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1. INTRODUCTION 

The d i v i s i o n of the p r o k a r y o t i c domain i n t o the urkingdoms 
of the E u b a c t e r i a and the Archa e b a c t e r i a by C a r l Woese and 
h i s c o l l a b o r a t o r s (Woese and Fox, 1977; Woese et a l . , 1978) 
and i n consequence most of our present knowledge of the 
n a t u r a l systems of the two novel urkingdoms (Fox et a l . , 
1980) r e s t on the comparison of sequences of T1 RNAase 
o l i g o n u c l e o t i d e c a t a l o g s of 16S rRNAs of a large number of 
species (Fox et a l . , 1977). An i n c r e a s i n g body of a d d i t i o n a l 
evidence i n c l u d i n g comparative analyses of other parts of 
the t r a n s l a t i o n apparatus (Hori et a l . , 1982; Fox et a l . , 
1982; Matheson and Yaguchi, 1982; Yaguchi et a l . , 1982; Böck 
et a l . , 1984; Gupta, 1984; Kesse l and K l i n k , 1982), of the 
t r a n s c r i p t i o n machinery ( Z i l l i g et a l . , 1982; Schnabel e t 
a l . , 1983; Huet et a l . , 1983), of c e l l envelopes (Kandier, 
1982) and membranes (review by Langworthy et a l . , 1982), of 
responses to a n t i b i o t i c s (review by Böck and Kandier, i n the 
press) and of c e r t a i n aspects of metabolism prove these 
r e v o l u t i o n i z i n g ideas beyond reasonable doubt. 

The e r r o r margin of the o r i g i n a l S ^ method, which l e d to 
the r e c o g n i t i o n of the three e n t i r e l y separate urkingdoms of 
l i f e , the E u b a c t e r i a , the Arch a e b a c t e r i a and the " e u k a r y o t i c 
cytoplasm" or Eucyta (defined as the t r u l y e u k a r y o t i c com-
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partments of e u k a r y o t i c organisms), does not a l l o w a s i g 
n i f i c a n t e s t i m a t i o n of S values and thus phylogenetic 
d i s t a n c e between the kingdoms, so that the e a r l y branching 
sequence i n the e v o l u t i o n of the l i v i n g world remains 
undetermined. 

As more evidence becomes a v a i l a b l e , the problem acquires 
new dimensions. 

(1) Comparative sequence a n a l y s i s of homologous macromole-
c u l e s measures the distances between the present ends of 
l i n e a g e s , not, as would be r e q u i r e d , between t h e i r o r i g i n s 
i . e . the e a r l y branching p o i n t s . Many more sequences have to 
be determined such t h a t "ur-sequences" of l i n e a g e s can be 
d e r i v e d . 

(2) E v o l u t i o n might not s o l e l y proceed v i a the s e p a r a t i o n of 
l i n e a g e s but, to an unknown, though p o s s i b l y small extent, 
a l s o v i a h o r i z o n t a l gene exchange or recombination between 
d i f f e r e n t l i n e a g e s . This has f o r example c e r t a i n l y occurred 
between the u r m i t o c h o n d r i a l and the e u c y t i c compartments i n 
e a r l y eukaryotes. Examples of such processes between d i s t a n t 
p r o k a r y o t e s are as yet unknown. 

(3) The e v o l u t i o n r a t e s of d i f f e r e n t genes w i t h i n a lineage 
are not n e c e s s a r i l y p a r a l l e l to each other. This i s the 
reason why comparative a n a l y s i s of d i f f e r e n t macromolecules 
has l e d t o somewhat d i f f e r e n t p h y l ogenetic t r e e s . That 
d e r i v e d from 5S rRNA sequence (Fox et a l . , 1982; H o r i et 
a l . , 1982) i s f o r example d i f f e r i n g i n d e t a i l s from that 
o b t a i n e d by comparison of T1 RNAase o l i g o n u c l e o t i d e c a t a l o g s 
of 16S rRNAs. This review w i l l g i v e other examples. 

In the f o l l o w i n g , we w i l l show that a comparison of the 
component p a t t e r n s (complexity, homologies) and a n t i b i o t i c 
responses of the DNA dependent RNA polymerases of Archae-
b a c t e r i a , E u b a c t e r i a and eukaryotes , 

(1) i s independent evidence f o r the l a r g e p h y l o g e n e t i c 
d i s t a n c e between E u b a c t e r i a and A r c h a e b a c t e r i a ; 
(2) t e s t i f i e s f o r the deep d i v i s i o n between the two major 
branches of the urkingdom of the A r c h a e b a c t e r i a , together 
w i t h o t h e r f e a t u r e designs; 
(3) suggests a s p e c i f i c r e l a t i o n of A r c h a e b a c t e r i a , 
e s p e c i a l l y of the s u l f u r dependent branch, w i t h Eucyta 
which remains to be d e f i n e d ; 
(4) suggests a s p e c i f i c r e l a t i o n of Methanobacteriales and 



Methanococcales to E u b a c t e r i a , which remains to be defined; 
(5) e x e m p l i f i e s d i f f e r e n c e s i n the r a t e s of e v o l u t i o n of 
d i f f e r e n t genes. 

