i t i o n s  o f  e l e c t r o p h o r e s i s .  C o n v e r s e l y ,  t h e s e  ab s o rb a n c e  p r o f i l e s  

s u p p o r t  the c o n t e n t i o n  t h a t  the  a p p a r e n t  a c t i v i t y  peak in  t h e  g l y c e r o l  

g r a d i e n t  ( f i g u r e  13) o f  A r tem ia  polymerase  I I  i s  a t r u e  po lymerase  a c t i v i t y  

peak  d e s p i t e  i t s  e x t r e m e l y  low po lymerase  a c t i v i t y .  (A p u b l i s h e d  r e p o r t  

a p p e a r i n g  a f t e r  c o m p le t io n  o f  t h i s  p r o j e c t  r e p o r t s  t h a t  "use  of  n i t r o ­

c e l l u l o s e  t u b e s  r e s u l t s  i n  s e v e r e  l o s s  of  enzyme [Ar tem ia  RNA po lymerase ]
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a c t i v i t y "  [Bagshaw 1976) .  Th i s  i s  a p o s s i b l e  e x p l a n a t i o n  fo r  the low 

a c t i v i t y  seen in f i g u r e  13 as  we l l  as  the t o t a l  l o s s  of  a c t i v i t y  when 

g l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n  o f  o t h e r  Artemia  polymerase p r e p a r ­

a t i o n s  was a t t e m p t e d  ( f o r  example f r a c t i o n s  13 and 1A o f  the  phospho-  

c e l l u l o s e  column o f  f i g u r e  2 5 - - d a t a  not  shown).

The abso rba nc e  p r o f i l e s  shown in  f i g u r e  A3 compare m i g r a t i o n  r a t e s  

o f  Artemia  po lymerase  IIB (poo led  f r a c t i o n s  2A/26 from f i g u r e  23) in  5% 

a c ry l a m id e  w i th  t h o se  o f  polymerase  IIB from pooled f r a c t i o n s  12 - 2A of

f i g u r e  2A. These enzymes c o m ig r a t e  when run  on the  same g e l .  Since

pooled  f r a c t i o n  2A/26 m i g r a t e s  behind the  E. c o l i  po lymerase  monomer ( see

f i g u r e  A2), one can conc lude  t h a t  po lymerase  I IB from f i g u r e  2A would

behave s i m i l a r l y .

In  57» g e l s  where polymerase  IIA ( f r a c t i o n  17) and polymerase  IIB 

( f r a c t i o n  25) were e l e c t r o p h o r e s e d  t o g e t h e r ,  no s e p a r a t i o n  c o u ld  be 

d e t e c t e d .  [Data n o t  shown]

The degree  of  s e p a r a t i o n  of  the  E. c o l i  monomer and dimer shows 

th e  e f f e c t  of  a m o le c u la r  w e igh t  d i f f e r e n c e  o f  a p p r o x i m a t e ly  A50.000 

d a l t o n s .  D i s c o u n t i n g  th e  p o s s i b l e  e f f e c t s  o f  d i m e r i z a t i o n  on the n e t  

c h a rg e  o f  the  E. c o l i  po ly m e ras e ,  i t  i s  c l e a r  t h a t  a r e l a t i v e l y  l a r g e  

s i z e  d i f f e r e n c e  between Ar temia  po lymerase  IIA and po lymerase  IIB cou ld  

e s c a p e  d e t e c t i o n .  Longer  g e l s  o r  g e l s  of  lower p o r o s i t y  would op t im iz e  

s e p a r a t i o n  due t o  d i f f e r e n t  m i g r a t i o n  r a t e s ,  however SDS g e l  e l e c t r o ­

p h o r e s i s  i s  a f a r  more r e l i a b l e  method f o r  m ea su r ing  m o l e c u l a r  w e ig h ts  

and d e t e c t i n g  m o le c u la r  w e igh t  d i f f e r e n c e s  [Laemmli 1970);  Weber and 

Osborn 1969] .  E l e c t r o p h o r e s i s  i n  the  p r e s e n c e  o f  SDS has  the  double  

ad v a n ta g e  o f  e l i m i n a t i n g  c ha rge  e f f e c t s  and o f  p r o d u c i n g  s m a l l e r  m o le c u le s  

t h ro u g h  d i s s o c i a t i o n  o f  the  n a t i v e  po lymerase  i n t o  s u b u n i t s .  Few m o le c u la r
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w eigh t  marke rs  e x i s t  in  the  s i z e  r ange  of  tiro comple te  e u k a r y o t i c  RNA 

po lym erase .  Th is  i s  the most  common c a u se  f o r  d i s a g r e e m e n t  between the 

r e s u l t s  o f  d i f f e r e n t  i n v e s t i g a t o r s .

S a t i s f a c t o r y  SI)S ge l  e l e c t r o p h o r e s i s  of  Ar tem ia  po lymerase  p r e p a r ­

a t i o n s  was no t  accom pl i shed  fo r  s e v e r a l  r e a s o n s .  The l a c k  o f  l a r g e  amounts 

o f  h i g h l y  p u r i f i e d  (and o t h e r w i s e  c h a r a c t e r i z e d )  sample was a major  

o b s t a c l e .  S ince  o t h e r  e u c a r y o t i c  RNA po lym erases  a r e  known to c o n t a i n  

up t o  12 s u b u n i t s ,  a c o r r e s p o n d i n g l y  g r e a t e r  amount o f  s t a r t i n g  m a t e r i a l  

i s  r e q u i r e d  f o r  SDS g e l  e l e c t r o p h o r e s i s .  The e v id e n c e  i n d i c a t e s  t h a t  

most  s u b u n i t s  a r e  p r e s e n t  in eqt i imolar  amounts .  F u r t h e r  c o m p l i c a t i o n  i s  

ca use d  by the  range  of  s u b u n i t  s i z e s  t o  be e x p e c t e d  in  e u c a r y o t i c  p o l y ­

m erases  (between 200 ,000  and < 10 ,000  d a l t o n s )  which r e q u i r e s  complex g e l s ,  

e a ch  one c o n t a i n i n g  a l i n e a r l y  d e c r e a s i n g  p o r o s i t y  ( u s u a l l y  8 - 167, 

a c r y l a m i d e )  .

In  o r d e r  to  be c e r t a i n  of  the  o r i g i n  of  the  s u b u n i t s ,  the  s t a r t i n g

m a t e r i a l  shou ld  be p r o t e i n  e l u t e d  from a s i n g l e  band on n o n - d e n a t u r i n g

g e l s .  [ P r e f e r a b l y  t h i s  p r o t e i n  shou ld  show enzymati c  a c t i v i t y  a l t h o u g h

t h i s  r e q u i r e m e n t  i s  p a r t i c u l a r l y  d i f f i c u l t  t o  f u l f i l l  w i t h  such a l a b i l e
3

enzyme. The b i n d in g  o f  H - a l p h a - a m a n i t i n  t o  po lymerase  I I  i s  so h i g h l y  

s p e c i f i c  t h a t  t h i s  i s  a r e a s o n a b l e  s u b s t i t u t e  f o r  enzym at ic  a c t i v i t y  in  

i d e n t i f i c a t i o n  of  po lymerase  I I  among s e v e r a l  p r o t e i n  bands i n  p o l y ­

a c ry l a m id e  g e l s . ]

The d i f f i c u l t i e s  i n h e r a n t  i n  b r i n g i n g  Ar temia  polymerase  I I  t o  the  

p o i n t  o f  i d e n t i f i c a t i o n  o f  s u b u n i t  number , m o le c u la r  w e ig h t  and molar  

r a t i o s  can be more f u l l y  a p p r e c i a t e d  on e x a m i n a t i o n  of  the  p u b l i s h e d  

a t t e m p t  o f  Bagshaw [1976]  t o  do p r e c i s e l y  t h a t .  The f i r s t  problem Bagshaw 

e n c o u n te re d  was in  t h e  p u r i f i c a t i o n  o f  po lymerase  I I  t o  hom ogenei ty .
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Polymerase  I I  was e x t r a c t e d  from n u c l e i  i s o l a t e d  from Artemi a embryos 

i n c u b a te d  for  24 - 72 hou rs  (no t e m p e ra t u re  was g i v e n ) .  The e x t r a c t  was 

p u r i f i e d  by two c y c l e s  o f  DEAE-ccl lulose ch rom atography  fo l lowed by 

d i s c o n t i n u o u s  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n .  R a the r  s u r p r i s i n g l y ,

" a l l  e f f o r t s  t o  p u r i f i y  polymerase  I I  beyond t h i s  s t a g e  led  to  comple te  

(95-1007o) l o s s  o f  enzyme a c t i v i t y .  These e f f o r t s  i n c lu d e d  f u r t h e r  

ch rom atography  on D E A E-ce l lu lose ,  DEAE-Sephadex, pho s p h o c e 1l u l o s e , DNA- 

s e p h a r o s e ,  i s o e l e c t r i c  f o c u s i n g  and g e l  e l e c t r o p h o r e s i s  unde r  non­

d e n a t u r i n g  c o n d i t i o n s . "  No p o s s i b l e  e x p l a n a t i o n s  fo r  t h i s  l o s s  of  

a c t i v i t y  a r e  p u t  fo rw ard .  The a c t i v i t y  p r o f i l e  o f  the  s u c ro s e  g r a d i e n t  

i s  g iv e n  on ly  in  ” 7o o f  maximum" and no p r o t e i n  d e t e r m i n a t i o n s  a r e  done.  

A l i q u o t s  o f  each  f r a c t i o n  of  t h e  a c t i v i t y  peak were run  on SDS g e l s  and 

a c o r r e l a t i o n  was sough t  be tween  d e n s i t y  o f  s t a i n i n g  of  a p a r t i c u l a r  SDS 

ge l  p r o t e i n  band and th e  po lym erase  a c t i v i t y  o f  the  c o r r e s p o n d in g  s u c r o s e  

f r a c t i o n s  used as  the  sample .

A l though  t h e  g e l  t r a c e s  p r e s e n t e d  by Bagshaw [1976]  showed m u l t i p l e  

p r o t e i n  ba nds ,  fou r  p r o t e i n s  were found whose p o l y p e p t i d e  c o n t e n t  c o r r e s ­

ponded t o  the RNA polymerase  a c t i v i t y  o f  the  sample .  The mola r  r a t i o s  

were c a l c u l a t e d  r e l a t i v e  t o  one o f  the  p r o t e i n  bands which was a r b i t r a r ­

i l y  s e t  a t  u n i t y .  I n  fou r  s u c r o s e  f r a c t i o n s ,  the  mola r  r a t i o s  v a ry  from 

0 .81  t o  1 .5 0 .  The m o le c u la r  w e ig h t s  o f  the  fou r  p r o t e i n s  a r e  170,000,

1 3 0 , 0 0 0 j 36 ,000 and 14,000 d a l t o n s .

A l i n e a r  (10 - 307») s u c ro s e  g r a d i e n t  i n  the  p r e s e n c e  o f  a p o f e r r i t i n  

(mw = 400 ,0 00)  led  Bagshaw to  conc lude  t h a t  the  n a t i v e  enzyme had a m o le c ­

u l a r  w e ig h t  which was s l i g h t l y  l e s s  t h a n  400 ,000  d l a t o n s .  Assuming e q u i -  

m ola r  amounts o f  the four  s u b u n i t s ,  t h e  added v a lu e  would be 360 ,000  

d a l t o n s .  The a s su m p t io n  was made t h a t  RNA polymerase  and a p o f e r r i t i n
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have s i m i l a r  d e n s i t i e s .  The a u th o r  c o n c lu d e s  t h a t  t h e s e  r e s u l t s  s u p p o r t  

each o t h e r  and t h a t  the  n a t i v e  m olecu le  i s  t h e r e  l o r e  composed of  those  

four  s u b u n i t s  whose m o le c u la r  w e igh t  t o t a l s  360 ,000 d a l t o n s  and whose 

p re s e n c e  c o r r e s p o n d s  to  enzyme a c t i v i t y .

However, the  sudden lo s s  of  enzyme a c t i v i t y  w i th  the suc rose  

c e n t r i f u g a t i o n  l e a v e s  open the  p o s s i b i l i t y  of  l o s t  s u b u n i t s .  The 

a u t h o r  [Bagshaw 1976] d i d  n o t  a t t e m p t  SDS gel  e l e c t r o p h o r e s i s  w i th  enzyme 

p r e p a r e d  in  a d i f f e r e n t  manner ,  nor  d id  he t r y  r e c o m b in a t io n  of  s u c ro s e  

g r a d i e n t  f r a c t i o n s  in  an a t t e m p t  to  r e s t o r e  a c t i v i t y .  ( S in c e  the s u c ro s e  

g r a d i e n t  was a d i s c o n t i n u o u s  one ,  on ly  t h r e e  f r a c t i o n s  were i n v o l v e d . )  He 

gave no v a l u e s  fo r  enzymati c  a c t i v i t y  a t  any s t a g e  o f  p u r i f i c a t i o n ,  e i t h e r  

a f t e r  hom ogen iza t ion  or  b e f o r e  and a f t e r  the  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n .  

I t  seems r em arkab le  t h a t  no e v id e n c e  o f  the n a t i v e  enzyme a ppe a re d  on g e l s  

run  under  n o n - d e n a t u r i n g  c o n d i t i o n s .  C e r t a i n l y  t h i s  d i f f i c u l t y  e n c o u n te re d  

by Bagshaw makes i t  im p o s s ib l e  t o  compare h i s  work w i th  t h e  r e s u l t s  of  the 

n o n - d e n a t u r i n g  g e l  e l e c t r o p h o r e s i s  p r e s e n t e d  by t h i s  a u t h o r .  F i g u r e s  13 

and 41 - 44 of  t h i s  r e p o r t  s t r o n g l y  s u g g e s t  a m o le c u la r  w e igh t  o f  g r e a t e r  

th a n  450 ,000  d a l t o n s  for  the n a t i v e  form o f  the  Ar temia  polymerase  I I .
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SUMMARY AND CONCLUDING REMARKS

A thorough ch a ra cter iza t io n  o f  the chromatographic behavior and 

c a t a ly t i c  requirements o f  RNA polymerases II  and III  from the proto-  

stome, Artemia sa l in a  has shown them to be remarkably s im ilar  to the 

cognate polymerases of deuterostomes in  a l l  parameters examined ( ta b le s  

11 and 12).

