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I n t r o d u c t i o n / 

The e f f o r t t o e s t a b l i s h a s y s t e m a t i c s o f b a c t e r i a and 

e u k a r y o t e s by co m p a r i s o n o f the 16/18S rRNA sequences l e a d 

C a r l Woese i n the l a t e s e v e n t i e s (Fox e¿ a l _ . , 1980) t o the 

d i s c o v e r y o f a second p r o k a r y o t i c urkingdom which was not 

more r e l a t e d t o the t r u e b a c t e r i a " f e u b a c t e r i a ) than both 

p r o k a r y o t i c urkingdoms t o t h e e u k a r y o t e s . T h i s f i n d i n g was 

based o n l y on the a n a l y s i s o f few s p e c i e s a l l l i v i n g i n 

extreme h a b i t a t s which resembled the common • n o t i o n o f the 

e a r l y environment i n the development o f the e a r t h . T h e r e f o r e 

- a r l Woese c a l l e d them a r c h a e b a c t e r i a . Meanwhile the number 
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oí s p e c i e s has been g r e a t l y e n l a r g e d and marry f t sturer. we 

d i s c o v e r e d which put a new l i g h t on the atchaic n a t u r e 

these p r o k a r y o t e s . 

S y s t e m a t i c s 

As shown by 16S rRNA c a t a l o g u e s (Fox ejt a l . , 1980) an 

c r c r s s h y b r i d i s a t i o n e x p e r i m e n t s (Tu et_ a l . , 1982) th 

a r c h a e b a c t e r i a c o n s i s t o f two main b r a n c h e s , the methanogen 

and h a l o p h i l e s and the t h e r m o a c i d o p h i l i c and/or s u l f u 

m e t a b o l i z i n g a r c h a e b a c t e r i a ; Thermoplasma acidophiluí 

appears t o r e p r e s e n t a l i n k between the two branches. Sine* 

1980 the o r d e r s S u l f o l o b a l e s and Thermoproteales ( Z i l l i g et 

a l . y 1980, 1981, 1983) and a new genus, Thermococcus ( Z i l l i c 

e t a l . , 1983 b ) , were e s t a b l i s h e d i n the therm o a c i d o p h i 1 i c 

and/or s u l f u r m e t a b o l i z i n g branch. The méthanogens were 

expanded by f i v e new members (Huber et. a K , 1982, König & 

S t e t t e r , 1982, S t e t t e r et_ a l _ . , 1981, W i l d g r u b e r et a l . , 

1982,' Zehnder e_t a l _ , , 1980) and the square b a c t e r i a 

r e p r e s e n t a new h a l o p h i l e ( J a v o r e_t a l _ , 1982). A dendrogram 

summarizing the p h y l o g e n e t i c r e l a t i o n s i s shown i n F i g u r e 1. 

Environments and metabolism 

The methanogens l i v e a l l i n s t r i c t l y a n a e r o b i c 

e n v i r o n m e n t s g a i n i n g t h e i r energy from the r e d u c t i o n of C 0 2 

and o t h e r components to CH.. The h a l o p h i l e s l i v e i n 
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s a t u r a t e d s a l t s o l u t i o n s . Some of them have the c a p a c i t y 

produce ATP w i t h l i g h t energy under low oxygon t e n s i o n wit 

the h e l p of the membrane bound b a c t e r i o r h o d o p s i n -contr, i n i r 

the eye pigment r e t i n a l as chromophor ( O e s t e r h e l t 

S t o c k e n i u s , 1973), 

Thermoplasma was i s o l a t e d from b u r n i n g c o a l r e f u s e p i l e s 

I t grows h e t e r o t r o p h i c a l l y between pH 0.5 and 3 around 60°C 

The members o f the second b r a n c h are s u l f u r m e t a b o l i z i n g 

organisms. The S u l f o l o b a l e s i s o l a t e d from hot a c i d i c 

v o l c a n i c ( s o l f a t a r i c ) s p r i n g s a r e growing e i t h e r a u t o - or 

h e t e r o t r o p h i c a l l y o x i d i z i n g H 2S and/or elementary s u l f u r t c 

s u l f u r i c a c i d . The s t r i c t l y a n a e r o b i c Thermoprotea 1 es 

i s o l a t e d from the a n a e r o b i c d e p t h s o f hot s o l f a t a r i c s p r i n g s 

w i t h temperatures o f more than 70°C up to the b o i l i n g p o i n t 

a l s o grow e i t h e r a u t o - or h e t e r o t r o p h i c a l l y but r e d u c i n g 

elementary s u l f u r t o H 2S. 