2. FACTS 

2.1 S i g n a l s t r u c t u r e s and t r a n s c r i p t i o n mechanisms 

Except f o r the presence of c e r t a i n "boxes", e.g. the TATAAT 
box p l u s the -35 box i n e u b a c t e r i a l promoters, the TATA box 
i n e u k a r y o t i c RNA polymerase I I promoters, and c e r t a i n 
downstream s t r u c t u r e s i n RNA polymerase I I I i n i t i a t i o n 
s i t e s , the sequences i n t e r a c t i n g w i t h RNA polymerases i n 
t r a n s c r i p t i o n i n i t i a t o n are i l l defined. RNA polymerases 
appear to recognize the s p e c i f i c i t y of promoters b e t t e r than 
the human mind or the computer. A c c o r d i n g l y , the few known 
a r c h a e b a c t e r i a l sequences c o n t a i n i n g t r a n s c r i p t i o n s t a r t s 
(DasSarma et a l . , 1984; K l e i n , H., personal communication) 
do not al l o w the d e r i v a t i o n of general sequences or 
s t r u c t u r e s of a r c h a e b a c t e r i a l promoters. However, mapping of 
t r a n s c r i p t i o n s t a r t s has revealed that sequences a c t i n g as 
promoters f o r E. c o l i RNA polymerase are i n a c t i v e i n c e r t a i n 
A r c h a e b a c t e r i a and v i c e versa ( J . Konisky, personal commu
n i c a t i o n ) . In v i t r o i n v e s t i g a t i o n s strengthen the c o n c l u s i o n 
t h a t a r c h a e b a c t e r i a l promoters d i f f e r from t h e i r e u b a c t e r i a l 
c o u n t e r p a r t s ( P r a n g i s h v i l l i et a l . , 1982). 

L i k e i n many cases i n Eu b a c t e r i a , two d i f f e r e n t genes, 
encoding d i s t i n c t components of methyl CoM reductase, are 
l i n k e d w i t h i n one Operon i n Methanococcus v o l t a e (Konheiser 
et a l . , 1984). 

Since i n v i t r o systems f o r c y c l i c , asymmetric, s i g n a l 
s p e c i f i c t r a n s c r i p t i o n by a r c h a e b a c t e r i a l RNA polymerases 
are not y e t a v a i l a b l e , d e t a i l s of the t r a n s c r i p t i o n process 
i n A r c h a e b a c t e r i a e.g. binding of the polymerase to the DNA, 
s p e c i f i c i t y , r o l e of components of the polymerases are 
unknown. Not much more i s known about t r a n s c r i p t i o n by the 
e u k a r y o t i c RNA polymerases, which so c l o s e l y resemble those 
of A r c h a e b a c t e r i a . 

So f a r , t r a n s c r i p t i o n by i s o l a t e d a r c h a e b a c t e r i a l 
polymerases d i f f e r s from that by eubacterial enzymes mainly i n 
that they are, by themselves, unable to t r a n s c r i b e f r e e 
n a t i v e DNA s p e c i f i c a l l y . 



Thus, the present s t a t u s o f ignorance of t r a n s c r i p t i o n 
s i g n a l s t r u c t u r e s and mechanisms not onl y i n A r c h a e b a c t e r i a , 
but a l s o i n eukaryotes and, l e s s so, i n E u b a c t e r i a , 
p r o h i b i t s a meaningful comparative a n a l y s i s aiming at 
understanding the phylogeny of the t r a n s c r i p t i o n systems. 
Therefore, we concentrate here on the much more l u c i d 
s i t u a t i o n p e r t a i n i n g to the comparison of s t r u c t u r e s 
(compositions) and component homologies of the "normal" DNA 
dependent RNA polymerases. 

2.2 The DNA dependent RNA polymerases of the E u b a c t e r i a 

are a l l of r a t h e r low co m p l e x i t y , w i t h o n l y four types of 
" t r u e " components (not c o n s i d e r i n g " b i n d i n g p r o t e i n s " l i k e íd 
and T ) , are almost a l l , i n t h e i r w i l d type v e r s i o n s , 
s e n s i t i v e to the a n t i b i o t i c s r i f a m p i c i n , which s p e c i f i c a l l y 
i n h i b i t s i n i t i a t i o n , and s t r e p t o l y d i g i n , which s p e c i f i c a l l y 
i n h i b i t s e l o n g a t i o n of t r a n s c r i p t i o n . 

They are a l l of the type ß'ßöct2 (see F i g . 1), i n which 3' 
and ß are two la r g e peptides w i t h molecular weights above or 
c l o s e to 100.000, a i s present twice per enzyme monomer and 
o* i s an i n i t i a t i o n f a c t o r i n v o l v e d i n promoter r e c o g n i t i o n 
and, a t l e a s t i n some cases, r e l e a s e d a f t e r i n i t i a t i o n , ß 1 

i s i n v o l v e d i n DNA b i n d i n g , ß appears to harbour important 
a c t i v e s i t e s (reviews: Z i l l i g e t a l . , 1976; Burgess, 1976). 

D i f f e r e n c e s between d i f f e r e n t groups concern the r e l a t i v e 
s i z e s of $ 3 and o. In gramnegative E u b a c t e r i a , £' i s 
u s u a l l y l a r g e r than ß, i n gr a m p o s i t i v e E u b a c t e r i a , i t i s the 
other way round. Gramnegative E u b a c t e r i a possess, i n 
average, large o components. In grampositive E u b a c t e r i a l i k e 
B a c i l l u s a i s s m a l l e r , but an a d d i t i o n a l component, 6 i n 
B a c i l l u s , y i n L a c t o b a c i l l u s , appears to be f u n c t i o n a l l y 
homologous to a p o r t i o n of the l a r g e a of the gramnegatives 
( D i c k e l et a l . , 1980; Achberger and W h i t e l y , 1981; G i e r l et 
a l . , 1982), suggesting the d i v i s i o n of the large 
p o l y f u n c t i o n a l ö of the gramnegatives i n t o two peptides of 
d i f f e r e n t f u n c t i o n , one, a , concerned w i t h promoter 
r e c o g n i t i o n , the other, 6 or y, w i t h the suppression of 
u n s p e c i f i c binding and/or i n i t i a t o n . 

In some phyla l i k e the blue green algae, a i s a 
s t o i c h i o m e t r i c component ( H e r z f e l d and K i p e r , 1976), i n 
o t h e r s , l i k e E. c o l i , i t i s a s u b s t o i c h i o m e t r i c f a c t o r only 
bound to f r e e core enzyme. In B a c i l l u s and L a c t o b a c i l l u s , i t 
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Lactobacillus curvatus 

Escherichia coli 

Halococcus morrhuae 
Halobacterium halobium 
Methanobacteriim thermcautotrcpMcum 
Methanosarcina barkeri 
tfethanoccccus thermoli thctrophicus 

" (before Hep-cell.) 