The development o f  large sca le  p u r if ic a t io n  procedures for Artemia 

polymerases has made i t  f e a s ib le  to  study the subunit structure  o f  these  

enzymes in greater  d e t a i l .  S tructural a n a ly s is  should reveal the basis  

upon which the la b i l e  and chromatographically d i s t i n c t  polymerase IIA 

d i f f e r s  from the s ta b le  form, polymerase IIB. Although these two forms 

of polymerase II are in d is t in g u ish a b le  in c a t a ly t i c  p ro p er t ie s ,  they 

must d i f f e r  in s tru ctu re .

Further experiments examining subunit structure and the p o s s i ­

b i l i t y  o f  subunit m od ifica tion  should contribute  g r e a t ly  to comparitive  

enzymology, developmental b io logy  and the molecular b a s is  for amanitin  

r e s is ta n c e ,  as w e ll  a s ,  u l t im a te ly ,  t ra n scr ip t io n a l  con tro l mechanisms. 

The unique phylogenetic  p o s it io n  and developmental properties  of the 

brine shrimp, Artemia s a l in a , e s ta b l i s h e s  a unique ro le  for the study o f  

Artemia RNA polymerases in p r e c i s e ly  these areas of molecular b io lo g y .
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TABLE 1 . - -L o ca liza t io n and General Functions 

Polymerases

of  Animal C ell RNA

Enzyme Subcellu lar C ellu lar  Gene V iral Gene

Class L oca liza tion Transcripts Transcripts

I nucleolus 18s, 28s rRNAs none id e n t i f ie d

II nucleoplasm HnRNAs, mRNAs. mRNA precursors

I I I nucleoplasm tRNAs, 5s RNA low molecular  
weight RNAs

SOURCE: R. Roeder. 1976. Eukaryotic Nuclear RNA Polymerases. In
"RNA Polymerase". (R. Losick and M. Chamberlin, e d s . )  Cold Spring 
Harbor Laboratory, Cold Spring Harbor.



TABLE 2 . --Terminology, L o ca liza t io n  and Amanitin S e n s i t i v i t y  o f  Animal DNA-dependent RNA Polymerases

Terminology of Chambon 

C lass Enzyme

Terminology of Roeder 

Class Enzyme L oca liza t io n Amanitin S e n s i t iv i t y

A AI (a + b) I IA Nucleolus I n s e n s it iv e  to  1 mg/ml
A l l IB Nucleolus tl

B BO II 1 1 0 Nucleus S e n s it iv e  to 0 . 0 0 1 - 0 . 0 1  ug/ml

BI IIA Nucleus ti

BII (a + b) IIB Nucleus

C Cl S e n s it iv e  to  1 0 - 1 0 0  ug/ml

CII ti

C il ia I I I IIIA Nucleus ti

CHIb IIIB Cytoplasm it

SOURCE: Adapted from P. Chambon. 1975. Eucaryotic nuclear RNA polymerases. Ann. Rev.
Biochem. 44: 613-638.



99

TABLE 3 . --Assay of Artemia Cyst Fractions for Nuclease A c t iv i ty

A . Incubation of shr imp cy s t prote in with labeled template under various

ion ic  co n d it io n s .

Tube Time Temp. Ion CPM 7« Maximum Sample

1 O ' 0°C Mn*4" 31,659 100.0 Homogenate (290 ug)

2 10' 37°C Mn44" 30,734 97.1 ii

3 20' 37°C Mn44” 28,484 90.0 ii

4 10' 37°C Mg44" 28,019 88 .5 ii

5 20' 37°C Mg44" 28,374 8 9 .6 ii

6 O ' 0°C v  ++Mn 33,339 100.0 4,000 rpm supernatant

7 10' 37°C M ++Mn 32,170 96.5 (210 ug)

8 20' 37°C Mn44" 28,570 85 .7 ti

9 10' 37°C Mg44" 31,428 94.4 ii

10 20' 37°C Mg44" 26,268 78.8 ii

B. Repeat of nuclease assay with hydrated cy st  frac t ion s

Tube Time Temp. Ion CPM 7o Maximum Sample

1 O' 0°C Mn44 43,521 100.0 Homogenate

2 20' 37°C Mn44" 39,044 89 .7 Homogenate

3 20' 37°C M ++Mn 40,019 92.0 4 ,000  rpm supernatant

4 20' 37°C M ++Mn 30,125 69.2 4 ,000  rpm p e l l e t

5 20' 37°C Mn44" 31,478 91.2 15,000 rpm supernatant

6 20' 37°C Mn44" 25,050 57.4 15,000 rpm p e l l e t

7 300' 0°C Mn44" 571 1.3 4 ,000  rpm supernatant
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TABLE 4 . --S tim u lation  o f  Artemia RNA Polymerase A c t iv i t y  by Polymin-P

Exp.
O rig in a l3
A c t iv i ty

Post-Polymin
A c t iv i ty

A c t iv i ty
Ratio

Original*3

A28c/ A260

Post-Polymin

A2 8 ( /A260

2 4,453 7,132 1.6 0.71 0.95

3 8,561 16,166 1.9 0.71 0.74

4 5,144 10,334 2 .0 0.71 0.73

5 4,580 15,108 3.3 0 .70 0.77

6 1,323 2,205 1.7 0 .76 0.95

7 5,686 6,290 1.1 0.73 0.75

8 535 864 1.6 0 .70 0.81

9 1,096 1,115

Ave.

1 .0  

= 1.8

0.77 0.78

O rig ina l a c t i v i t y  and post-Polymin a c t i v i t y  are g iven in counts per 

minute above background.

k Art0/V/A i s  the r a t io  o f  absorbance a t  280 nm and 260 nm o f  a l/lOO 2o O' 260

or l /5 0 0  d i lu t io n  o f  polymerase sample made in to  1 M NaCl.



TABUS 5 . --Recovery o f  RNA Polymerase A c t iv i ty  through Pre-chromatography P u r i f ic a t io n  of

Hydrated Artemia Cyst Enzymes

Exp. No.

Wet Wt. 
Artemia 

(grams)

Q
Total A c t iv i ty  Units F/S U n i t s /  

g Shrimp

Percent

RecoveryHomog. S on ic . Post-P f/ s F/Sb

1 272 529 260 633 n .d . n .d .

2 458 387 402 519 368 1.38 95

3 501 432 307 3,003 592 344 1.18 137

TOTAL 1,231 1,348 970 4,155 1,377

4 129 87 62 403 108 47 0.84 125

5 449 340 437 1,053 841 205 1.87 247

6 324 255 368 733 255 113 0.79 100

7 509 111 137 1,729 279 173 0.55 252

8 497 259 335 8 64 255 129 0.51 98

9 333 309 379 317 155 38 0.47 50

TOTAL 2,242 1,361 1,718 5,073 1,892 706

d 3 oOne u n it  of enzyme incorporates 1 nmol [ Hj-UMP in to  a c id - in so lu b le  m ateria l in 10' at 37 C

k F/S fra c t io n  assayed a f te r  freez in g  and storage at -70°C

Abbreviations used : homogenate, Homog.; so n ic a te ,  S on ic .;  post-Polymin, Post-P; fro zen /s to red ,

F/S.
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TABLE 6 . --Summary o f  the P u r i f ic a t io n  o f  Hydrated Artemia Cyst RNA

Polymerase A c t iv i ty

Total Total Ot -amanitin Spec i f  ic Fold

Fraction Protein A c t iv i ty R esistance Ac t i v i t y dP u r if ic a t io n

(mg)3 (units)*5 (p erce n t)0 (units/m g)

Homogenate 33,700 1,348 0.040

Post-Polymin 6,205 4,155 0.670 17

F/Sd 5,001 1,377 0.275

DEAE-cellulose n .d . 583 35

DNA-cellulose  
fra c t io n s  16-23

13.8 325 23 .6 590

DNA-cellulose  
f r a c t io n  17

4 .3 189 57 4 4 .0 1,100

NOTE: Combined values o f  experiments 1-3; t o t a l  weight o f  hydrated
shrimp c y s ts  was 1,231 g.

A c t iv i ty  assays were carr ied  out in the standard rea c tio n  mix 
contain ing 30 u l enzyme, 4 mM Mri++ and 2 .5  ug/assay  d(A-T) in a f in a l  
volume of 125 u l .  Incubation was for 15 min at 37°C.

Protein  determ inations were by the method of Lowry a f t e r  pre­
c i p i t a t io n  in 157, TCA.

^One u n it  of enzyme a c t i v i t y  i s  the amount necessary to incorporate  
1 nmol su bstrate  in to  a c id -p r e c ip ita b le  m aterial in 10 min at 37°C.

Q
Percent r e s is ta n c e  to alpha-amanitin was determined by comparing 

the polymerase a c t i v i t y  measured in the presence and absence o f  8 ug/ml 
alpha-am anitin.

dFold p u r i f ic a t io n  r e fe r s  to the in crease  in  s p e c i f i c  a c t i v i t y  
r e l a t iv e  to  the s p e c i f i c  a c t i v i t y  o f  the homogenate.
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TABLE 7 . --Recovery of Enzymatic A c t iv i ty  anil Protein  throughout the 

P u r if ic a t io n  Scheme of Figure 1. R esults of Four Typical Experiments

Protein  Total Total Of-amanitin Spec i f i c

Fraction Volume Cone.3 Protein « • • b d A c t iv i ty  R esistance A c t iv ity

(ml) (mg/ml) (mg)
Q

(u n its )  (percent) (units/mg)

Experiment 5 - 449 g wet weight hydrated Artemia c y s ts

Homog. 650
S o n ic . 705 14.0 8,515 437 62 .051
HSS 610 13.5 8,235 340 88 .041
Post-P 133 26 .3  3,498 1,053 .301
f/ s 102 22.9  2,336 841 37 .360

Experiment 6 - 324 e wet weight hvdrated Artemia cv s ts

Homog. 500
S o n ic . 540 6,246 368 .059
HSS 468
Post-P 303 8 .3  2,490 733 .249
f/ s 138 13.3 1,835 255 59 .139

Experiment 7 - 509 g wet weight hydrated Artemia cy s ts

Homog. 675 111 41
S o n ic . 729 14.5 10,584 137 74 .013
HSS 685
Post-P 350 19.2 6,720 1,729 .257
f/ s 138 1,545 279 88 .181

Experiment 8 - 497 g wet weight hydrated Artemia c y s ts

Homog. 675 12.6 8 ,493 259 .030
S o n ic . 680 12.7 8,675 335 .039
HSS 665
Post-P 370 12.8 4 ,736 864 .182
f/ s 150 255 42

P rote in  determination was by the method o f  Lowry [1951].

k RNA polymerase a c t i v i t y  was measured in  the standard reaction  mix
conta in ing  30 u l enzyme and 0.75 ug d(A-T)n in a f in a l  volume o f  125 u l .

c 3One a c t i v i t y  un it  o f  enzyme incorporates one nanomole o f  [ H]"UMP in
10 min a t  37°C.

 ̂ Alpha-amanitin r e s is ta n c e  i s  given in terms o f  percent r e s i s ta n t  
a c t i v i t y  remaining a f te r  incubation with 4 ug/ml alpha-amanitin.

Homog., homogenate; S o n ic . ,  son ica te ;  HSS, high speed supernatant; Post-P , 
post-Polymin; F /s, frozen s tored .
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TABLE 8 . - -R esu lts  of the Chromatographic P u r if ic a t io n  anil P art ia l  

Separation of RNA Polymerase A c t iv i ty  of Hydrated Artemia Cysts

Total Total Of-amanit in S p ec if ic Fold

Fract ion/Proccdure P rote in3 A c t iv ity R esistance0 Ac t i v i  ty Pur i f

(mg) (u n its )^ (percent) (units/mg)

1. F/S (pooled) 15,147 1,892 0.125 4 .2

2. DEAE-cellulose 1

flow through (see  
0.08 M wash (see  
fra c t io n s  27-34 
fra c t io n  30

4)
3)

400 413
39.7

30 1.03 34.4

DNA-cellulose 1 
( f ig u r e  19)

fra c t io n s  32-48 
fra c t io n s  35-40 
fra c t io n  36

7.0
2 .7

.45

248
115

21.3

35.4
42 .6
4 7 .3

1,180
1,420
1,577

3. 0.08 M wash of DEAE 
c e l lu lo s e  1

980 516 45 0.53 31.7

DNA-cellulose 2 
(column p r o f i l e  not shown)

fra c t io n s  28-40 57 33

4. DEAE-cellulose 2 
( f ig u r e  20)

flow through 
fra c t io n s  19-26 
fr a c t io n  23

b66
556
170

30.2

72
72 0 .26

8 .7

Combined ex tra c ts  from exp. 4 - 9 ;  2,241 g to t a l  wet weight Artemia c y s t s .

Protein  determination by the method o f  Lowry [1951].

b 3One u n it  o f  enzyme incorporates one nmol H-UMP in 10 min a t  37°C

CPercent a c t i v i t y  remaining a f te r  incubation with 4 ug/ml amanitin



105

TABLE 9 . - -E f fe c t  of Template on RNA Polymerase A c t iv i ty  

Fractions from a DEAE-Sephadex Column3

Fraction Template

3
[ H]*UMP Incorp. 