The RNA polymerases 

The a r c h a e b a c t e r i a l RNA p o l y m e r a s e s are very complex 

m o l e c u l e s c o n s i s t i n g of about n i n e components ( F i g . 2) a l l 

p r e s e n t once per enzyme monomer. In c o m p l e x i t y and s p a c i n g 

the p a t t e r n s resemble those o f e u k a r y o t i c RNA polymerases 

( F i g . 2 ) . They a r e very d i f f e r e n t from the c o m p o s i t i o n 

S of the e u b a c t e r i a l p o l y m e r a s e s . The a r c h a e b a c t e r i a l 
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enzymes are not i n h i b i t e d by the a n t i b i o t i c s r i fampie i n an 

s t r e p t o l y d i g i n which are t y p i c a l i n h i b i t o r s of e u b a c t e r i a 

t r a n s c r i p t i o n ( Z i l l i g et a l . , 1982 a, 1982 b) 

The components 

Judged by the component p a t t e r n s i n S D S - p o l y a c r y l a m i d i 

g e l s ( F i g . 2) the RNA polymerases o f the d i f f e r e n t s p e c i e s 

a r e v e r y s i m i l a r s u g g e s t i n g a homology of t h e i r components. 

Two subtypes can be d i s t i n g u i s h e d c o r r e s p o n d i n g to the two 

main p h y l o g e n e t i c branches. One c o n t a i n s o n l y t h r e e l a r g e 

components and i s found i n t h e t h e r m o a c i d o p h i 1 i c and/or 

s u l f u r m e t a b o l i z i n g branch, the o t h e r c o n t a i n s f o u r l a r g e 

components and i s common to the h a l o p h i 1ic/methanogenic 

b r a n c h . 

To e s t a b l i s h the homology o f components of the 

polymerases of n i n e a r c h a e b a c t e r i a w i t h i n and between the 

branches a n t i b o d i e s were r a i s e d a g a i n s t the s i n g l e . 

components o f the RNA polymerases o f S u l f o l o b u s a c i d b c a l d a -

r i u s and Methanobacteriurn thermoautotrophicum -(Schnabel e t 

a l . , 1983). "Western b l o t s " (components s e p a r a t e d b y 1 

S D S - p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s and 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 f i l t e r s ) were c h a l l e n g e d w i t h t h e s e 

a n t i b o d i e s and bound a n t i b o d i e s were v i s u a l i z e d e i t h e r w i t h 
125 

J - l a b e l l e d p r o t e i n A of S t a p h y l o c o c c u s aureus or by 

p e r o x i d a s e c o u p l e d a n t i b o d i e s . The homology f o r the f i v e 



( s i x ) l a r g e s t components as a n a l y z e d by t h i s method i s 

summed up i n T a b l e 1. According- to the c r o s s r e a c t i o n s two 

s u b t y p e s o f enzyme a r e . i d e n t i f i e d . The s u b t y p e o f the 

t h e r m o a c i d o p h i l i c and/or s u l f u r m e t a b o l i z i n g b r a n c h i s 

c h a r a c t e r i z e d by t h e g e n e r a l f o r m u l a BACDEFGHIJ and the 

sub t y p e o f t h e m e t h a n o g e n i c / h a l o p h i l i c b r a n c h by t h e g e n e r a l 

f o r m u l a ABB'CD... Component B' p r o b a b l y a r o s e by d i v i s i o n o f 

the l a r g e s t component o f the BACD... t y p e o f enzyme. 