Desulfuroccccus mucosus form I 
Desulfurococcus mucosus form II 
Ihermoproteus tenax 

Ihermofilum pendens 

Thernococcus celer 

Sulfolobus acidccaldarius DSM 639 
Sulfolobus solfataricus P1 
Sulfolobus solfataricus Langw. 
Thermoplasma acidophilum 
Saccharanyces cerevisiae B (II) 

Saccharcrnyces cerevisiae A (I) 
Schizosaccharcmyces pcmbe A (I) 
Candida tropicalis A (I) 
standards 

Fig. 1 SDS Polyacrylamide gel electrophoresis patterns of 
DNA dependent RNA polymerase of eubacteria (top), methano-
genic and halophic and s u l f u r dependent Archaebacteria 
(the latter including T. acidophilum) (middle) and Eucyta 
(bottom). Compiled and aligned from different runs. 



r e p l a c e s 6 or y i n the p r e i n i t i a t i o n complex and i s r e l e a s e d 
upon i n i t i a t i o n ( G i e r l et a l . , 1982). 

The homology of the components of RNA polymerases of 
d i f f e r e n t orders or f a m i l i e s i s evident from Western b l o t 
a n a l y s i s employing a n t i b o d i e s a g a i n s t s i n g l e components of 
one or the other polymerase, and a l s o , i n some cases, from 
f u n c t i o n a l t e s t s , employing mutant components i n 
r e c o n s t i t u t i o n experiments. However, RNA polymerases of 
d i f f e r e n t f a m i l i e s , e.g. grampositive and gramnegative 
E u b a c t e r i a , do not c r o s s r e a c t i n the Ouchterlony 
i n - g e l - i m m u n o d i f f u s i o n t e s t which i s based on immunoprecipi-
t a t i o n , thus a l l o w i n g to determine p h y l o g e n e t i c d i s t a n c e i n 
a q u a l i t a t i v e manner. A d i s c u s s i o n of the r o l e of RNA 
polymerase b i n d i n g p r o t e i n s l i k e to and t and of a d d i t i o n a l a 
f a c t o r s of d i f f e r e n t promoter s p e c i f i c i t i e s as found i n B. 
s u b t i l i s , where they appear to be i n v o l v e d i n s p o r u l a t i o n , 
i s beyond the scope of t h i s review. 

The RNA polymerases of o r g a n e l l e s of eukaryotes, p l a s t i d s 
and m i t o c h o n d r i a , which should be derived from those of 
E u b a c t e r i a , are not discussed here because r e l e v a n t evidence 
i s completely l a c k i n g . 

2.3 The DNA dependent RNA polymerases of the Eucytes i . e . 
o f the n u c l e a r compartment of the eukaryotes 

are of much higher complexity, c o n t a i n i n g 10 or more 
components per enzyme monomer (see F i g . 1). A component i s 
normally t i g h t l y and s t o i c h i o m e t r i c a l l y bound to the enzyme 
p a r t i c l e , thus c o p u r i f y i n g w i t h other components and w i t h 
the a c t i v i t y . L i t t l e i s known about the requirement of 
c e r t a i n components f o r enzymatic a c t i v i t y and even l e s s 
about t h e i r s p e c i f i c r o l e i n the t r a n s c r i p t i o n process. 

Even i n p r i m i t i v e eukaryotes l i k e yeast three types of 
n u c l e a r RNA polymerases e x i s t , d i f f e r i n g i n t h e i r f u n c t i o n s 
and i n t h e i r s p e c i f i c component * p a t t e r n s , but resembling 
each other i n t h e i r g e n e r a l composition: 

RNA polymerase I (or A) t r a n s c r i b e s rRNA s t r u c t u r a l genes 
( i n c l u d i n g 5.8S rRNA) and i s i n s e n s i t i v e to the fungal 
poison a a m a n i t i n . 

RNA polymerase I I (or B) t r a n s c r i b e s mRNA ( p r o t e i n ) 
s t r u c t u r a l genes and i s h i g h l y s e n s i t i v e to a a m a n i t i n . 



RNA polymerase I I I (or C) t r a n s c r i b e s tRNA and 5S rRNA 
s t r u c t u r a l genes. I t s s e n s i t i v i t y to a amanitin i s 
in t e r m e d i a t e . 

T h e i r component patterns each c o n s i s t of two large 
s u b u n i t s , with s i z e s around 100 kdaltons, and 8 to 12 
s m a l l e r components (Roeder, 1976; Huet et a l . , 1982). 
However, only three of these, i n Saccharomyces AB C27 
( I , I I , I I I 27), ABC 23 ( I , I I , I I I 23) and ABC 14.5 
( I , I I , I I I 14.5) are shared by a l l three enzymes. In 
a d d i t i o n , RNA polymerases I and I I I share AC 40 ( I , I I I 40) 
and AC 19 ( l , I I I 19) (Buhler et a l . , I960). 

2.4 The DNA dependent RNA polymerases of the Archaebacteria 

are i n s e n s i t i v e to r i f a m p i c i n and a amanitin. Though forms 
l a c k i n g one or the other component (Sturm et a l . , 1980; 
Madon et a l . , 1983), i n some cases i n a c t i v e , and, sometimes 
forms w i t h a d d i t i o n a l components (Prangishvi11 i et a l . , 
1982) have been i s o l a t e d , i t appears that d i f f e r e n t types of 
enzymes as i n e u k a r y o t i c n u c l e i do not e x i s t . 

The enzymes are of two types, one of high, the other of 
intermediate complexity. Those of the s u l f u r dependent 
A r c h a e b a c t e r i a , which appear s t r i k i n g l y s i m i l a r to yeast 
polymerase I, c o n t a i n four heavy components, B,A,C and D, 
and more than s i x s m a l l e r components (E to J ) , those o f the 
methanogens and extreme h a l o p h i l e s , which show a novel type 
of component p a t t e r n , c o n t a i n f i v e heavy components, A , B', 
B'', C and D, and few (about three) smaller components (see 
F i g . 1 and Table 1 ). 