(pmol/50 u l / lO ' )

Stim ulation  

R ela t iv e  to  
CT DNAnat

A c t iv i ty  Ratio  

CT DNAden 

d(A-T)n

12 CT DNAden 1.05 1.14 0.56
CT DNAnat 0.92
d(A-T)n 3.76 2.04

17 CT DNAden 17.06 3.52 6.16
CT DNAnat 4 .84
d(A-T)n 5.54 0.57

25 CT DNAjgn 46.27 3 .40 4.91
CT DNAnat 13.62
d(A-T)n 18.84 0.69

34 CT DNAden 4.44 2 .10 0.91
CT DNAnat 2.11
d(A-T) 9.74 2 .10n

NOTE: A ll  assays were carried  out in  the presence o f  0.025 M
ammonium s u l fa te  and 2mM Mn++. The concentration  o f  CT DNA was 3 ug /l25  ul 
assay and d(A-T)n was 5 u g /l25  u l assay .

Figure 23 g ives  DEAE-Sephadex column a c t i v i t y  p r o f i l e
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TABLE 1 0 .- -E f f e c t  of Template on Artemia s a l in a  RNA Polymerase II

Template
[^HJ'UMP Incorp. 
(pmol/50 u l / lO ' )

Stim ulation
R ela t ive  to
Artemia DNA -----------  nat

A c t iv i ty  Ratio
DNA /d(A-T) den n

d(A-T) n 0.73 0.47 ------

Artemia DNA, ------------  den

Artemia DNA ------------  nat

2.28

0.78

2 .9 6.2

C alf thymus DNA^^

C alf thymus DNA3 nat

3.71

1.03

4 .7

1 .3

10.1

Salmon sperm DNA^^ 

Salmon sperm DNA^^

2.38

1.64

3 .0

2 .1

6.5

NOTE: The standard reac tion  mixture contained 0 .6  ug o f  template,
3mM Mn'*̂ ' and 1.8 ug prote in  in a f in a l  volume o f  125 u l .  Incubation was 
for 25 min at 37°C. Each value i s  the average o f  three determ inations.



TABLE 1 1 . - - G e n e r a l  P r o p e r t i e s  o f  Ar temia  RNA Po lymerase  A c t i v i t i e s

3
DEAE-Sephadex Fraction 12 17 25 34

E lution  P o s it io n  
(M ammonium s u l fa t e )

DEAE-cellulose 0 .1 1 -0 .1 9  0. 11-0.19 0 .1 1 -0 .1 9 0 .1 1 -0 .1 9

DEAE-Sephadex 0.09 0.14 0.225 0.32

C a ta ly t ic  Properties

(NH^^SO^ optima (mM)

with CT DNÂ en 50 & 250 100 75-100 0-250

with d(A-T)n 25 25
++Mn optima (mM)

with CT DNAdcn A 2-3 2-3 1-2

with d(A-T) n 1 1-2

Mg** optima (mM)

with CT DNA^n 2 6 6 6

with d(A-T)n 6

Mn**/Mg** A c t iv i t y  Ratio

with CT DNAjen 2 .3 4 .0 3 .2 3.2

with d(A-T)n 4 .3 12.0

CT DNAden/CT DNAnat 
A c t iv i ty  Ratio

1.1 3.5 3 .4 2 .1

d(A-T)r/CT DNAnat 2 .0 0.57 0.69 2 .3

OC-amanitin S e n s i t i v i t i e s

ug/ml for 507. in h ib it io n  

ug/ml for 1007, in h ib it io n

in s e n s i t iv e  
to 4 ug/ml

.028

.040

.019

.040

insensitiA  
to  40 ug/r

£
Figure 23 g iv e s  DEAE-Sephadex column a c t i v i t y  p r o f i l e
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TABLE 1 2 .--General Properties  o f  Nuclear RNA Polymerases

Enzyme Class

I II III

Chromatographic E lution  P o s it io n s  

(M ammonium s u l fa t e )

DEAE-Sephadex - 0 . 1 - 0 . 2 0 .2 -0 .3

DEAE-cellulose - 0 . 1 - 0 . 2 - 0 . 1

Phosphocellulose — 0.17 ~ 0 .1 1 - 0 . 1 3

C a ta ly t ic  Properties

Ammonium S u lfa te  Optima (M) - 0 .0 5 - 0 . 1 0 0 .0 5 -0 .2 0

Mn /Mg A c t iv i ty  Ratio 1-2 5-10 ~  2

dCA-Tj^/DNA A c t iv i ty  Ratio 1-1 .5 0 .5 -1 .0 5-15

Alpha-amanitin S e n s i t i v i t i e s

(ug/ml for 50% in h ib it io n )

Animal C ells in s e n s i t iv e 0 .01 -0 .05 10-25

In sec ts in s e n s i t iv e 0 .0 3 -0 .0 6 in s e n s i t iv e

Yeast 300-600 1 in s e n s i t iv e

SOURCE: R. Roeder. 1976. Eukaryotic Nuclear RNA Polymerases. In
"RNA Polymerase". (R. Losick and M. Chamberlin, e d s . )  Cold Spring Harbor 
Laboratory, Cold Spring Harbor.

NOTE: The e lu t io n  p o s it io n s  indicated are those for the major forms
of  RNA polymerases I ,  I I  and I I I .  Minor enzyme forms may e lu te  at s l i g h t ly  
d i f f e r e n t  p o s i t io n s .  C a ta ly t ic  properties  re fer  to  those which are 
apparent under defined con d itions  with DNA templates in e x c e ss .  Alpha- 
amanitin in s e n s i t i v i t y  in d ica te s  no in h ib it io n  at toxin  concentrations up 
to  a t  l e a s t  1 mg/ml. A ll  numerical va lues  are approximate; some exceptions  
arc known.
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Homogenizat ion  of  h y d ra t e d  Artemia  c y s t s  ( g r i n d i n g  in  p o r c e l a i n  

m o r t a r  fo l lowed  by m o t o r - d r i v e n  t e f l o n - g l a s s  hom ogen iza t ion )

I
F i l t r a t io n  (through severa l layers of ch eesec lo th )

I
Addition o f  ammonium s u l fa te  to  0 .4  M

I
Sonication  ( for  60 to  120 seconds)

\
C entrifugation  (a t  34,000 rpm for 75 min in Beckman 35 rotor)

I
Ammonium s u l fa te  p r e c ip ita t io n  of high speed supernatant (557= saturation )

I
Resuspension of ammonium s u l fa te  p e l l e t  and t i t r a t i o n  aga in st  polymin; 

polymin p r e c ip ita t io n ;  cen tr i fu g a t io n  at 25,000 rpm for 20 min, 35 rotor

I
Ammonium s u l fa te  p r e c ip ita t io n  of supernatant (457. sa turation )

I
Resuspension of ammonium s u l fa te  p e l l e t  in  507= g ly c ero l buffer

I I
Column chromatography OR Storage at -70°C

F ig .  1. P u r i f ic a t io n  scheme for RNA polymerases of Artemia s a l i n a . 

A ll  procedures carried  out on ic e  or in a 4°C cold room.
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Fig . 2. Incorporation of substrate by Artemi a cy s t  RNA polymerase 

measured a f te r  d if fe r e n t  times of incubation. Shrimp cy s t  polymerase at 

two stages  o f  p u r if ic a t io n  was measured for a c t iv i t y  a f te r  various incuba- 

times in the standard reaction  mix at 37°C.

( -A A -) Shrimp cy s t  homogenate. This homogenate contained a mixture 

of  shrimp RNA polymerase enzymes and had 44% res is ta n ce  to 8 ug/ml alpha-
-| j

amanitin. Assays contained 93 ug p rote in , 2 .5  ug d(A-T)n and 4 mM Mn in 

a f in a l  volume of 125 u l .  Other components were as described in Methods 

for the standard reaction  mix. The reaction  was terminated with cold 5%,

TCA and the a c id - in so lu b le  product c o l le c te d  and washed on GF/c f i l t e r s .

The f i l t e r s  were dried and the r a d io a c t iv i ty  counted. Each point i s  the 

average o f  two determ inations.

( - # —# - )  Shrimp polymerase a c t i v i t y  peak fra c t io n  from a DNA-cellu- 

lo se  column (column p r o f i le  not shown). Each assay contained 9 .5 ug protein  

in a f in a l  volume of 125 u l;  the composition of the react ion  mix and incu­

bation procedures were id e n t ic a l  to those used for the crude homogenate 

(above). Each point i s  the average o f  two determ inations.
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F ig .  3. Rechromatography on DNA-ccllulose of the DEAE-cellulose 

a c t i v i t y  peak of Artcmia c y s t  F/S fra c t io n s  pooled from experiments 1 - 3 .

As explained in the t e x t ,  the polymerase sample applied to  th is  DNA-cellulose  

column was the pooled shrimp polymerase F/S fr a c t io n s  o f  experiments 1 - 3 .  

This a c t i v i t y  had been previously  batch-elu ted  from a DEAE-cellulose column. 

The polymerase-containing fra c t io n s  were c o l le c t e d  from the DEAE-cellulose 

and pooled on the b as is  o f  th e ir  UV absorbance. The volume of the pooled 

fra c t io n s  was 93 ml. This was made 507, saturated with ammonium s u l fa te  

and the prote ins  were p rec ip ita ted  by cen tr i fu g a t io n  a t  25,000 rpm in a 

Beckman 35 ro tor .

The p e l l e t  was resuspended in 150 ml buffer  B. The con d u ctiv ity  in ­

d icated  an ion ic  strength  equ iva lent to 0.15 M NaCl in buffer B. The to ta l  

enzymatic a c t i v i t y  was 233 u n its  o f  RNA polymerase a c t i v i t y  which was 35% 

r e s i s t a n t  to  8 ug/ml alpha-amanitin when assayed with d(A-T)R as template.

The DNA-cellulose column had been eq u ilib ra ted  to  0.15 M NaCl in  

buffer  B. The dimensions o f  the column were 7 cm x 2.25 cm; the sample 

was loaded overnight. A fter washing with 30 ml buffer B (0 .15 M NaCl), 

the column was batch e luted  with 50 ml buffer  B (0 .5  M NaCl). Fractions  

o f  50 drops/tube were c o l le c te d  and the UV absorbance, p rote in  concentration  

and enzymatic a c t iv i t y  were measured ( ta b le  6 ) .

(•••A "A") Protein  concentration determined by the Lowry method.

(-♦-»■ ) RNA polymerase a c t i v i t y  measured in the absence o f  amanitin.

(Fraction  17 was found to be 57% r e s i s t a n t  to 8 ug/ml. The standard reaction
| |

mix contained no added ammonium s u l f a t e ,  4 niM Mn and d(A-T) .)
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3
F i g .  4 .  R e t e n t i o n  o f  [ H]-d(A -T)n on m i l l i p o r e  f i l t e r s  by Artemia  

RNA polymerase  from a DNA-cel lu lose a c t i v i t y  peak .  Complete r e a c t i o n
3

mixes c o n t a i n i n g  0 .75  ug [ H ] -d (A -T)n and c o ld  t r i p h o s p h a t e s  and 0 t o  

9 ug shr imp po lymerase  i n  a f i n a l  volume of  125 u l  was i n c u b a te d  f o r  5 

min a t  37° C. The 0 .75  ug [^H]-d(A-T)n c o n ta i n e d  3,632 cpm. The 

r e a c t i o n  was t e r m i n a t e d  by the  a d d i t i o n  of  " low s a l t "  s o l u t i o n  (0 .0 2  M 

T r i s 'H C l  a t  pH 7 .6  and 0 .05  M NaCl) on i c e .  The r e a c t i o n  m ix t u r e s  were 

poured th rough  m i l l i p o r e  f i l t e r s  unde r  vacuum. F i l t e r s  had been  p r e ­

soaked and washed w i th  0 .1  M HC1 and s t o r e d  i n  0 .01  M ATP. The loaded 

f i l t e r s  were washed w i t h  5 ml o f  the  low s a l t  s o l u t i o n ,  d r i e d  and the  

bound r a d i o a c t i v i t y  was c o u n te d .
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F i g .  5 .  The e f f e c t  o f  p r o t e i n  c o n c e n t r a t i o n  on RNA polymerase  

a c t i v i t y .  RNA polymerases  a t  v a r i o u s  s t a g e s  o f  p u r i f i c a t i o n  from h y d r a t e d  

Ar temia  c y s t s  were a ssayed  f o r  polymerase  a c t i v i t y  a t  i n c r e a s i n g  p r o t e i n  

c o n c e n t r a t i o n s  in  the  s t a n d a r d  r e a c t i o n  mix.  A l l  i n c u b a t i o n s  were fo r

20 min a t  37°C in  the  p r e s e n c e  o f  A mM Mn , 5  ug d (A-T)n and no added

ammonium s u l f a t e .

(  -A - A - ) Crude homogenate

15,000 rpm s u p e r n a t a n t  o f  the crude  homogenate

( - # - • - )  35 ,000  rpm s u p e r n a t a n t  o f  the  c rude  homogenate

( -O—O - ) DNA-cel lu lose  column a c t i v i t y  peak f r a c t i o n  (column a c t i v i t y  

p r o f i l e  n o t  shown)
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F i g .  6. DEAE-Sephadex column chromatography o f  RNA polymerase  a c t i ­

v i t y  e x t r a c t e d  from Artemia  s a l i n a  a f t e r  24 h r  i n c u b a t i o n  a t  28°C. Ar temia 

c y s t s  were h y d r a t e d ,  washed and in cu b a ted  in  3.5% NaCl a t  28°C w i th  g e n t l e  

shak ing  as  d e s c r i b e d  in Methods.  The shr imp polymerase  e x t r a c t  was p r e ­

pa red  as  d e s c r i b e d  by Kedinger  and Chambon [1972] .  Th is  method d i f f e r e d  

from the  d e s c r i b e d  method in  t h a t  t h e  s o n i c a t i o n  was c a r r i e d  ou t  a t  a 

h i g h e r  ammonium s u l f a t e  c o n c e n t r a t i o n  (0 .225  ml s a t u r a t e d  ammonium s u l f a t e  

a t  pH 7 .5 /m l  e x t r a c t ) .  The sh r imp e x t r a c t  was f ro z e n  in  l i q u i d  n i t r o g e n  

and s t o r e d  a t  -70°C f o r  ch romatography .