- A n t i b o d i e s a g a i n s t t h e l a r g e s t component B o f the 

t h e r m o a c i d o p h i l i c and/or s u l f u r m e t a b o l i z i n g b r a n c h r e a c t 

w i t h the second and t h i r d component o f the methanogenic/-

h a l o p h i l i c p o l y m e r a s e s (which do not c r o s s r e a c t w i t h each 

o t h e r ) and v i c e v e r s a . T h i s a l s o shows t h a t the two l a r g e s t 

components o f t h e RNA po l y m e r a s e s a r e i n r e v e r s e d o r d e r . A 

d i v i s i o n o f component B i s v e r y l i k e l y s i n c e Thermoplasma 

w h i c h has t h e BACD... t y p e o f enzyme branched o f f v e r y e a r l y 

from the m e t h a n o g e n i c / h a l o p h i l i c branch so t h a t the 

development o f t h e ABB'CD... type enzyme p r o b a b l y o c c u r r e d 

l a t e r . 

What a r e components ? 

P o l y p e p t i d e s w h i c h c o p u r i f y t h r o u g h a t l e a s t 3 i s o l a t i o n 

s t e p s w i t h the enzyme a c t i v i t y ( f o r a r e v i e w see Z i l l i g e t 

a l . , 1982a) a r e c o n s i d e r e d components. Sometimes, i n the 

case o f t h e S u l f o l o b u s and Thermoplasma enzymes forms 
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T a b l e I : C r o s s r e a c t i o n s o f a n t i b o d i e s a g a i n s t the s i n g l e 
components ( s m a l l l e t t e r s ) o f the RNA polymerase of 
S u l f o l o b u s (upper l i n e s ) and Methanobacterium (lower l i n e s ) 
w i t h the components o f the enzymes o f the o t h e r archaebac
t e r i a (Schnabel e t a l . , 1983). 

m i s s i n g components F and H can be i s o l a t e d which are not 

a f f e c t e d i n t h e i r b a s i c a c t i v i t y . Component H which i s 

p r e s e n t i n the enzyme of S u l f o l o b u s i n 4 c o p i e s c r o s s r e a c t s 

w i t h a n t i b o d i e s r a i s e d a g a i n s t t h e f o u r t h component D and 

t h e r e f o r e p r o b a b l y a r i s e s by p r o t e o l y s i s o f t h i s component. 



No o t h e r c r o s s r e a c t i o n s a r e o b s e r v e d between d i f f e r e n t 

components of the polymerase of S u l f o l o b u s , c o n f i r m i n g Ü . P Í 

no " f a l s e " components due t o p r o t e o l y s i s a r e p r e s e n t i n the 

enzyme. 

The a r c h a e b a c t e r i a i RNA p o l y m e r a s e s a r e enzymes o f the 

e u k a r y o t i c type 

Judged by t h e i r component p a t t e r n s t h e a r c h a e b a c t e r i a i 

RNA polymerases resemble e u k a r y o t i c p o l y m e r a s e s (Roeder, 

1976)/ and one c o u l d assume t h a t t hey may be o f a common 

type as opposed to the e u b a c t e r i a l t y p e . T h i s h y p o t h e s i s was 

t e s t e d by two e x p e r i m e n t s . I t was known t h a t the 

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

polymerase A o f r a t l i v e r (Machicao & S o n n e n b i e h l e r , 1977). 

The a r c h a e b a c t e r i a i p o l y m e r a s e s from the t h e r m o a c i d o p h i 1 i c 

and/or s u ] f u r m e t a b o l i z i n g branch s h a r e t h i s ' f e a t u r e w i t h 

RNA polymerase A ( I ) (Schnabel e_t a l . , 1982). The enzymes 

from two e u b a c t e r i a , IS. c o l i and L a c t o b a c i 1 l u s c u r v a t u s are 

not a f f e c t e d a t lower but i n h i b i t e d a t h i g h e r c o n c e n t r a t i o n s 

(Schnabel e t a j . . , 1982). T h i s was t h e J f i r s t i n d i c a t i o n t h a t 