T h e i r s t r u c t u r e s (and f u n c t i o n s of which l i t t l e i s known) 
have been discussed i n d e t a i l i n previous reviews (e.g. 
Z i l l i g e t a l . , 1982). 

2.5 Homologies of a r c h a e b a c t e r i a l , eukaryotic and 
e u b a c t e r i a l DNA dependent RNA polymerases 

2.5.1 The Western b l o t t i n g technique 

For the a n a l y s i s of homologies between d i s t i n c t components 
of corresponding multicomponent complexes of d i f f e r e n t 
o r i g i n , as f o r example the DNA dependent RNA polymerases of 
d i f f e r e n t organisms, the s o - c a l l e d Western b l o t t i n g tech-
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nique of probing f o r immunochemical c r o s s r e a c t i v i t y o f f e r s a 
short cut to n u c l e o t i d e sequence comparison (Prager et a l . , 
1980; Huet et a l . , 1982). Though only s e m i q u a n t i t a t i v e and 
by f a r not on the same high l e v e l of l u c i d i t y as sequence 
a n a l y s i s , i t y i e l d s v a l u a b l e i n f o r m a t i o n s p e e d i l y and w i t h 
ease. The method c o n s i s t s of c h a l l e n g i n g b l o t t e d patterns of 
separated components of the complex, e.g. SDS Polyacrylamide 
ge l component patterns of RNA polymerases t r a n s f e r r e d to 
n i t r o c e l l u l o s e sheets, w i t h a n t i b o d i e s a g a i n s t s i n g l e 
components. C r o s s r e a c t i o n i s v i s u a l i z e d e.g. employing 
p r o t e i n A of Staphylococcus aureus l a b e l l e d w i t h 1 2 5 J or 
a n t i - a n t i b o d y c o v a l e n t l y coupled to peroxidase, thus 
a l l o w i n g d e t e c t i o n by autoradiography or by a c o l o u r 
r e a c t i o n . P o s i t i v e r e a c t i o n i n d i c a t e s that a n t i g e n i c groups 
are shared between the immunogen and the r e a c t i n g component. 
The s t r e n g t h of the r e a c t i o n depends both on the number of 
shared a n t i g e n i c determinants and on t h e i r a f f i n i t y to the 
antibody which might be decreased by s t r u c t u r a l changes i n 
e v o l u t i o n . For the purpose of phylogenetic s t u d i e s , the 
a n t i b o d i e s employed f o r probing should be p o l y c l o n a l i . e . 
d i r e c t e d a g a i n s t as many as p o s s i b l e of the a n t i g e n i c 
determinants of the completely denatured p o l y p e p t i d e s . The 
p r o b a b i l i t y of c r o s s r e a c t i o n i s determined by s t r u c t u r a l 
correspondence depending on phylogenetic d i s t a n c e but a l s o 
by the s i z e of the peptide such that the method i s normally 
not s u i t a b l e to prove homologies between small peptides 
(below 20 k d a l t o n s ) even i f p h y l o g e n e t i c a l l y r a t h e r c l o s e l y 
r e l a t e d . 

2.5.2 Homologies 

We c o l l a b o r a t e d w i t h J . Huet and A. Sentenac i n probing 
a r c h a e b a c t e r i a l , e u b a c t e r i a l and e u k a r y o t i c RNA polymerases, 
both i n spot t e s t s and by Western b l o t t i n g of SDS 
Polyacrylamide g e l e l e c t r o p h o r e s i s component p a t t e r n s , w i t h 
a n t i b o d i e s a g a i n s t s i n g l e components of yeast (Saccharomy-
ces) RNA polymerases I (A) and I I (B) (Huet et aTT, 1983). 
The homologies between d i f f e r e n t a r c h a e b a c t e r i a l RNA 
polymerases were e s t a b l i s h e d employing a n t i b o d i e s a g a i n s t 
s i n g l e components of the RNA polymerases of S u l f o l o b u s 
a c i d o c a l d a r i u s (R. Schnabel) and Methanobacterium 
thermoautotrophicum (M. Thomm), which were a l s o used to 
challenge p a t t e r n s of e u k a r y o t i c and e u b a c t e r i a l enzymes 
(Schnabel et a l . , 1983). F i n a l l y , a n t i b o d i e s a g a i n s t s i n g l e 
subunits of E. c o l i RNA polymerase were used. 



The RNA polymerases were from E s c h e r i c h i a c o l i , i n few 
i n s t a n c e s B a c i l l u s cereus (Rexer et a l . , 1975) and 
L a c t o b a c i l l u s curvatus ( S t e t t e r and Z i l l i g , 1974), 
r e p r e s e n t i n g the E u b a c t e r i a , Methanobacterium thermoautotro-
phicum ( S t e t t e r et a l . , 1980), Methanococcus t h e r m o l i t h o t r o -
p h i c u s , Methanosarcina b a r k e r i , Methanolobus v o l c a n i ( a l l 
Thomm, 1983) and Halobacterium halobium ( Z i l l i g et a l . , 
19 78; Madon and Z i l l i g , 1983), r e p r e s e n t i n g the methanogenic 
and extremely h a l o p h i l i c branch of A r c h a e b a c t e r i a , 
Desulfurococcus mucosus, Thermoproteus tenax (both 
P r a n g i s h v i l l i et a l . , 1982), Thermofilum pendens ( Z i l l i g et 
a l . , 1983a), Thermococcus c e l e r ( Z i l l i g et a l . , 1983b), and 
s e v e r a l S u l f o l o b u s species ( Z i l l i g et a l . , 1980) 
r e p r e s e n t i n g the s u l f u r dependent branch of the Archaebac
t e r i a , Thermoplasma acidophilum (Sturm e t a l . , 1980) as an 
i s o l a t e d genus, and Saccharomyces c e r e v i s i a e , forms 1(a) and 
11(B) Buhler et a l . , 1980) r e p r e s e n t i n g the Eucyta. The 
r e s u l t s are s c h e m a t i c a l l y shown i n F i g . 2. 