Shrimp p r o t e i n  ( 7 . 4  mg, Lowry method)  was loaded on to  the  DEAE-Seph­

adex column, t h e  column was washed w i t h  one column volume of  0 .05  M ammonium 

s u l f a t e  b u f f e r ,  fo l lowed by 20 ml 0.1 M ammonium s u l f a t e  and th e n  the  enzyme 

a c t i v i t y  was e l u t e d  w i th  a l i n e a r  g r a d i e n t  of  25 ml each  0 .1  and 0 .4  M 

ammonium s u l f a t e  b u f f e r  A. F r a c t i o n s  o f  0 . 9  ml ( n o s .  1-19)  and 0.45  ml 

( n o s .  20-131)  were c o l l e c t e d .  Eve ry  o t h e r  f r a c t i o n  was assayed  w i th  ( - • - • - )  

and w i t h o u t  ( O —O )  a l p h a - a m a n i t i n  a t  1 .6  ug /m l .  C o n d u c t i v i t y  was 

measured w i t h  a Rad iometer  c o n d u c t i v i t y  m ete r  w i th  a f lo w - th ro u g h  probe 

and compared t o  s t a n d a r d s  o f  known i o n i c  s t r e n g t h .  BSA had been p l ac e d  in

the  c o l l e c t i n g  tu b es  so t h a t  the f i n a l  BSA c o n c e n t r a t i o n  of  the  c o l l e c t e d
- | |

RNA polymerase  f r a c t i o n s  was 0 .5  mg/ml.  Mn c o n c e n t r a t i o n  was 4 mM i n  a l l  

a s s a y s .
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F i g .  7 . DEAE-Sepliadex column ch romatography  of  h y d r a t e d  Artemia 

c y s t  homogenate  and r e - a s s a y  o f  the c o l l e c t e d  f r a c t i o n s  a f t e r  f r e e z i n g  in  

l i q u i d  N2  and s t o r a g e  a t  -70°C.  A. 55 mg p r o t e i n  (measured by the Lowry 

method)  of  shr im p c y s t  polymerase  f r a c t i o n  F/S was loaded  o n to  a DEAE- 

Sephadex column m easu r ing  1.5 cm x 17 cm a t  a f low r a t e  of  60 m l / h r .  The 

column was washed w i t h  40 ml b u f f e r  A c o n t a i n i n g  0.05  M ammonium s u l f a t e  

and the  enzyme a c t i v i t y  was e l u t e d  w i t h  a l i n e a r  g r a d i e n t  made from 140 ml 

each o f  0 .05  M and 0 .40  M ammonium s u l f a t e  b u f f e r  A. F r a c t i o n s  o f  3 ml 

each  were c o l l e c t e d  and assayed  as  th e y  came o f f  the column.  The s t a n d a r d  

r e a c t i o n  mix c o n ta i n e d  50 u l  enzyme and 1.5 ug CT DNA^^ i n  a f i n a l  volume 

o f  125 u l .  I n c u b a t i o n  was f o r  20 min a t  37°C i n  t h e  p r e s e n c e  ( - # —• —) and 

a b s en c e  ( -O- O- ) of  4 ug/ml a l p h a - a m a n i t i n .  B. R e -a s s a y  o f  the  column 

f r a c t i o n s  a f t e r  18 days s t o r a g e  a t  -70°C i n  a Revco ( t h e  f r a c t i o n s  had been 

f r o z e n  i n  t h e  Revco and had no a d d i t i o n a l  g l y c e r o l  or  BSA added to  them 

p r i o r  t o  f r e e z i n g  and a s s a y ) .  The a s s a y  c o n d i t i o n s  were i d e n t i c a l  t o  the  

o r i g i n a l  a s s a y  c o n d i t i o n s  d e s c r i b e d  above and did n o t  i n c l u d e  a l p h a - a m a n i t i n .
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F i g .  8 .  R e s u l t s  of  n o n - d e n a t u r i n g  g e l  e l e c t r o p h o r e s i s  of  the  DEAE- 

Sephadex a c t i v i t y  peak  f r a c t i o n s  o f  f i g u r e  7. A l i q u o t s  of  c o l l e c t e d  

f r a c t i o n s  were i n d i v i d u a l l y  e l e c t r o p h o r e s e d  on 57. p o l y a c r y l a m id e  g e l s  

under  n o n - d e n a t u r i n g  c o n d i t i o n s  a c c o r d i n g  to  the  method o f  M aize l  [1969] .  

Gels  i n  which a band was d e t e c t e d  a f t e r  s t a i n i n g  were scanned in  a 

G i l f o r d  s p e c t r o p h o t o m e t e r .  The a bso rba nc e  peak o f  the  r e s u l t i n g  t r a c e  

was c u t  o u t  and weighed .  In  no g e l  was t h e r e  more than  one abso rba nc e  

band;  i n  each  g e l  t h e  band had t h e  same r e l a t i v e  m o b i l i t y .  The w e igh t  

o f  t h e  a b s o rb a n c e  peak was c o r r e c t e d  t o  a f u l l  s c a l e  ab s o rb a n c e  o f  0 .5  

and t h e  v a l u e s  (mg p a p e r )  were p l o t t e d  w i t h  t h e  RNA polymerase  a c t i v i t y  

a g a i n s t  f r a c t i o n  number. Th i s  p r o c e d u r e  was r e p e a t e d  under  s l i g h t l y  

d i f f e r e n t  c o n d i t i o n s  as  d e s c r i b e d  below.

(-•■— ■ -) A l i q u o t s  of  150 u l  from f r a c t i o n s  49 ,  51,  53 ,  55 and 58 

were run  on 57. a c r y l a m i d e  g e l s  unde r  n o n - d e n a t u r i n g  c o n d i t i o n s  a t  3 mA/ 

t u b e ;  e l e c t r o p h o r e s i s  was c a r r i e d  o u t  i n  a c o ld  room a t  4°C.  E l e c t r o ­

p h o r e s i s  was d i s c o n t i n u e d  when th e  t r a c k i n g  dye ,  bromphenol  b l u e ,  r eached  

t h e  end o f  t h e  t u b e .  Gels  were 6 cm x 0 .6  cm and were s t a i n e d  i n  0.257o 

Coomassie  b l u e  i n  a s o l u t i o n  c o n t a i n i n g  m e th a n o l ,  d i s t i l l e d  w a t e r  and 

a c e t i c  a c i d  i n  t h e  r a t i o  5 : 5 : 1 .  D e s t a i n i n g  was accom pli shed  by s e v e r a l  

changes  o f  t h e  m e t h a n o l - a c e t i c  a c i d  s o l u t i o n ,  fo l l o w e d  by changes  o f  77. 

a c e t i c  a c i d .  The g e l s  were scanned a t  600 nm.

(•••.....•••) A l i q u o t s  o f  250 u l  from f r a c t i o n s  49 -  59 were r u n  on 5%

a c r y l a m i d e  g e l s  a t  4 mA/tube as  d e s c r i b e d  above .  The g e l s  were s t a i n e d  

i n  0.57. a c i d  f a s t  g r e e n  in  77. a c e t i c  a c i d  and d e s t a i n e d  e l e c t r o p h o r e t i c a l l y  

i n  7% a c e t i c  a c i d .  D e s t a i n i n g  was com ple ted  by changes  o f  77. a c e t i c  a c i d .  

G e l s  were scanned a t  630 nm.
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F i g .  9. The e f f e c t  o f  i n c r e a s i n g  a l p h a - a m a n i t i n  c o n c e n t r a t i o n  on

th e  a c t i v i t y  of  Ar temia  RNA polymerase  a c t i v i t y  from a r e p r e s e n t a t i v e

DEAE-Sephadex enzyme I I  a c t i v i t y  peak which had l o s t  i t s  a m a n i t i n -

r e s i s t a n t  a c t i v i t y  due t o  s e v e r a l  rounds o f  f r e e z i n g  and thawing  i n  a

Revco a t  -70°C.  The s t a n d a r d  i n c u b a t i o n  m ix tu re  c o n ta i n e d  8 . 4  ug p r o t e i n ,

4 mM Mn and 5 ug d(A-T) . I n c u b a t i o n  was f o r  20 min a t  37°C. Alpha-
n

a m a n i t i n  c o n c e n t r a t i o n  was v a r i e d  as  i n d i c a t e d .



RN
A 

S
y

n
th

e
si

s

125

1 0 0 ^

5 0

i i „-i - ’‘p . i . i ... ■ i ■ - ■-& -

. 0 0 4 . 0 4 .4

ftg / m l  a - a m a n i t i n



126

F ig . 10. The e f f e c t  o f  ammonium s u lfa te  concentration on the 

a c t i v i t y  o f  p urif ied  Artemia cy s t  RNA polymerases. The p u rif ied  RNA 

polymerase used in th is  experiment was fra c t io n  17 o f  the DNA-cellulose  

column whose a c t iv i t y  p r o f i le  i s  shown in figure 3. The enzyme was 

dialyzed  against buffer containing no ammonium s u lfa te  and then assayed  

in the standard reaction  mix with CT DNA^^ as template. Ammonium s u l fa te  

was added as ind icated . Fraction 17 was 57% r e s i s ta n t  to 8 ug/ml amanitin.

( # —♦  ) no alpha-amanitin. Assay o f  a mixture of s e n s i t iv e  and 

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

( - O O - ) assayed in the presence of alpha-amanitin at 8 ug/ml. 

(-A --A -) held a t  -20°C overnight before d ia ly s i s  and assayed in the 

absence of alpha-amanitin.
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Fig . 11. E ffec t  of ion ic  strength on the enzymatic a c t i v i t y  of  

Artemia c y s t  RNA polymerase I I .  Enzyme II  was obtained from hydrated 

shrimp c y s ts  as described in the flow diagram of the p u r i f ic a t io n  pro­

cedure ou tlined  in figure 1. The amanitin s e n s i t iv e  a c t i v i t y  peak fractions  

from a DEAE-cellulose column (data not shown) were pooled and run on DEAE- 

Sephadcx (data not shown). The a c t i v i t y  peak from that column was pooled

and d ia lyzed  overnight aga inst  buffer A with no ammonium s u l fa te  and no 
| |

Mg . The pooled samples were concentrated from 12 ml to 7 ml by d ia ly s i s

a ga in st  saturated sucrose for A hr. The enzyme was further d ia lyzed  to

remove the sucrose . I t  was frozen prior to  assay with ammonium s u l fa te  
| |

and Mn in  varying concentrations ( f igure  12).
| |

Prior to ch a ra cter iza t io n  with ammonium s u l fa te  and Mn the enzyme

was shown to  have no a c t i v i t y  in  the presence of 4 ug/ml alpha-amanitin.

In the f igu re  shown, 100 u l o f  enzyme was assayed in  a double reac tion
| |

mix which contained 4 mM Mn and 6.25 ug d(A-T)n (-■—» - )  or 7 .5 ug CT

DNA, ( -o —D-) in  a f in a l  volume o f  250 u l .  In the case of the assays  den

conta in ing  d(A-T) , the data presented i s  the r e s u l t  o f  averaging two n

determ inations and the range i s  shown. The CT DNA^^ data i s  the r e s u l t  

of  a s in g le  determ ination.

A l l  r e s u l t s  are presented as cpm/30 min/lOO u l enzyme in  a standard 

r ea c t io n  mix with a f in a l  volume of 250 u l .  Templates were as descibed .
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F i g .  12. E f f e c t  o f  Mn c o n c e n t r a t i o n  on the  enzymatic  a c t i v i t y  of  

Ar temia  RNA polymerase  I I .  The enzyme p r e p a r a t i o n  d e s c r i b e d  in  the  legend 

t o  f i g u r e  11 was a ssayed  a t  two c o n c e n t r a t i o n s  o f  ammonium s u l f a t e .  The 

Mn c o n c e n t r a t i o n  was v a r i e d  as  shown. Each p o i n t  i s  the  a v e ra g e  o f  two 

d e t e r m i n a t i o n s .

( #  0  ) 0 .100  M ammonium s u l f a t e  and 3.75  ug d(A-T)R i n  a f i n a l

volume o f  125 u l  i n c u b a t e d  a t  37°C f o r  25 rnin.

( - 0 - 0 - )  0 .025 M ammonium s u l f a t e  and 7 .5  ug d(A-T)^  in  a f i n a l

volume of  250 u l  i n c u b a t e d  a t  37°C f o r  25 min.
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F i g .  1 3 . - - G l y c e r o l  g r a d i e n t  c e n t r i f u g a t i o n  o f  po lymerase  I I  from 

Ar tem ia  s a l i n a . Po lymerase  I I  was o b t a i n e d  from h y d r a t e d  A r tem ia  c y s t s  

as  d e s c r i b e d  in  the  l egends  t o  f i g u r e s  11 and 12. The po lymerase  I I  r e m a in ­

ing  a f t e r  t h e s e  a s s a y s  was b rough t  t o  507, s a t u r a t i o n  w i th  ammonium s u l f a t e  

and c e n t r i f u g e d  a t  25 ,000  rpm in  a Beckman 30 r o t o r  f o r  2 h r .  P e l l e t s  were 

r e s u s p e n d e d  in  a f i n a l  volume o f  1 .0  ml g r a d i e n t  b u f f e r  (47, g l y c e r o l ) .

T h i s  p r e p a r a t i o n  r e q u i r e d  d i a l y s i s  ( 1 .5  h r  a t  4°C) a g a i n s t  g l y c e r o l  

g r a d i e n t  b u f f e r  c o n t a i n i n g  no g l y c e r o l  i n  o r d e r  t o  lower t h e  sample d e n s i t y .  