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 i RNA p o l y m e r a s e s are 

p h y l o g e n e t i c a l l y r e l a t e d . T h i s i s c o n f i r m e d by the use of 

a n t i b o d i e s r a i s e d a g a i n s t n a t i v e RNA p o l y m e r a s e s A ( I ) and 

B ( I I ) o f y e a s t and t h e i r s i n g l e components (Huet e_t a l . , 

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



The RNA polymerases of <:ix a r c h a e b a c to r i a , t h n 

e u b a c t e r i a and, as c o n t r o l , the p o l y m e r a s e s A ( I ) and D ( U 

yjl y e a s t were s p o t t e d on n i t r o c e l l u l o s e f i l t e r s an 

c h a l l e n g e d w i t h the a n t i b o d i e s a g a i n s t the n a t i v 

p olymerases and the s i n g l e components of the two e u k a r y o t i 

enzymes. A n t i b o d i e s a g a i n s t the n a t i v e p o l y m e r a s e A ( I ) r e a c 

w i t h a l l enzymes t e s t e d * * (Table 2 ) w h i c h l e a d s to th< 

c o n c l u s i o n t h a t the p o l y m e r a s e s o f a l l t h r e e urkingdoms have 

a common a n c e s t o r . A n t i b o d i e s a g a i n s t the two l a r g e s t 

components ^^90 a n d A 1 3 5 r e a c t w i t h a l l a r c h a e b a c t e r i a i 

enzymes except one, and A i Q Q shows a r e a c t i o n w i t h E. c o l i 

p o l y m e r a s e . The r e a c t i o n w i t h the a r c h a e b a c t e r i a i enzymes i s 

s t r o n g e r than t h a t w i t h a n o t h e r p o l y m e r a s e , B, of y e a s t 

i t s e l f . A n t i b o d i e s a g a i n s t s e v e r a l s m a l l e r components r e a c t 

w i t h some polymerases of t h e a r c h a e b a c t e r i a (Table 2 ) . 

A n t i b o d i e s a g a i n s t n a t i v e p o l y m e r a s e B ( I I ) r e a c t w i t h 

f o u r o f the s i x a r a c h a e b a c t e r i a l p o l y m e r a s e s (Table 2) but 

not w i t h the e u b a c t e r i a l enzymes. A n t i ^ 2 0 a n d a n t i B 2 8 5 ' 

where B^Q^ i s a p r o t e o l y s i s p r o d u c t o f B 2 2 O ( H u e t JlÍL a 1 • » 

1982). r e a c t s t r o n g l y w i t h the RNA p o l y m e r a s e s o f S u l f o l o b u s 

a c i d o c a l d a r i u s , D e s u l f u r o c o c c u s mucosus, Thermoproteus tenax 

and H a l o b a c t e r i u m h a l o b i u m and to a much low e r e x t e n t w i t h 

those o f the e u b a c t e r i a E_. c o l i and L a c t o b a c i 1 l u s curva t u s . 

A n t i 0^50 o n * y r e a c t s w i t h the enzymes o f Thermoproteus 

tenax and H a l o b a c t e r i u m h a l o b i u m but a g a i n s t r o n g e r than 
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Table 2: C r o s s r e a c t i o n s o f a n t i b o d i e s a g a i n s t • the RNA 
polymerases A (I) and B ( I I ) of y e a s t and t h e i r s i n g l e 
components, w i t h the polymerases o f some a r c h a e b a c t e r i a and 
e u b a c t e r i a (+ weak, ++ s t r o n g r e a c t i o n s ) , (Huet et_ a l . 
s u b m i t t e d f o r p u b l i c a t i o n ) . 



w i t h one of the e t h e r polymerases, A ( I ) , o f yeast i t s e l f . 