With e x c e p t i o n s , the c r o s s r e a c t i o n s between corresponding 
components of A r c h a e b a c t e r i a of both branches were s t r o n g . 
The c r o s s r e a c t i o n s between corresponding components of 
a r c h a e b a c t e r i a l and e u c y t i c polymerases were of s i m i l a r 
s t r e n g t h , o f t e n s i g n i f i c a n t l y stronger than between 
corresponding components of the e u k a r y o t i c polymerases I (a) 
and I I (B) themselves. The observed c r o s s r e a c t i o n s between 
homologous components of e u b a c t e r i a l RNA polymerases on the 
one hand and a r c h a e b a c t e r i a l and e u k a r y o t i c RNA polymerases 
on the other were s i g n i f i c a n t , but u s u a l l y weak ( F i g . 3 ) . 

For the purpose of d i s c u s s i o n of the correspondence of 
the component patterns of d i f f e r e n t RNA polymerase types, we 
have proposed a nomenclature, i n which the h e a v i e s t and the 
second components of the n u c l e a r yeast RNA polymerases I and 
I I are c a l l e d A and B (Schnabel e t a l . , 1983). In the RNA 
polymerases of a l l s u l f u r dependent A r c h a e b a c t e r i a and of 
Thermoplasma acidophilum, the corresponding components 
appear i n reversed s u c c e s s i o n , i . e . B w i t h the l a r g e s t 
apparent s i z e f o l l o w e d by A. I n c o n t r a s t , i n the enzymes of 
the methanogenic and extremely h a l o p h i l i c A r c h a e b a c t e r i a , 
the h e a v i e s t component corresponds again to the h e a v i e s t of 
y e a s t and the second of S u l f o l o b u s and has t h e r e f o r e to be 
termed A. The second and the t h i r d components of these 
enzymes both r e a c t w i t h S u l f o l o b u s B antibody but do not 
c r o s s r e a c t w i t h each o t h e r . Thus they each correspond to a 
d i f f e r e n t p o r t i o n of the e u k a r y o t i c or s u l f u r dependent 
component B. To account f o r t h e i r equivalence, we propose to 
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Fig. 3 Quantification of immunological crossreaction of 
d i f f e r e n t DNA dependent RNA polymerases with antibodies 
raised against native polymerase I (Pol A) and II (Pol B) 
of yeast and against the large components of these enzymes. 
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s u b s t i t u t e t h e i r previous des i g n a t i o n s B and B' by B' and 
B'', r e s p e c t i v e l y , i n the order of decreasing apparent s i z e . 
The l a r g e B subunit of the s u l f u r dependent A r c h a e b a c t e r i a 
and Eucyta i s e i t h e r a f u s i o n product of B' and B f', or B f 

and B'' are s p l i t t i n g products of B, depending on the 
d i r e c t i o n of e v o l u t i o n , whether on the l e v e l s of t r a n s 
c r i p t i o n or t r a n s l a t i o n , or p o s t t r a n s l a t i o n a l l y , remains to 
be determined. 

A n t i b o d i e s a g a i n s t the B components of yeast RNA 
polymerases I and I I recognize only the B', not the B'' 
subunit of H. halobium polymerase. The antibody a g a i n s t 
component B* of the RNA polymerase of Methanobacterium 
recognizes the B components of s u l f u r dependent Archaebacte
r i a and the B' components of polymerases from methanogens 
and h a l o p h i l e s e x c l u s i v e l y . 

The antibody a g a i n s t component B'1 of Methanobacterium 
recognizes the B components from s u l f u r dependent 
A r c h a e b a c t e r i a and the B' 1, but not the B' components from 
Methanobacterium and Methanococcus. In the p a t t e r n from 
Methanolobus v o l c a n i , a r e p r e s e n t a t i v e of the Methanomicro-
b i a l e s , i t r e a c t s s t r o n g l y w i t h B' ' , yet s i g n i f i c a n t l y 
though weakly a l s o w i t h component B'. In the p a t t e r n from H. 
halobium, i t r e a c t s almost as s t r o n g l y w i t h B' as w i t h B ? 1 

( F i g . 4^. Thus, i n the Methanococcales, the s p l i t separates 
the a n t i g e n i c s i t e s i n the same way as i n the Methanobacte-
ríales. In the Methanomicrobiales, i t i s i n a s l i g h t l y 
d i f f e r e n t p o s i t i o n , i n the H a l o b a c t e r i a l e s i n a q u i t e 
d i f f e r e n t p o s i t i o n . The t r a n s l o c a t i o n of the B - B'+B,f 

s p l i t i n the Methanomicrobiales might be the reason f o r the 
s m a l l e r s i z e d i f f e r e n c e of B' and B'f as compared to that 
seen i n other orders of t h i s branch. In c o n c l u s i o n , the B' 
and t h e B' 1 components of the Methanococcales and 
Methanobacteriales represent d i f f e r e n t p o r t i o n s of the l a r g e 
B component from those of the Methanomicrobiales and the 
H a l o b a c t e r i a l e s . 

The t h i r d components i n s i z e , C, of the enzymes of s u l f u r 
dependent A r c h a e b a c t e r i a and Thermoplasma are homologous to 
the f o u r t h components of methanogenic and extremely 
h a l o p h i l i c polymerases, which thus a l s o have to be termed C. 
In the same manner, the homology has a l s o been proved f o r 
the f o u r t h component of the s u l f u r dependent A r c h a e b a c t e r i a , 
D, and, i n s e v e r a l cases, the f i f t h component, E. For 
s m a l l e r components the l i m i t a t i o n s of the method do not 
a l l o w r e c o g n i t i o n of correspondence. 