[ D i a l y s i s  a g a i n s t  157, g l y c e r o l  g l y c e r o l  g r a d i e n t  b u f f e r  would have been 

p r e f e r a b l e  s i n c e  the  h i g h  sample d e n s i t y  was p r i m a r i l y  due t o  ammonium 

s u l f a t e . ]  H a l f  of  the  sample was l a y e r e d  o n t o  e a ch  o f  2 p reformed  15-307, 

g l y c e r o l  g r a d i e n t s ;  one o f  t h e  A r tem ia  po lym erase  samples  had been mixed 

w i t h  25 u l  o f  E. c o l i  RNA polymerase  (S igma).  C e n t r i f u g a t i o n  was a t

35 ,000  rpm f o r  15 .4  h r  i n  an SW41 r o t o r  a t  3°C. G r a d i e n t s  were f r a c t i o n a t e d  

as  d e s c r i b e d  in  Methods.  F r a c t i o n s  o f  25 d rops  each  were c o l l e c t e d  and 

a s sa y e d  f o r  po lymerase  a c t i v i t y  i n  t h e  s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  

2mM Mn**, 0 .065 M ammonium s u l f a t e  and 3 .75  ug CT ( " • — • ”)

A l i q u o t s  o f  200 u l  each  o f  g r a d i e n t  f r a c t i o n s  10 -  20 were run  on 57,

p o l y a c r y l a m id e  g e l s  under  n o n - d e n a t u r i n g  c o n d i t i o n s .  The g e l s  were formed
Z M Z l

and r u n  a c c o r d i n g  t o  t h e  method o f  Ked inger  e t a L ^ a s  d e s c r i b e d  in  Methods.

They were s t a i n e d ,  d e s t a i n e d  and scanned a s  d e s c r i b e d  i n  t h e  legend  t o  f i g u r e

8 .  The r e l a t i v e  ab s o rb a n c e  o f  the  s i n g l e  p r o t e i n  bands was p l o t t e d  (- O O-)

by th e  method d e s c r i b e d  in  t h e  l egend  t o  f i g u r e  8 .

The a c t u a l  g e l  t r a c e s  o f  the  200 u l  a l i q u o t s  o f  g r a d i e n t  f r a c t i o n s

15 and 16-17 ( i n a d v e r t a n t l y  poo led )  a r e  shown as  B. and C. o f  f i g u r e  44 .

C o l l a p s e  o f  the  c e n t r i f u g e  tube  c o n t a i n i n g  t h e  m i x t u r e  o f  E. c o l i  and 

A r t em ia  po lym erases  p r e v e n t e d  com par i son  o f  t h e  b e h a v i o r  o f  t h e s e  enzymes.
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F i g .  14. Rechromatography on DEAE-Sephadex o f  the  RNA polymerase 

a c t i v i t y  from a DNA-cel lu lose  column. The a c t i v i t y  peak from a DNA- 

c e l l u l o s e  column was made 1 mg/ml BSA and 50% g l y c e r o l  and f r o z e n  f o r  9 

days  a t  -70°C.  Upon thaw ing ,  the  enzyme a c t i v i t y  was found t o  be 26% 

r e s i s t a n t  t o  1 .3  ug/ml a l p h a - a m a n i t i n .  The i o n i c  s t r e n g t h  was lowered to  

the  e q u i v a l e n t  o f  0 .05  M ammonium s u l f a t e  w i t h  b u f f e r  A and the  polymerase 

a c t i v i t y  was loaded  o n t o  a p r e - e q u i l i b r a t e d  DEAE-Sephadex column w i t h  a 

bed volume of  8 . 8  ml .  The sample was loaded  in  a volume of  126 ml a t  a 

f low r a t e  o f  60 m l / h r .  The column was washed w i th  20 ml b u f f e r  A (0.05M 

ammonium s u l f a t e )  and the  enzyme a c t i v i t y  was e l u t e d  w i t h  a l i n e a r  g r a d i e n t  

o f  25 ml each  of  0 .075 M and 0 .35  M ammonium s u l f a t e  i n  b u f f e r  A. F r a c t i o n s  

o f  1 .5  ml were c o l l e c t e d  and a s sayed  in  the  s t a n d a r d  r e a c t i o n  mix w i th  

(- # -  • - )  and w i t h o u t  ( -O—O- ) 4 ug/ml a l p h a - a m a n i t i n .  ( A A ) M ammonium 

s u l f a t e .
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F/S  f r a c  t i o n s  o f  e x p e r im e n t s  1 - 3  pooled

J
Enxyme a c t i v i t y  adsorbed  to  DEAE-cel lu lose  ( a t  0 .05  M ammonium s u l f a t e  

i n  b u f f e r  A)

S l u r r y  poured i n t o  Buchner f u n n e l  and washed ( b u f f e r  A a t  0 .07  M ammonium 
s u l f a t e )

P r e - l o a d e d  DEAE-cel lu lose  t r a n s f e r r e d  from Buchner  f u n n e l  t o  c h rom a to ­
g r a p h i c  column

I
RNA polymerase  a c t i v i t y  e l u t e d  w i th  0.5  M ammonium s u l f a t e  (UV abso rba nc e  

m on i to re d  and f r a c t i o n s  c o l l e c t e d )

»
F r a c t i o n s  c o n t a i n i n g  the  UV ab s o rb a n c e  peak  pooled  and p r e c i p i t a t e d  w i th  

ammonium s u l f a t e  (51% s a t u r a t i o n )

I
Ammonium s u l f a t e  p e l l e t  r e su spe nde d  in  b u f f e r  B and adso rbed  t o  DNA- 

c e l l u l o s e  a t  0 .15 M NaCl

1
RNA polymerase  a c t i v i t y  e l u t e d  w i t h  b u f f e r  B a t  0 .5  M NaCl 

( f i g u r e  3)

F i g .  15. Chromatograph ic  p u r i f i c a t i o n  scheme f o r  t h e  poo led  RNA 

po lym erase  a c t i v i t y  from e x p e r i m e n t s  1 - 3 .
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F/S  f r a c  t i o n s  o f  e x p e r im e n t s  4 - 9  pooled and b ro u g h t  t o  0 .05  M 
ammonium s u l f a t e  w i th  b u f f e r  A

DE AE-ce l lu lose  added and s l u r r y  poured i n t o  Buchner  funne l

DEAE-cel lu lose  washed w i t h  0.08 M 
ammonium s u l f a t e  b u f f e r  A

Flow t h ro u g h  m a t e r i a l  
d i l u t e d ;  DEAE-cel lu lose  
a d d e d .

DEAE-ce l lu lose  (2)
RNA polymerase  a c t i v i t y  
e l u t e d  w i t h  0 .5  M ammon­
ium s u l f a t e  b u f f e r  A 
( f i g u r e  20)

F r a c t i o n s  19-26 pooled 
and p r e c i p i t a t e d  w i th  
ammonium s u l f a t e  (50%, 
s a t u r a t i o n )

P e l l e t  r e suspended

"Wash" p r e c i p i t a t e d  w i th  
ammonium s u l f a t e  (55% 
s a t u r a t i o n )

P e l l e t  r e su spe nde d  in  
b u f f e r  B and a p p l i e d  to  
D N A-ce l lu lo se  column

DN A-cel lu lo se  washed w i t h  
b u f f e r  B a t  0 .15  M NaCl

I
RNA polymerase  a c t i v i t y  
e l u t e d  w i t h  b u f f e r  B a t  
0 .5  M NaCl (column a c t ­
i v i t y  p r o f i l e  n o t  shown) 
D N A-ce l lu lo se  (2)

P r e - l o a d e d  DEAE- 
c e l l u l o s e  t r a n s f e r r e d  
t o  g l a s s  column

I
DEAE-ce l lu lose  (1)
RNA polymerase  a c t i v ­
i t y  e l u t e d  w i t h  b u f f e r  
A a t  0 .5  M ammonium 
s u l f a t e  ( f i g u r e  18)

I
F r a c t i o n s  27-34 pooled  
and p r e c i p i t a t e d  w i th  
ammonium s u l f a t e  (50%, 
s a t u r a t i o n )

P e l l e t  r e su spe nde d  in  
b u f f e r  B and a p p l i e d  to  
D N A -ce l lu lose  column

D N A -ce l lu lose  washed 
w i t h  b u f f e r  B a t  0 .15 
M NaCl

I
DN A -ce l lu lose  (1)
RNA po lym erase  a c t i v ­
i t y  e l u t e d  w i t h  0 .5  M 
NaCl i n  b u f f e r  B 
( f i g u r e  19)

F i g .  16. Flow d iag ram  o f  t h e  c h ro m a to g ra p h ic  p u r i f i c a t i o n  and 

p a r t i a l  s e p a r a t i o n  of  Ar temia  c y s t  RNA po lym erases  (poo led  F/S f r a c t i o n s  

from e x p e r i m e n t s  4 - 9
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Fig .  1 7 . - - T i t r a t i o n  of  RNA polymerase  a c t i v i t y  a g a i n s t  polymin-P  

c o n c e n t r a t i o n .  Data from four  e x p e r i m e n t s  ( s e e  a l s o  t a b l e  4 ) .  A l i q u o t s  

o f  the HSS f r a c t i o n  (h ig h  speed s u p e r n a t a n t )  o f  Artemia  c y s t  RNA po lymer­

a s e  p r e p a r a t i o n s  were t i t r a t e d  a g a i n s t  i n c r e a s i n g  amounts of  polymin-P  as 

d e s c r i b e d  in  Methods.  The pu rpose  was t o  f in d  the polymin c o n c e n t r a t i o n  

c o r r e s p o n d i n g  to  maximum r e d u c t i o n  o f  n u c l e i c  a c i d s  w i th  minimum l o s s  o f  

enzyme a c t i v i t y .  The optimum polymin c o n c e n t r a t i o n  f o r  each  shr imp p o l y ­

merase p r e p a r a t i o n  was de te rm ine d  in  the  f o l l o w i n g  manne r:  a l i q u o t s  ( e i t h e r

0 .5  ml o r  1 .0  ml) o f  the  HSS f r a c t i o n  were mixed w i th  v e r y  sm a l l  amounts  

o f  2.5% ( o r  57») polymin and a l lowed  to  s t a n d  on i ce  f o r  15 - 20 min.  As 

d e s c r i b e d ,  the  n u c l e i c  a c id - p o ly m in  complexes were removed by c e n t r i f u g a t i o n  

and the  s u p e r n a t a n t  was a s sa y e d  f o r  RNA po lymerase  a c t i v i t y  i n  the s t a n d a r d  

r e a c t i o n  mix.  The r e m a in in g  n u c l e i c  a c i d  c o n t e n t  was de te r m in e d  from the  

r e l a t i v e  a b s o rb a n c e  a t  280 and 260 nm a f t e r  d i l u t i o n  o f  a measured amount 

o f  t h e  s u p e r n a t a n t  i n  1 M NaCl.

R e s u l t s  o f  fou r  e x p e r im e n t s  a r e  g i v e n ;  a l t h o u g h  the  s c a l e  i s  cha nged ,  

t he  u n i t s  as  p r e s e n t e d  f o r  D. a r e  t h e  same f o r  the  fou r  g r a p h s .  ( • ■ )

RNA polymerase  a c t i v i t y  o f  the  s u p e r n a t a n t  a f t e r  p r e c i p i t a t i o n  o f  t h e  n 

n u c l e i c  a c id - p o ly m in  complex.  (--A—A--) ^ 2 8 0 ^ 2 6 0  measured in  t h e  p r e s e n c e  

o f  1 M NaCl.  The a b s c i s s a  i s  the  amount o f  polymin ( a t  5% w/v)  added t o  

0 .5  ml HSS.

A. T i t r a t i o n  o f  a l i q u o t s  o f  HSS from e x p e r im e n t  2

B. T i t r a t i o n  o f  a l i q u o t s  o f  HSS from e x p e r i m e n t  3

C. T i t r a t i o n  of  a l i q u o t s  o f  HSS from ex p e r im e n t  9

D. T i t r a t i o n  o f  a l i q u o t s  o f  HSS from ex p e r im e n t  6
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F i g .  18. DEAE-cel lu lose  column chrom atography  o£ RNA po lymerase  

a c t i v i t y  r em a in ing  bound to  DEAE-cel lu lose  a f t e r  s t e p w i s e  e l u t i o n  w i th  

low i o n i c  s t r e n g t h  ammonium s u l f a t e  b u f f e r  A. (DEAE-ce l lu lose  1 ) .  F/S 

f r a c t i o n s  from s i x  e x p e r im e n t s  (4 - 9) in  which Ar temia  c y s t s  were 

h y d r a t e d  and the  po lymerase  a c t i v i t y  was e x t r a c t e d  as  o u t l i n e d  in  f i g u r e  

1, were pooled f o r  p r e l i m i n a r y  s e p a r a t i o n  of  a l p h a - a m a n i t i n - r e s i s t a n t  

a c t i v i t y  and enzyme I I  on DEA E-ce l lu lose .  Enzymatic  a c t i v i t y  o f  each  

f r a c t i o n  was assayed  upon thawing t o  d e te rm in e  the  l o s s  o f  a c t i v i t y  

d u r i n g  s t o r a g e  ( t a b l e  5 ) .

A t o t a l  o f  15.1 g p r o t e i n  c o n t a i n i n g  4 ,7 5 6  u n i t s  o f  a c t i v i t y  was 

mixed w i t h  84 g ( d r y  w e ig h t )  DEAE-cel lu lose  p r e - e q u i l i b r a t e d  w i t h  b u f f e r  

A a t  0 .05  M ammonium s u l f a t e .  A f t e r  45 min t h e  s l u r r y  was poured  i n t o  a 

l a r g e  Buchner  f u n n e l .  The D EAE-ce l lu lose  was washed w i t h  two l i t e r s  o f  

b u f f e r  A c o n t a i n i n g  0.08  M ammonium s u l f a t e  and t r a n s f e r r e d  t o  a chroma­

t o g r a p h y  column m easur ing  6 cm x 40 cm. The D E A E-ce l lu lose  was a l lowed  t o  

s e t t l e  and t h e  column was washed w i t h  0 .5  M ammonium s u l f a t e  b u f f e r  A. 