Though the c r o s s r e a c t i o n s between components of 
e u k a r y o t i c and a r c h a e b a c t e r i a l RNA polymerases on the one 
and e u b a c t e r i a l RNA polymerases on the other hand are weak, 
they s u f f i c e to e l u c i d a t e interkingdom homologies: E. c o l i 
3' corresponds to component A of yeast and A r c h a e b a c t e r i a . 
E. c o l i 3 antibody c r o s s r e a c t s w i t h component B of y e a s t and 
S u l f o l o b u s , e x c l u s i v e l y w i t h component B'* of Methanobacte
rium and Methanococcus, mainly w i t h component B'' but weakly 
w i t h B' of Methanolobus (Methanomicrobiales), and almost as 
s t r o n g l y w i t h component B' as w i t h B'' of Halobacterium 
( f i g . 4 ) . In s p i t e of the g e n e r a l l y lower r e a c t i v i t y , i t i s 
p a r t i c u l a r l y s t r i k i n g t h a t the r a t i o of the responses of the 
B' and B'' components of v a r i o u s r e p r e s e n t a t i v e s of the 
methanogenic and extremely h a l o p h i l i c A r c h a e b a c t e r i a to E. 
c o l i 3 antibody i s very s i m i l a r to the r a t i o of the 
responses of the same components to Methanobacterium B'' 
antibody, i n d i c a t i n g correspondence s p e c i f i c a l l y between 
Methanobacterium (and Methanococcus) B'' and E. c o l i 3. 

Antibody a g a i n s t component C from S u l f o l o b u s r e a c t s w i t h 
e i t h e r component A 43 or A 49 of yeast RNA polymerase I . A 
more p r e c i s e assignment would r e q u i r e b e t t e r r e s o l u t i o n . In 
the E. c o l i polymerase p a t t e r n , i t r e a c t s s t r o n g l y w i t h the 
ö f a c t o r ( F i g . 4 ) . The other way round, E. c o l i a -antibody 
r e a c t s weakly but a l s o s i g n i f i c a n t l y w i t h the C components 
of both Methanolobus and S u l f o l o b u s , i . e . of members of both 
branches of the a r c h a e b a c t e r i a l kingdom ( F i g . 4 ) . Thus, the 
e u b a c t e r i a l ö corresponds to the a r c h a e b a c t e r i a l C s u b u n i t . 
In yeast RNA polymerase I, C i s probably component A43 or 
component A49. 

E. c o l i a antibody r e a c t s weakly w i t h component A40. 
Since S u l f o l o b u s D antibody a l s o reacts w i t h A40, i t i s 
h i g h l y probable t h a t a corresponds to A40 and to the 
a r c h a e b a c t e r i a l D component, though a d i r e c t c r o s s r e a c t i o n 
of a and D has not been observed. 

Component E of S u l f o l o b u s seems to correspond to yeast 
A27. A c r o s s r e a c t i o n w i t h an E. c o l i subunit has not been 
observed. E i s a p p a r e n t l y i n v o l v e d i n the i n t e r a c t i o n of the 
a r c h a e b a c t e r i a l enzymes w i t h the DNA (Schnabel et a l . , 
1982). For s m a l l e r components, interkingdom homologies cou l d 
not be e s t a b l i s h e d by immunochemical c r o s s r e a c t i o n . 
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S. acidocaldarius H . halobium Ml. volcani Mc. thermolithotrophicus E. coli 

Fig. 4 Immunological crossreactions (Western blots) of 
components of archaebacterial and eubacterial RNA poly
merases with antibodies raised against components B and 
C of S. acidocaldarius RNA polymerase, B' and B ' ' of 
Methanobacterium thermoautotrophicum RNA polymerase and 3 
of E. coli RNA polymerase. 

RNA polymerases, separated on SDS Polyacrylamide gels and 
transferred to nitrocellulose sheets by electroblotting 
procedure, were challenged with antibodies. 

Tracks l a b e l l e d p show the component pattern visualized 
by Coomassie blue staining. Those labelled i show bound 
antibodies visualized with peroxidase-coupled antibodies. 



3. Conclusions 

(1) The l a r g e components A, B, C and D of the three types of 
e u k a r y o t i c nuclear RNA polymerases c l o s e l y correspond to 
each o t h e r , to the . components A, B, C and D of the 
polymerases of the s u l f u r dependent A r c h a e b a c t e r i a and of 
Thermoplasma, to the components A, B', B'', C and D o f the 
enzymes of the methanogenic and extremely h a l o p h i l i c 
A r c h a e b a c t e r i a and, c l e a r l y though l e s s c l o s e l y t o the 
subunits ß, a and a of the e u b a c t e r i a l RNA polymerases 
( F i g . 2 ) . 

This i s c o n v i n c i n g evidence f o r a common o r i g i n of a l l 
"normal" RNA polymerases and suggests a c e r t a i n branching 
p a t t e r n i n e a r l y e v o l u t i o n which s h a l l be d i s c u s s e d below. 

(2) A r c h a e b a c t e r i a l RNA polymerases d i f f e r from e u k a r y o t i c 
n u c l e a r polymerases: The methanogens and h a l o p h i l e s by the 
B B' + B'' d i v i s i o n and the s u l f u r dependent Archaebacte
r i a and Thermoplasma by a reversed s i z e order of the 
components A and B. Both are i n s e n s i t i v e to ct a m a n i t i n . 
A r c h a e b a c t e r i a l d i f f e r from e u b a c t e r i a l RNA polymerases, as 
w e l l i n the c o n s i d e r a b l y greater complexity of t h e i r 
component p a t t e r n s , as i n t h e i r i n s e n s i t i v i t y to r i f a m p i c i n 
and s t r e p t o l y d i g i n . 

(3) The more s t r i k i n g o b s e r v a t i o n , however, i s t h a t they do 
not represent a uniform type, but rat h e r c l e a r l y d i s t i n c t 
types. The BACD... type r e a l i z e d i n a l l RNA polymerases from 
s u l f u r dependent A r c h a e b a c t e r i a and Thermoplasma d i f f e r s 
from the ABCD... type represented by the three e u k a r y o t i c 
RNA polymerases only i n the reversed s i z e order of 
components A and B. 

The AB fB , fCD... types of the methanogenic and extremely 
h a l o p h i l i c A r c h a e b a c t e r i a have apparently r e s u l t e d from 
t r a n s c r i p t i o n a l , t r a n s l a t i o n a l or p o s t t r a n s l a t i o n a l s p l i t s 
of the l a r g e component B of the s u l f u r dependent Archae
b a c t e r i a and Thermoplasma. 

In Methanolobus, r e p r e s e n t i n g the Methanomicrobiales, and 
more s i g n i f i c a n t l y i n Halobacterium, t h i s s p l i t leaves 
a n t i g e n i c determinants l i n k e d i n the r e s p e c t i v e B''s, which 
are separated i n Methanobacterium B ?'. The s p l i t should 
t h e r e f o r e e i t h e r have occurred independently ( a t l e a s t i n 
i t s f i n a l consequence) s e v e r a l times i n e v o l u t i o n , or i t was 
s p e c i f i c a l l y t r a n s l o c a t e d by recombination processes a f t e r 



the s e p a r a t i o n of the r e s p e c t i v e l i n e a g e s . In the case of 
the opposite d i r e c t i o n of e v o l u t i o n , these conclusions would 
have to be reversed: the B B'+B'' s p l i t would have been a 
B'+B1' — B f u s i o n . Recombination as a cause f o r the 
d i f f e r e n c e s between the B's and B , ? s each of the 
Methanobacteriales and Methanococcales, the Methanomicrobi
a l e s and the H a l o b a c t e r i a l e s would i n t h i s case have been a 
n e c e s s i t y . This i s a strong argument a g a i n s t t h i s sequence 
of events. 

(4) The homologies between corresponding components of 
Eucyta and Archaebacteria (ot both branches) are 
q u a n t i t a t i v e l y much stronger than between the l a t t e r and 
e u b a c t e r i a l components ( F i g . 4 ) . They appear even stronger 
than between d i f f e r e n t types of e u k a r y o t i c nuclear RNA 
polymerase components: evidence f o r the la r g e phylogenetic 
d i s t a n c e , which separates the present eukaryotes from t h e i r 
one-polymerase-ancestors o r, the other way round, f o r the 
p r i m i t i v e nature of the present A r c h a e b a c t e r i a . 

(5) The f a i l u r e of the E. c o l i 3 antibody to r e a c t w i t h the 
B 1-components of Methanobacterium and Methanococcus and the 
s t r i k i n g resemblance of the r e a c t i v i t y r a t i o s of the _E. c o l i 
3 and Methanobacterium B'1 a n t i b o d i e s w i t h the Methanolobus 
and Halobac terium B' and B'1 components r e s p e c t i v e l y 
suggests t h a t E. c o l i 3 corresponds to B " of Methanobacte-
rium. Thus JE. c o l i polymerase which e x h i b i t s the same 
B — B'+B'' s p l i t as Methanobacterium ( a t l e a s t as revealed 
by immunochemical homology) could have a r i s e n from the same 
ancestor by l o s s of the B' component and a d d i t i o n a l 
s t r e a m l i n i n g ( F i g . 5). 

(6) The B 1 1 component of Me thanobac ter ium, which corresponds 
to only p a r t of the B f 1 of Halobacterium, c r o s s r e a c t s w i t h 
E. c o l i 3 , but not with the B component of yeast RNA 
polymerases I and I I . In c o n t r a s t , the B f component of 
Halobacterium, which corresponds to only p a r t of B' of 
Methanobacterium, c r o s s r e a c t s w i t h the B component of the 
yeast polymerases, but not w i t h IS. c o l i 3 . The B component 
of s u l f u r dependent Archaebacteria c r o s s r e a c t s w i t h both 
Methanobacterium B'* and Halobacterium B'. This s i t u a t i o n i s 
v i s u a l i z e d s c h e m a t i c a l l y i n F i g . 5. E u b a c t e r i a and Eucyta 
have conserved d i f f e r e n t a n t i g e n i c determinants of the B 
component of the s u l f u r dependent A r c h a e b a c t e r i a , besides a 
core of common determinants. This opposite trimming i s a 
strong argument f o r the a n c e s t r a l nature of the s u l f u r 
dependent B and more g e n e r a l l y of the A r c h a e b a c t e r i a . 
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(7) These data suggest th a t the o r i g i n a l ( a n c e s t r a l ) 
polymerase was that conserved i n the s u l f u r dependent 
A r c h a e b a c t e r i a and Thermoplasma (see F i g . 6 ) . 

The BACD type polymerase would then have given r i s e to 
the u r k a r y o t i c ABCD enzyme and to the ( d i f f e r e n t ! ) A B ^ ' C D 
polymerases of the H a l o b a c t e r i a l e s and the methanogens, the 
f i r s t d i r e c t l y , the l a t t e r by a number of suc c e s s i v e 
independent B - B'+B'' s p l i t s . A l t e r n a t i v e l y , d i f f e r e n t 
l i n eages could have separated a f t e r one o r i g i n a l B - B'+B'' 
s p l i t , followed by i t s lineage s p e c i f i c recombinative 
t r a n s l o c a t i o n as discussed above. In any case, the 
e u b a c t e r i a l RNA polymerases appear derived from the same 
a n c e s t r a l type as those of the Methanobacteriales and the 
Methanococcales, which are p a r t i c u l a r l y c l o s e to each other, 
whereas the Methanomicrobiales are s i g n i f a n c t l y more d i s t a n t 
( F i g . 6 ) . The b i g d i f f e r e n c e i n the B s p l i t i n H. halobium 
could be a consequence of the extreme genome i n s t a b i l i t y of 
t h i s organism but separates the H a l o b a c t e r i a l e s c l e a r l y from 
the other orders of the branch. 

The events l e a d i n g from an RNA polymerase of the 
Methanobacterium design to a t y p i c a l l y e u b a c t e r i a l enzyme 
then were the loss of B' and a d d i t i o n a l s t r e a m l i n i n g by the 
lo s s of a l l (or most) components smal l e r than D (which 
corresponds to ot). 