F r a c t i o n s  o f  350 d rops  were c o l l e c t e d  and t h e  p r o t e i n  c o n c e n t r a t i o n  o f  t h e  

e f f l u e n t  de te rm in e d  by an LKB UV m o n i t o r  and c h a r t  r e c o r d e r .  The p r o t e i n  

pe ak  c o r r e s p o n d e d  to  t h e  a c t i v i t y  peak ( d a t a  n o t  shown). The c o n d u c t i v i t y  

o f  c o l l e c t e d  f r a c t i o n s  was measured u s i n g  a r a d i o m e t e r  c o n d u c t i v i t y  m e te r  

and i o n i c  s t r e n g t h  was de te rm in e d  from a s t a n d a r d  c u r v e .  Enzymatic  a c t i v i t y

o f  f r a c t i o n s  was de te rm ine d  by a s s a y  i n  the  s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  
-| |

4 mM Mn and d(A-T)n a s  t e m p l a t e  i n  t h e  absence  o f  a l p h a - a m a n i t i n .  A l l  

p r o c e d u r e s  were c a r r i e d  o u t  i n  a c o ld  room a t  4°C.
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F i g .  19. Rechromatography on DNA-cel lu lose o f  the  Ar temia  c y s t  

RNA polymerase  a c t i v i t y  r em a in ing  bound to  DEAE-cel lu lose  a t  0 .08 M 

amnonium s u l f a t e .  F r a c t i o n s  27 - 32 o f  the DEAE-cel lu lose  column 

d e s c r i b e d  i n  the  legend  to  f i g u r e  18 were pooled  and made 507» s a t u r a t e d  

w i th  ammonium s u l f a t e .  A f t e r  o v e r n i g h t  p r e c i p i t a t i o n  a t  4°C and c e n t r i ­

f u g a t i o n  a t  30 ,000  rpm in  a Beckman 35 r o t o r  fo r  20 min,  t h e  p e l l e t  was 

r e suspe nde d  in  b u f f e r  B (507. g l y c e r o l ,  no MgC^i  no NaCl) and f ro z e n  a t  

-20°C .

The sample c o n ta i n e d  400 mg p r o t e i n  and was loaded o v e r n i g h t  on to

a DNA-cel lu lo se  column m easu r ing  3 cm x 27 .5  cm and c o n t a i n i n g  0 .37  mg

DNA/mg c e l l u l o s e .  The column was washed w i th  200 ml b u f f e r  B (0 .15  M

NaCl) and the  enzyme a c t i v i t y  was e l u t e d  w i th  b u f f e r  B ( 0 .5  M NaCl) .

F r a c t i o n s  were c o l l e c t e d  and 30 u l  a l i q u o t s  were a s sayed  f o r  RNA polymerase
| -|

a c t i v i t y  i n  t h e  s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  4 mM Mn and d(A-T)n 

i n  t h e  p r e s e n c e  ( - © * • * )  and absence  ( - 0 * 0 - )  o f  8 ug/ml a l p h a - a m a n i t i n .  

I n c u b a t i o n  was a t  37°C fo r  15 min. ( = ■•) p r o t e i n  c o n c e n t r a t i o n  as

de te rm in e d  by the lowry  method.  ( A -A- ) M NaCl.
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F i g .  20.  DEAE-cel lu lose  column ch ro m a tog raphy  o f  RNA polymerase  

a c t i v i t y  n o t  bound t o  DEAE-cel lu lose  a t  low i o n i c  s t r e n g t h .  (DEAE-cel lu­

l o s e  2 ) .  The poo led  F/S f r a c t i o n s  o f  e x p e r i m e n t s  1 - 3  were mixed w i th  

D E AE-ce l lu lose  and poured o n t o  a Buchner fu n n e l  as  d e s c r i b e d  in  the  t e x t .  

The f l o w - t h r o u g h  volume was 5 .1  l i t e r s  and had a c o n d u c t i v i t y  i n d i c a t i n g  

0 .045  M ammonium s u l f a t e .  T h i s  m a t e r i a l  was found to  c o n t a i n  556 u n i t s  

o f  po lym erase  a c t i v i t y  w i t h  ITU r e s i s t a n c e  t o  8 ug /ml a l p h a - a m a n i t i n .

B u f f e r  A c o n t a i n i n g  no ammonium s u l f a t e  was added t o  lower t h e  i o n i c  

s t r e n g t h .  When t h e  f l o w - t h r o u g h  f r a c t i o n  volume was 7.8  l i t e r s ,  8 3 .8  g 

( d r y  w e i g h t )  p r e - e q u i l i b r a t e d  DEAE-ce l lu lose  a t  0 . 7  meq/g was s t i r r e d  i n t o  

i t .  A f t e r  a s low m ix ing  o v e r n i g h t  i n  the  c o l d  room, t h e  s u p e r n a t a n t  

c o n t a i n e d  no enzyme a c t i v i t y .  S u p e r n a t a n t  c o n d u c t i v i t y  i n d i c a t e d  an i o n i c  

s t r e n g t h  o f  0 .04  M ammonium s u l f a t e .  The D E AE-ce l lu lose  was c o l l e c t e d  i n  

a Buchner  f u n n e l  and t r a n s f e r r e d  t o  a column which was washed w i t h  b u f f e r  

A a t  0 .05  M ammonium s u l f a t e .  The po lymerase  a c t i v i t y  was b a t c h  e l u t e d  

w i t h  0 .5  M ammonium s u l f a t e  b u f f e r  A.

F r a c t i o n s  o f  18 .3  m l / t u b e  were c o l l e c t e d  and 30 u l  a l i q u o t s  were

a s s a y e d  f o r  RNA polymerase  a c t i v i t y  i n  the  s t a n d a r d  r e a c t i o n  mix w i t h

d(A-T) as the template in the presence (•••■•■•) and absence (-O— O-) o f  n

8 ug /ml  a l p h a  a m a n i t i n .  ( -A—a—) i n d i c a t e s  t h e  i o n i c  s t r e n g t h  o f  t h e  

ammonium s u l f a t e  b u f f e r .  C o n d u c t i v i t y  was measured  d i r e c t l y  u s i n g  a 

Rad iom ete r  c o n d u c t i v i t y  m e te r  w i t h  a f l o w - t h r o u g h  p r o b e .  I o n i c  s t r e n g t h  

was d e te r m i n e d  by comparing  sample c o n d u c t i v i t y  t o  a s t a n d a r d  c u r v e .  A l l  

p r o c e d u r e s  were c a r r i e d  o u t  a t  4°C.
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Hom ogenizat ion (112 g h y d r a t e d  shr imp c y s t s )  

S o n i c a t i o n  ( i n  0 . 4  M ammonium s u l f a t e )

C e n t r i f u g a t i o n  ( a t  25 ,000  rpm f o r  75 min i n  Beckman 30 r o t o r )

Ammonium s u l f a t e  p r e c i p i t a t i o n  (557» s a t u r a t i o n )  o f  h ig h  speed s u p e r n a t a n t

R esuspens ion  o f  ammonium s u l f a t e  p e l l e t  and 
chrom atography on DEAE-cel lu lose

F r a c t i o n s  21-35 pooled  f o r  F r a c t i o n s  36-55 pooled  f o r
rec h rom a tog ra phy  on r ec h ro m a to g ra p h y  on
DEAE-Sephadex DEAE-Sephadex

| I
RNA polymerase  a c t i v i t y  o f  F r a c t i o n s  12-24 pooled  f o r
F r a c t i o n s  12, 17, 25 and 34 r ec h ro m a to g ra p h y  on phospho-
c h a r a c t e r i z e d  and i d e n t i f i e d  c e l l u l o s e ; a l i q u o t  c h a r a c t e r i z e d
by th e  e f f e c t  o f  the  v a r i a b l e s :  I

ammonium s u l f a t e

t e m p l a t e  ( n a t i v e ,  d e n a tu r e d  
and s y n t h e t i c )

F r a c t i o n s  13-16 examined by d i s c  
g e l  e l e c t r o p h o r e s i s  and t e m p la t e  
p r e f e r e n c e

RNA polymerase  s t r u c t u r e  o f  
F r a c t i o n s  12, 17 and 25 was 
examined by n o n - d e n a t u r i n g  
d i s c  g e l  e l e c t r o p h o r e s i s

F i g .  2 1 . - -F low d iagram o f  c h ro m a to g r a p h ic  s e p a r a t i o n  and s u b s e q u e n t  

c h a r a c t e r i z a t i o n  o f  RNA po lym erases  from h y d r a t e d  Ar temia  c y s t s
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F i g .  2 2 . - -D E A E -ce l lu lo se  chrom atography  o f  RNA po lym erases  from 

h y d r a t e d  Ar temia  c y s t s .  The ammonium s u l f a t e - p r e c i p i t a t e d  p r o t e i n  p e l l e t  

from th e  HSS (h ig h  speed s u p e r n a t a n t )  o f  112 g (wet  w e i g h t )  h y d r a t e d  shr imp 

c y s t s  was r esuspended  in  b u f f e r  A w i th  no ammonium s u l f a t e  and d i l u t e d  to  

500 ml.  At t h i s  p o i n t ,  the  ammonium s u l f a t e  c o n c e n t r a t i o n  was l e s s  than 

0 .05  M, the  t o t a l  p r o t e i n  was 882 mg and th e  n u c l e i c  a c i d  c o n t e n t  was 

7.5%.

To e l i m i n a t e  the  d e l a y  o f  l o a d i n g  t h e  sample by r u n n in g  i t  on to  

t h e  column,  DEAE-cel lu lose  (Whatman, f i n e ,  0 .7  meq/h ,  37 g d r y  w e i g h t )  

e q u i l i b r a t e d  w i t h  b u f f e r  A (0 .05  M ammonium s u l f a t e )  was mixed i n t o  the 

sample .  A f t e r  30 rain w i t h  o c c a s i o n a l  s t i r r i n g ,  the  m ix t u r e  was spun a t

5 ,0 0 0  rpm in  a S o r v a l l  RC-2b SS-34 r o t o r  f o r  5 min.  The DEAE-cel lu lose  

p e l l e t s  were c o l l e c t e d  and r esuspended  in  b u f f e r  A a t  0 .05  M ammonium 

s u l f a t e  and spun as  d e s c r i b e d  fou r  t imes  b e f o r e  t h e  s l u r r y  was t r a n s f e r r e d  

t o  a g l a s s  column.  The DEAE-cel lu lose  was packed by g r a v i t y  w h i l e  the 

column was r u n n in g .  The bed volume was 74 ml.

The enzyme a c t i v i t y  was e l u t e d  w i t h  b u f f e r  A c o n t a i n i n g  a l i n e a r  

g r a d i e n t  o f  ammonium s u l f a t e .  The f low r a t e  was 30 m l / h r  and the  g r a d i e n t  

c o n s i s t e d  o f  200 ml each  o f  b u f f e r  A a t  0 .05  M and 0 .35  M r e s p e c t i v e l y .

F r a c t i o n s  o f  5 .25  ml each were c o l l e c t e d  and a s sa y e d  in  the  s t a n d a r d
j |

r e a c t i o n  mix c o n t a i n i n g  3 mM Mn and 3.8  ug CT DNA^en in  t h e  p r e s e n c e  

( -#—# - )  and absence  ( -O—O - ) o f  8 ug/ml a l p h a - a m a n i t i n .  F i f t y  m i c r o l i t e r  

a l i q u o t s  were i n c u b a te d  fo r  20 min a t  37°C in  a f i n a l  volume of  125 u l .  

(-o.o-.o-o-.) A _ o r . .  (--A -A ) M ammonium s u l f a t e .
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F i g .  23. Rechromatography on DEAE-Sephadex o f  h y d r a t e d  Ar tem ia  c y s t  

RNA polymerase  e l u t i n g  e a r l y  from DEAE-cel lu lose  ch rom ato graphy .  F r a c t i o n s  

21 t h ro u g h  35 were pooled ( f i g u r e  2 2 ) .  The volume was 75 ml,  the  t o t a l  

p r o t e i n  was 30.8 mg, the  ^ 2 8 0 ^ 2 6 0  r a t ^°  was 1*13 and the  ammonium s u l f a t e  

c o n c e n t r a t i o n  was 0 .15  M. To r educe  the  ammonium s u l f a t e  c o n c e n t r a t i o n  

t o  l e s s  t h a n  0.05  M the  volume was b r ough t  t o  300 ml w i t h  b u f f e r  A. F o r t y  

m i l l i l i t e r s  (packed volume) o f  DEAE-Sephadex e q u i l i b r a t e d  w i th  0.05  M 

amnonium s u l f a t e  b u f f e r  A was mixed w i th  t h e  sample and ,  a f t e r  one and a 

h a l f  hou rs  on ice  w i th  o c c a s i o n a l  s t i r r i n g ,  the  m ix t u r e  was poured i n t o  

a column m easu r ing  1 .5  cm in n e r  d i a m e t e r .  The Sephadex was a l lowed  to  

s e t t l e  w h i l e  the  column was r u n n in g .  The h e i g h t  o f  t h e  packed DEAE-Sephadex 

was 22 cm and the  bed volume was 40 ml.  The column was washed w i t h  30 ml 

o f  b u f f e r  A a t  0 .05  M ammonium s u l f a t e  and th e n  the  enzyme was e l u t e d  w i th  

220 ml o f  a l i n e a r  g r a d i e n t  o f  0 .05  M t o  0 .5 0  M ammonium s u l f a t e  in  b u f f e r  A.