I t i s not impossible though l e s s probable that the 
e u k a r y o t i c polymerases were d e r i v e d from the e u b a c t e r i a l 
enzymes by the opposite order of events: f i r s t a c q u i s i t i o n 
of B' and of a d d i t i o n a l small components, then f u s i o n of B'' 
and B'. A f i n a l d e c i s i o n between these two extreme tree s has 
not been reached. The sequence of events, i n one or the 
other d i r e c t i o n , appears, however, l o g i c a l and even cogent 
( F i g . 6 ) . 

(8) The RNA polymerases of A r c h a e b a c t e r i a , e s p e c i a l l y of the 
s u l f u r dependent branch, appear s t r i k i n g l y " e u k a r y o t i c " l i k e 
a number of other f e a t u r e designs i n Archaebacteria, e.g. 
the ADP r i b o s y l a t i o n of EF2 of both branches by d i p h t h e r i a 
t o x i n ( K e s s e l and K l i n k , 1982), the e x i s t e n c e , again i n both 
branches, of r e p l i c a t i n g DNA polymerases s e n s i t i v e to 
a p h i d i c o l i n ( F o r t e r r e e t a l . , 1984; M. Nakayama and M. 
Kohiyama, personal communication; R. S c h i n z e l and K.J. 
Burger, personal communication; H.P. Zabel, J . Winter, H. 
F i s c h e r , E. H o l l e r , personal communication; D. P r a n g i s h v i l l i 
and Z i l l i g , 1984), the sequences of ribosomal " A - p r o t e i n s " 
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(Matheson and Yaguchi, 1982), the existence of i n t r o n s i n 
tRNA s t r u c t u r a l genes (Kaine et a l . , 1982; D a n i e l s et a l . , 
1984), the absence of f o r m y l a t i o n of methionyl i n i t i a t o r 
tRNA, the absence of the 3' terminal CCA sequence i n the 
t r a n s c r i p t and c e r t a i n tRNA m o d i f i c a t i o n s (Gupta and Woese, 
1980) (Table 2 ) . 

In a number of other feature designs, the s u l f u r 
dependent A r c h a e b a c t e r i a appear c l o s e r to eukaryotes than 
the methanogens and extreme h a l o p h i l e s do (and, v i c e v e r s a , 
the methanogens and h a l o p h i l e s c l o s e r to the E u b a c t e r i a ) . 
These comprise the shape of the large ribosomal subunit 
(Henderson et a l . , 1984; Lake et a l . , 1984), the 5S rRNA 
secondary s t r u c t u r e as revealed by Fox et a l . (1982), 
i n i t i a t o r tRNA s t r u c t u r e (Kuchino et a l . , 1982), the 
complexity of ribosomal p r o t e i n patterns (Schmid et a l . , 
1982), the extent of rRNA m o d i f i c a t i o n (Woese et a l . , 1984) 
and c e l l d i v i s i o n mechanisms (no septum f o r m a t i o n ) . RNA 
polymerase composition appears a p a r t i c u l a r l y v a l i d f e a t u r e 
of t h i s type (Table 2 ) . 

However, A r c h a e b a c t e r i a a l s o have common designs 
considered t y p i c a l f o r E u b a c t e r i a : they c o n t a i n Shine 
Dalgarno sequences i n mRNA and t h e i r complements i n 16S 
rRNA, and r e s t r i c t i o n enzymes. The t o t a l sequences of 16S 
rRNA (Gupta et a l . , 1983; L e f f e r s and G a r r e t t , 1984; M. 
Jarsch and A. Böck, t o t a l sequence of 16S rRNA gene of 
Methanococcus v a n n i e l i i , personal communication) a l s o of the 
s u l f u r dependent S u l f o l o b u s (R. Gupta and C. Woese, personal 
communication) appear more r e l a t e d to that of E. c o l i than 
to that of the eukaryote D i c t y o s t e l i u m . A r c h a e b a c t e r i a are 
prokaryotes w i t h a l l consequences. But t h i s term r e f e r s 
rather to o r g a n i s a t i o n than to phylogenetic s t a t u s (Table 
2 ) . 

(9) In summary, A r c h a e b a c t e r i a appear as residues of an 
ancient p r i m i t i v e l a y e r . One of i t s two s u r v i v i n g branches, 
comprising the s u l f u r dependent Ar c h a e b a c t e r i a , appears 
c l o s e to the a n c e s t r a l Eucyta, the urkaryotes of C a r l Woese, 
the other, methanogens and extreme h a l o p h i l e s , to the o r i g i n 
of the E u b a c t e r i a . An incomplete account of the b a s i s of 
these views has been g i v e n p r e v i o u s l y ( Z i l l i g e t a l . , i n the 
p r e s s ) . 

(10) C e r t a i n o b s e r v a t i o n s seem to c o n t r a d i c t t h i s p i c t u r e , 
e.g. the e x c l u s i v e e x i s t e n c e of ether l i p i d s i n a l l known 
Ar c h a e b a c t e r i a , but of e s t e r l i p i d s i n both modern kingdoms 
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( w i t h one abnormal e x c e p t i o n ) . Another c o n f l i c t i n g 
o b s e r v a t i o n i s the complete lack of any s e n s i t i v i t y to 
ribosome s p e c i f i c a n t i b i o t i c s i n s u l f u r dependent 
A r c h a e b a c t e r i a , whereas methanogens share the s e n s i t i v i t y to 
a few i n h i b i t o r s w i t h eukaryotes, that to s e v e r a l others 
w i t h E u b a c t e r i a , and Eubact e r i a and eukaryotes share 
responses not e x h i b i t e d by Ar c h a e b a c t e r i a (Böck and Kandier, 
i n the p r e s s ) . 

Such i n c o n s i s t e n c i e s and the non-congruence of the 
e v o l u t i o n r a t e s of d i f f e r e n t genes p r o h i b i t the understan
ding of e a r l y divergence of and i n the three kingdoms u n t i l 
f u r t h e r comparative stu d i e s y i e l d complete agreement of a l l 
f a c t s . 
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