F r a c t i o n s  o f  4 . 1  ml were c o l l e c t e d  and a s sa y e d  in  t h e  p r e s e n c e  ( - • - • - )  

and absence  ( - 0 - 0 - )  o f  4 ug/ml a l p h a - a m a n i t i n .  Ammonium s u l f a t e  c o n c en ­

t r a t i o n  o f  t h e  f r a c t i o n s  was de te rm in e d  by m easu r ing  th e  c o n d u c t i v i t y  of  

25 u l  a l i q u o t s  d i l u t e d  i n  5 ml d i s t i l l e d  w a t e r  a t  0°C and comparing th e s e  

v a l u e s  w i t h  the  same d i l u t i o n s  o f  known ammonium s u l f a t e  c o n c e n t r a t i o n s .
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F i g .  24. Rechromatography on DEAE-Sephadex o f  pooled f r a c t i o n s  

o b t a i n e d  a f t e r  DEAE-cel lu lose  chromatography o f  RNA polymerase  a c t i v i t y  

from h y d r a t e d  Artemia  c y s t s .  The pooled  f r a c t i o n s  36 - 55 ( t h e  polymerase  

I I  r e g i o n )  from the  DEAE-cel lu lose  column whose a c t i v i t y  p r o f i l e  i s  shown 

i n  f i g u r e  22 had a volume o f  110 ml and an = 1 .616 and an = 2 .7 7 8 .

A f t e r  o v e r n i g h t  d i a l y s i s ,  the  sample was mixed w i th  DEAE-Sephadex e q u i l i ­

b r a t e d  w i th  b u f f e r  A a t  0 .05 M ammonium s u l f a t e .  A f t e r  an hour  on i c e  w i t h  

o c c a s i o n a l  s t i r r i n g ,  the  sample-DEAE-Sephadex m ix tu re  was poured i n t o  a 

column w i t h  a 1 .5  cm i n n e r  d i a m e t e r .  The DEAE-Sephadex was packed by g r a v i t y  

w i t h  the  column r u n n in g .  The h e i g h t  o f  the  packed DEAE-Sephadex was 22 cm 

and the  bed volume was 40 ml.  A f t e r  washing  w i t h  40 ml b u f f e r  A w i t h  0.05  M 

ammonium s u l f a t e ,  a 220 ml l i n e a r  g r a d i e n t  from 0 .05  M t o  0 .5 0  M ammonium 

s u l f a t e  i n  b u f f e r  A was a p p l i e d  t o  the  column a t  t h e  r a t e  o f  30 m l / h r .  

F o r t y - s e v e n  f r a c t i o n s  o f  4 . 6  ml each  were c o l l e c t e d  and a s sa y e d  f o r  RNA 

polymerase  as  d e s c r i b e d  in  Methods i n  the  p r e s e n c e  ( - • - • - )  and absence  

( - O —O - )  o f  4 ug/ml a l p h a - a m a n i t i n .
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Fig . 25. Phosphocellulose chromatography o f  enzyme II  a c t iv i t y .  

Fractions 12 through 24 from the DEAE-Sephadex column whose a c t iv i t y  pro­

f i l e  i s  g iven in figure 24 were pooled and had a volume of 60.5 ml. This

m aterial was dialyzed overnight aga in st  buffer A with 0.05 M ammonium 
|1

s u l f a t e  and no Mg . This step  reduced the ammonium s u l fa t e  concentration  

as w ell  as removing Mg which would in te r fe r e  with the binding of the 

enzyme to  the phosphocellu lose . The dialyzed enzyme was mixed with  

phosphocellulose (Whatman P - l l )  eq u ilib ra ted  a t  0.05 M ammonium s u lfa te  

and loaded d ir e c t ly  in to  a column. A fter s e t t l i n g ,  the matrix dimensions 

were 1.5 cm x 12 cm. The column was washed with 5 volumes o f  buffer A 

at 0.08 M ammonium s u lfa te  and the enzyme a c t i v i t y  was e lu ted  with 0.15 M 

ammonium s u l fa te  (flow  rate throughout was 60 m l/h r ) .  Fractions of 3 .3  ml 

each were c o l le c te d  and assayed for enzyme a c t iv i t y  as described . Assays 

in  the presence o f  alpha-amanitin were not performed s ince  the polymerase 

a c t i v i t y  showed no alpha-amanitin re s is ta n c e  prior to  loading on th is  

column.
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Fig . 26. Alpha-amanitin r e s is ta n ce  of ind iv idua l fra c t io n s  c o l le c te d  

a f te r  DEAE-Sephadex column chromatography. The ind iv idual fra c t io n s  ob­

tained by DEAE-Sephadex column chromatography ( f ig u re  23) o f  the pooled 

fra c t io n s  21-35 from the DEAE-cellulose column whose a c t iv i t y  p r o f i l e  i s  

presented as figure 22 were assayed for RNA polymerase a c t iv i t y  in the 

absence and presence of 4 ug/ml alpha-amanitin. In th is  f ig u re ,  the per­

cent re s is ta n c e  represents the percent o f  the t o t a l  RNA polymerase 

a c t iv i t y  remaining in the presence of th is  concentration of in h ib ito r .
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F ig . 2 7 . - -E f f e c t  o f  alpha-amanitin on the RNA polymerase a c t i v i t y  

of fr a c t io n  17 of the DEAE-Sephadex column shown in f igu re  23. RNA p o l­

ymerase a c t i v i t y  was measured in  the standard reac tion  mix contain ing
++

50 u l enzyme, 2 mM Mn , 0.025 M ammonium s u l fa te  and 3 ug CT DNA. . Theden
concentration  o f  alpha-amanitin was varied as in d ica ted . Incubation was 

for 20 min a t  37°C. The r e s u lt s  are presented as the percentage o f  the 

a c t i v i t y  measured without alpha-amanitin. Each point i s  the average of  

two determ inations. 1007o a c t iv i t y  corresponds to 373 cpm.
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F i g .  2 8 . - - E f f e c t  o f  a l p h a - a m a n i t i n  on th e  RNA po lym erase  a c t i v i t y  

o f  f r a c t i o n  25 o f  t h e  DEAE-Sephadex column shown in  f i g u r e  23 .  RNA p o l ­

ymerase a c t i v i t y  was measured i n  t h e  s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g

++50 u l  enzyme, 2 mM Mn , 0 .025  M ammonium s u l f a t e  and 3 ug CT DNA^^.  The 

c o n c e n t r a t i o n  o f  a l p h a - a m a n i t i n  was v a r i e d  as  i n d i c a t e d .  I n c u b a t i o n  was 

f o r  20 min a t  37°C. The r e s u l t s  a r e  p r e s e n t e d  as  t h e  p e r c e n t a g e  o f  the  

a c t i v i t y  measured w i t h o u t  a l p h a - a m a n i t i n .  Each p o i n t  i s  t h e  a v e ra g e  o f  

two d e t e r m i n a t i o n s .  1007» a c t i v i t y  c o r r e s p o n d s  t o  880 cpm.
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F i g .  29.  E f f e c t  o f  a l p h a - a m a n i t i n  on th e  RNA polymerase  a c t i v i t y  

o f  f r a c t i o n  34 o f  t h e  DEAE-Sephadex column shown i n  f i g u r e  23.  RNA p o l y ­

merase a c t i v i t y  was measured in  the  s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  100 u l  
| |

enzyme, 2 mM Mn and 10 ug d(A-T)n i n  a f i n a l  volume o f  250 u l .  S ince  

t h e s e  a s s a y s  were performed on an u n d i a l y z e d  a l i q u o t  o f  t h i s  f r a c t i o n ,  and 

t h e  column e l u t i o n  p o s i t i o n  was a t  0 .32  M ammonium s u l f a t e ,  the  f i n a l  

c o n c e n t r a t i o n  in  t h e  r e a c t i o n  m ix tu re  was 0 .13  M ammonium s u l f a t e .  The 

c o n c e n t r a t i o n  o f  a l p h a - a m a n i t i n  was v a r i e d  as  i n d i c a t e d .  I n c u b a t i o n  was 

f o r  20 min a t  37°C. The r e s u l t s  a r e  p r e s e n t e d  a s  t h e  p e r c e n t a g e  of the  

a c t i v i t y  measured w i t h o u t  a l p h a - a m a n i t i n .  Each p o i n t  i s  t h e  r e s u l t  o f  a 

s i n g l e  d e t e r m i n a t i o n .  100% a c t i v i t y  c o r r e s p o n d s  t o  264 cpm.
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F i g .  30. Comparison o f  the  a l p h a - a m a n i t i n  i n h i b i t i o n  c u rv e s  of  

A r tcm ia  s a l i n a  po lymerases  IIA and IIB w i t h  t h e  i n h i b i t i o n  c u rv e s  of  

po lym erase  I I  from HeLa c e l l s ,  D r o s o p h i l a  m e l a n o g a s t e r  and Sac c ha ro -  

myces c e r e v i s i a e  and po lymerase  I I I  from HeLa c e l l s .  100% a c t i v i t y  

c o r r e s p o n d s  to  373 can i n  t h e  c a s e  o f  A r tcm ia  s a l i n a  po lymerase  IIA

and l,019tf>„for Ar temia  s a l  ina  polymerase

( - ■ - * - ) HeLa c e l l  po lymerase  I I .

C -o—o-) HeLa c e l l  po lymerase  I I .

( - ■ - ■ - ) HeLa c a l l  po lymerase  I I I

( - □ - □ - ) HeLa c e l l  po lymerase  I I I

( ) D r o s o p h i l a  po lymerase  I I

( -A-Ar ) Saccharomyces po lvmerase

( - ♦ - • - ) Artemia  polymerase  IIA.

( -O—o~) Ar tem ia  polymerase  I IB .

I IB .

[Hossen lopp ,  Well s  and Chambon 1975] 

[ S e i f a r t  and Benecke 1975] 

[Hossen lopp ,  W ell s  and Chambon 1975] 

[ S e i f a r t  and Benecke 1975]

[ G r e e n l e a f  and Bautz  1975]

I I .  [ G r e e n l e a f  and Bautz  1975] 

F r a c t i o n  17 from f i g u r e  23.

F r a c t i o n  25 from f i g u r e  23.
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F i g .  31. E f f e c t  o f  ammonium s u l f a t e  c o n c e n t r a t i o n  on the  RNA p o l y ­

merase a c t i v i t y  o f  f r a c t i o n  12 from the  DEAE-Sephadex column shown i n  

f i g u r e  23 .  The s t a n d a r d  r e a c t i o n  mix c o n ta i n e d  50 u l  enzyme and e i t h e r  

5 ug d(A-T)n ( - ■ - ■ —) o r  3 ug CT DNA^en ( -O—D- ) . Mn c o n c e n t r a t i o n  

was 2 mM and the  i o n i c  s t r e n g t h  was v a r i e d  as  i n d i c a t e d .  I n c u b a t i o n  was 

f o r  20 min a t  37°C. Each p o i n t  was t h e  r e s u l t  o f  a s i n g l e  d e t e r m i n a t i o n .
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F i g .  32. E f f e c t  o f  ammonium s u l f a t e  c o n c e n t r a t i o n  on the  RNA p o l y ­

merase  a c t i v i t y  of  f r a c t i o n  17 from the  DEAE-Sephadex column shown in  

f i g u r e  23. The s t a n d a r d  r e a c t i o n  mix c o n t a i n e d  50 u l  enzyme and 3 ug
j

CT DNA^e n . Mn c o n c e n t r a t i o n  was 2 mM and the  i o n i c  s t r e n g t h  was 

v a r i e d  as  i n d i c a t e d .  I n c u b a t i o n  was f o r  20 min a t  37°C. Each p o i n t  

was t h e  r e s u l t  of  two d e t e r m i n a t i o n s .
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F i g .  33. E f f e c t  o f  ammonium s u l f a t e  c o n c e n t r a t i o n  on the  RNA

polymerase  a c t i v i t y  of  f r a c t i o n  25 from the  DEAE-Sephadex column whose

a c t i v i t y  p r o f i l e  i s  g iv en  i n  f i g u r e  23. The s t a n d a r d  r e a c t i o n  mix
11 |

c o n t a i n e d  50 u l  enzyme, 3 ug CT DNA^^ and 2 mM Mn . I o n i c  s t r e n g t h  

was v a r i e d  as  i n d i c a t e d .  I n c u b a t i o n  was f o r  20 min a t  37°C. Each 

p o i n t  i s  t h e  ave rage  of  two d e t e r m i n a t i o n s .
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F i g .  34.  E f f e c t  o f  ammonium s u l f a t e  c o n c e n t r a t i o n  on the  RNA p o l y ­

m erase  a c t i v i t y  o f  f r a c t i o n  34 from th e  DEAE-Sephadex column shown in  

f i g u r e  23.  The s t a n d a r d  r e a c t i o n  mix c o n ta i n e d  50 u l  enzyme and e i t h e r

5 ug d(A-T) ( -  ■ - ■ -  ) o r  3 ug CT DNA, ( - D - O - ) .  Mn** c o n c e n t r a t i o nn den

was 2 mM and the  i o n i c  s t r e n g t h  was v a r i e d  a s  i n d i c a t e d .  I n c u b a t i o n  was 

f o r  20 min a t  37°C. Each p o i n t  i s  the  r e s u l t  o f  a s i n g l e  d e t e r m i n a t i o n .
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F i g .  35. A compar ison  of  the  e f f e c t s  o f  i o n i c  s t r e n g t h  on f r a c t i o n s  

12, 17, 25 and 34 from th e  DEAE-Sephadex column shown i n  f i g u r e  23.  A.

A compar ison  o f  the  e f f e c t  o f  ammonium s u l f a t e  c o n c e n t r a t i o n  on the  RNA 

polymerase  a c t i v i t y  o f  f r a c t i o n  12 ( - 0 -  0 - )  and f r a c t i o n  34 ( ■# ♦  ) .

I n  t h i s  c om par i son ,  the  optimum ammonium s u l f a t e  c o n c e n t r a t i o n  i s  0 .025 M 

so the  RNA polymerase  a c t i v i t y  a t  t h i s  i o n i c  s t r e n g t h  i s  t a k e n  to  be 100%. 

The a c t i v i t y  of  t h e s e  enzyme f r a c t i o n s  a t  o t h e r  i o n i c  s t r e n g t h s  a r e  p r e ­

s e n t e d  i n  terms  o f  the  optimum (0 .0 2 5  M) i o n i c  s t r e n g t h s .  (See f i g u r e s  

31 and 34) B. A compar ison  o f  the  e f f e c t  o f  ammonium s u l f a t e  c o n c e n t r a t i o n  

on th e  RNA polymerase  a c t i v i t y  o f  f r a c t i o n  17 ( -A --A - )  and 25 ( A A ) .

I n  t h i s  com par ison ,  the  a c t i v i t i e s  a t  v a r i o u s  i o n i c  s t r e n g t h s  a r e  p r e s e n t e d  

i n  terms  o f  t h e  a c t i v i t y  a t  0 .075  M ammonium s u l f a t e  which i s  t a k e n  to  be 

100% a c t i v i t y .  (See f i g u r e s  32 and 33)
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F i g .  36. The e f f e c t  o f  m e ta l  ion c o f a c t o r  c o n c e n t r a t i o n  and t e m p la t e

on t h e  RNA polymerase  a c t i v i t y  o f  f r a c t i o n  12 of  the  DEAE-Sephadex column

shown i n  f i g u r e  23. The RNA polymerase  a c t i v i t y  o f  f r a c t i o n  12 was

measured in  the  s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  50 u l  enzyme and e i t h e r

3 ug CT DNA^^^ or  5 ug d(A-T)n . The m e ta l  ion  c o f a c t o r  was Mn o r  Mg

and the  c o n c e n t r a t i o n s  were v a r i e d  as  shown. The RNA po lymerase  a c t i v i t y

was t e s t e d  under  the  fou r  co m b in a t io n s  of  t e m p la t e  and c o f a c t o r ,  and s in c e
| |

low c o n c e n t r a t i o n s  of  Mn i n  t h e  p r e s e n c e  o f  d (A-T)R had the  most  s t i m ­

u l a t i n g  e f f e c t ,  a l l  d a t a  i s  p r e s e n t e d  i n  terms o f  p e r c e n t  o f  t h e  optimum 

a c t i v i t y .  Th i s  optimum was o b t a i n e d  w i t h  d(A-T)n and 2 mM Mn . Ammonium 

s u l f a t e  c o n c e n t r a t i o n  was 0.025  M. Each p o i n t  i s  the  r e s u l t  of  a s i n g l e  

d e t e r m i n a t i o n .  1007. a c t i v i t y  c o r r e s p o n d s  t o  1 ,093 cpm.

( - • - • - ) Mn4* ,  CT DNAden

( - 0 - 0 - )  Mn4* ,  d(A-T) n

< - * - * . )  Mg44-, CT D N A ^

( - A - .* - )  Mg44", d(A-T)n
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F i g .  37. The e f f e c t  o f  m e ta l  ion  c o f a c t o r  c o n c e n t r a t i o n  on the  RNA 

polymerase  a c t i v i t y  o f  f r a c t i o n  17 from the  DEAE-Sephadex column shown 

i n  f i g u r e  23. The RNA polymerase  a c t i v i t y  of  f r a c t i o n  17 was measured in  

a s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  50 u l  enzyme and 3 ug CT DNA^^.  The
| | -f-|

m e t a l  ion  c o f a c t o r  was e i t h e r  Mg ( A -A ) or  Mn ( #  #  ) and the  

c o n c e n t r a t i o n s  of  e a ch  were v a r i e d  as  i n d i c a t e d .  Data i s  p r e s e n t e d  in  

terms o f  optimum a c t i v i t y .  Optimum a c t i v i t y  was a c h ie v e d  w i t h  2 mM Mn 

Ammonium s u l f a t e  c o n c e n t r a t i o n  was 0.025  M and the  i n c u b a t i o n  was f o r  

20 min a t  37°C. Each p o i n t  i s  the  av e ra g e  o f  two d e t e r m i n a t i o n s .  100% 

a c t i v i t y  c o r r e s p o n d s  t o  3 ,735 cpm.
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F i g .  38. The e f f e c t  o f  metal  ion  c o f a c t o r  c o n c e n t r a t i o n  on the  RNA 

polymerase  a c t i v i t y  o f  f r a c t i o n  25 from the  DEAE-Sephadex column shown 

i n  f i g u r e  23.  The RNA polymerase  a c t i v i t y  o f  f r a c t i o n  25 was measured 

i n  a s t a n d a r d  r e a c t i o n  mix c o n t a i n i n g  50 u l  enzyme and 3 ug CT DNA^^.  

The m e ta l  ion  c o f a c t o r  was e i t h e r  Mg ( -A - A ) o r  Mn ( -© —# - )  and the  

c o n c e n t r a t i o n s  o f  each  were v a r i e d  as i n d i c a t e d .  Data  i s  p r e s e n t e d  in  

t erms  o f  optimum a c t i v i t y .  Optimum a c t i v i t y  was a c h ie v e d  w i t h  2 mM Mn 

Ammonium s u l f a t e  c o n c e n t r a t i o n  was 0.025 M and t h e  i n c u b a t i o n  was f o r  

20 min a t  37°C. Each p o i n t  i s  t h e  a v e ra g e  o f  two d e t e r m i n a t i o n s .  100% 

a c t i v i t y  c o r r e s p o n d s  to  8 ,001  cpm.
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F ig . 39. E ffec t  of metal ion co factor  concentration and template

on the ENA polymerase a c t iv i t y  o f  fra c t io n  34 of the DEAE-Sephadex column

shown in f igure 23. The RNA polymerase a c t i v i t y  of fra c t io n  34 was

measured in the standard reac tion  mix contain ing 50 u l enzyme and e ith er
++3 ug CT DNA, or 5 ug d(A-T) . The metal ion co factor  was e i th er  Mn den n

| |
or Mg and the concentrations were varied as shown. The RNA polymerase

a c t iv i t y  was tested  under the four combinations of template and metal ion
|

c o fa c to r .  Data i s  presented in terms of the a c t iv i t y  a t  2 mM Mn with
1 - 1 -  |  I

CT DNÂ ^  ̂ with both the Mn and Mg c o fa c to rs .  With d(A-T)^ as the
f | |_|

tem plate, both Mn and Mg r e s u lt s  are presented in terms of the a c t i -
| |

v i t y  achieved with 2 mM Mn and d(A-T)n> Incubation was for 20 min at  

37°C. Ammonium s u l fa te  concentration was 0.025 M. Each point represents  

a s in g le  determination. 100% a c t iv i t y  corresponds to 5,418 cpm.

( - + - » - ) Mn++, CT DNA,den

(—0 - 0 - ) Mn*"1", d(A-T) n

< * - * ) Mg4* , CT DNA,den

( - A - A - ) Mg4 4 , d(A-T)n
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F ig .  4 0 . --Absorbance p r o f i l e  of fra c t io n  12 from the DEAE-Sephadex 

column shown in f igu re  23 and E. c o l i  RNA polymerase a f te r  e lec tro p h o res is  

on 57o polyacryamide g e ls  under non-denaturing co n d it io n s .  Five percent  

polyacrylamide g e l s  were prepared and e lec tr o p h o r e s is  was carr ied  out as 

described  in Methods. Gels were run at 4°C in a cold room and scanned 

a t  600 nm in a G ilford spectrophotometer. A. 60 u l fra c t io n  12, f u l l  

absorbance = 2 .5 .  B. 45 u l fra c t io n  12 mixed w ith  30 u l E. c o l i  RNA 

polymerase (6 .3  ug p ro te in ) ,  f u l l  absorbance = 2 .5 .  Migration was toward 

r ig h t .



18^
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F ig .  4 1 . --Absorbance p r o f i l e  o f  fra c t io n  17 from the DEAE-Sephadex 

column shown in figure 23 and E. c o l i  RNA polymerase a f te r  e lec tro p h o res is  

on 5% polyacrylamide g e ls  under non-denaturing c o n d it io n s .  Five percent 

polyacrylamide g e ls  were prepared and e lec tr o p h o r e s is  was carried  out as 

described in Methods. Gels were run at 4°C in  a cold room and scanned at  

600 nm in a G ilford spectrophotometer. A. 60 u l  fra c t io n  17, f u l l  s ca le  

absorbance = 2 . 5 .  B. 45 ul fr a c t io n  17 mixed with 6 .3  ug E. c o l i  RNA 

polymerase, f u l l  sca le  absorbance = 2 .5 .  Migration was toward the r ig h t .
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F ig .  4 2 . --Absorbance p r o f i le  o f  fra c t io n s  24 and 26 from the DEAE- 

Sephadex column shown in figure 23 and JE. c o l i  RNA polymerase a f te r  

e le c tr o p h o r e s is  on 5°L polyacrylamide g e ls  under non-denaturing co n d it io n s .  

Five percent polyacrylamide g e ls  were prepared and e lec tro p h o res is  was 

carr ied  out as described in Methods. Gels were run at 4°C in  a cold room 

and scanned a t  600 nm in a G ilford spectrophotometer. A. 5 .3  ug E. c o l i  

RNA polymerase, f u l l  s c a le  absorbance = 1 .5 .  B. 50 u l mixture o f  fra c t io n  

24 and 26, f u l l  s c a le  absorbance = 1 .5 .  C. 25 u l E. c o l i  RNA polymerase 

(5 .3  ug ) ,  f u l l  s c a le  absorbance = 1 .5 .  Migration was toward the r ig h t .
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F ig .  4 3 . —Absorbance p r o f i le  o f  frac t ion s  24 and 26 from the DEAE- 

Sephadex column shown in  figure 23 and Artemia RNA polymerase I I  from 

f ig u re  24 a f te r  e lec tro p h o res is  on 57» polyacryamide g e ls  under non-denat­

uring co n d it io n s .  Five percent polyacrylamide g e l s  were prepared and 

e le c tr o p h o r e s is  was carr ied  out as described in Methods. Gels were run 

a t  4°C in a cold  room and scanned a t  600 nm in a G ilford spectrophoto­

meter. A. 50 u l fr a c t io n s  24 and 26 mixed, f u l l  s c a le  absorbance = 1 .5 .  

B. 175 u l Artemia RNA polymerase II  from f igu re  24, f u l l  s c a le  absorbance 

= 1 . 5 .  C. 25 u l mixture of fr a c t io n s  24 and 26 mixed w ith 175 u l  Artemia 

RNA polymerase II  from figure  24 (pooled fr a c t io n s  12 - 2 4 ) ,  f u l l  absorb­

ance = 1 .5 .  Migration was toward the r ig h t .
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F ig .  4 4 . —Absorbance p r o f i l e  o f  Artemia RNA polymerase I I  and E_. c o l i  

RNA polymerase electrophoresed on 5% polyacrylamide g e ls  under non-denatur­

ing con d it ion s  a f te r  g ly c e r o l  gradient c e n tr i fu g a t io n .  Five percent p o ly ­

acrylamide g e l s  were prepared and e lec tro p h o res is  was carried  out as 

described in Methods. Gels were run a t  4°C in  a cold  room and scanned at  

600 nm in a G ilford spectrophotometer. A. 100 u l E. c o l i  RNA polymerase 

from fr a c t io n  14 of the g ly c ero l  gradient a c t i v i t y  p r o f i l e  shown in Appendix 

2 . B. 200 ul o f  Artemia RNA polymerase II  a c t i v i t y  from fra c t io n  15 o f  

the g ly c e r o l  gradient whose a c t i v i t y  p r o f i l e  i s  shown in  f igure  13. C. 200ul 

Artemia RNA polymerase I I  a c t i v i t y  from fr a c t io n  16/17 ( in ad vertan tly  

pooled a f t e r  c en tr ifu g a t io n )  o f  the g ly c e r o l  gradient shown in f ig u re  13.

F u ll  s c a le  absorbance = 1 . 5  for A. ,  B. and C. Migration was toward the r ig h t .
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APPENDIX 1 . --S tock  Concentrations and D ilu t ion s  Used to Achieve Various 

Final Concentrations of RNA Polymerase Reaction Mix Substances

Test Stock Solution Final

Substance Concentration Di lu t ion Concentration

(mM) (mM)

Mn^ 25 5 u l / l 2 5  u l 1
50 fl 2
75 If 3

100 II 4
125 It 5
150 II 6
175 II 7
200 II 8
125 10 u l/125  u l 10

Mg++ 50 5 u l / l 2 5  ul 2rig 100 II 4
150 II 6
200 II 8
250 It 10
300 II 12
A 00 II 16
500 It 20

(M) (M)

Ammonium S u lfa te 0 .5 5 u l / l 2 5 u l 0.020
1 .0 II 0.040
2 .0 II 0.080
0.625 5 u l/125  u l 0.025
1.250 If 0 .050
1.875 It 0.075
2 .50 It 0 .100
3.125 II 0.125
3.75 II 0.150
3.125 10 u l / l 2 5  u l 0.250

ug/ml ug/ml

Alpha-amanitin 1,000 5 u l/1 2 5  u l 40
100 it 4

10 ii 0 .4
1 •• 0.04
0 .1 ii 0.004
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Appendix 2 . --G lycero l gradient c e n tr ifu g a t io n  o f E. c o l i  RNA 

polymerase. S even ty -f ive  m ic r o lite r s  o f  E. c o l i  RNA polymerase (Sigma) 

con ta in ing  158 ug prote in  in 507» g ly c e r o l  buffer was mixed with 300 ul  

of the l i g h t  g ly c ero l gradient buffer (4% g ly c e r o l )  for a f in a l  volume 

o f  375 u l at 13% g ly c e r o l .  This was layered onto the top of a preformed 

(15 - 30%, v /v )  g ly c e r o l  gradient in an SW41 rotor tube. The t o t a l  volume 

was 13.2 ml.

A fter c e n tr i fu g a t io n  at 30,000 rpm in an SW41 rotor for 20.9  hr at

3°C, the tube was punctured from the bottom and fr a c t io n s  o f  25 drops

each were c o l le c t e d .  F ractionation  was carr ied  out a t  4°C in a cold  room.

Fractions were assayed for RNA polymerase a c t i v i t y  in  the standard reaction
| |

mix contain ing 50 u l enzyme, 4 inM Mn and 5 ug d(A-T)n « Incubation was 

for 20 min at 37°C. Absorbance was measured at 280 nm. The r e s u l t s  are 

presented w ith  the bottom of  the gradient a t  the l e f t .
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