The observed c r o s s r e a c t i o n s were f u r t h e r analyzed Jy 

i n c u b a t i o n of the a n t i b o d i e s w i t h the s e p a r a t e d component: 

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 f i l t e r s . Those agai n s t the 

n a t i v e polymerase A (I) and B ( I I ) r e a c t w i t h the components E 

and C o f the Thermoplasma a c i d o p h i l u m enyzme, showing that 

t h e . t h i r d l a r g e s t component C has c o u n t e r p a r t s i n both 

c l a s s e s of e u k a r y o t i c RNA p o l y m e r a s e s . A^90 a n c 3 B185 a r e 

homologous to the second l a r g e s t components of the enzymes 

of the t h e r m o a c i d o p h i l i c and/or s u l f u r m e t a b o l i z i n g branch 

and to the l a r g e s t of the methanogenic and h a l o p h i l i c 

branch. ^235 a n <^ ^150 a r e homologous to the l a r g e s t 

components A o f the enzymes of the t h e r m o a c i d o p h i 1 i c and/or 

s u l f u r m e t a b o l i z i n g branch and to the .second l a r g e s t 

components of the polymerases of the o t h e r branch. 

The f o l l o w i n g major c o n c l u s i o n s can be drawn: 

A l l RNA polymerases have a common ancestor s i n c e 

polymerase A has homologies w i t h the enzymes of a l l 

t h r e e urkingdoms which are p r e s e r v e d i n the two l a r g e 

components o f the enzymes. 

- The s i m i l a r , complex component arrangement, .the 

c r o s s r e a c t i o n s of a n t i b o d i e s a g a i n s t the s m a l l e r 

components of RNA polymerase A ( I ) w i t h the archaebacte

r i a i enzymes and the a c t i v a t i o n o f the t r a n s c r i p t i o n of 



both polymerase A a n d the a r c h a e b a c t e r i a i enzymes by 

s i l y b i n show t h a t t h e s e are the same type of enzymes as 

opposed to the type p r e s e n t i n e u b a c t e r i a . 

In the a r c h a e b a c t e r i a two sub t y p e s o f RNA polymerases 

w i t h the c o m p o s i t i o n s BACDEFGHIJ and ABB»C(D)... e x i s t 

which j u s t i f i e s i n a d d i t i o n to the 16S rRNA data (Fox 

et a l : , 1980, Tu e t a l . , 1982) the d i v i s i o n o f the 

a r c h a e b a c t e r i a i n t o two main branches. 

Impact on the u n d e r s t a n d i n g o f e a r l y e v o l u t i o n 

C a t a l o g u e s of 16S rRNA fragments a r e s u i t a b l e to 

d i s t i n g u i s h c l e a r l y between t h r e e urkingdoms of organisms 

but are not s e n s i t i v e enough t o r e s o l v e the very e a r l y path 

o f e v o l u t i o n , i . e . , the b r a n c h i n g of the urkingdoms (Hori et 

a l . , 1981). The s u s p i c i o n o f the a r c h a i c nature of the 

a r c h a e b a c t e r i a appeared soon p l a c e d i n q u e s t i o n by many 

f i n d i n g s which demonstrated t h a t the a r c h a e b a c t e r i a have a 

c l o s e p h y l o g e n e t i c r e l a t i o n s h i p t o the e u k a r y o t i c c y t o p l a s m . 

The DNA-dependent RNA po l y m e r a s e s a r e of the same type as 

th o s e o f eu k a r y o t e s and many f e a t u r e s o f the t r a n s l a t i o n a l 

a p p a r a t u s resemble t h a t o f the e u k a r y o t e s . The sequences of 

the r i b o s o m a l A p r o t e i n s a r e r e l a t e d to those of wheat germ 

and y e a s t (Matheson ejt' a l ^ . , 1981). The e l o n g a t i o n f a c t o r EF2 



can be ADP-r i bosy 1 a ted by d i p h t h e r i a t o x i n iKesse] /. K]i¡ 

1981). The t r a n s l a t i o n i s i n s e n s i t i v e to the a n t i b i o l 

c h l o r a m p h e n i c o l but s e n s i t i v e to a n i s o m ycin (Schmid et a l 

1981). The i n i t i a t o r t RNAs are not fo'rmylated. Two f u r t h 

e u k a r y o t i c f e a t u r e s are the e x i s t e n c e of g l y c o p r o t e i 

(Mescher and S t r o m i n g e r , 1975, Yang & Haug, 1979) and t. 

r e t i n a l c o n t a i n i n g b a c t e r i o r h o d o p s i n i n H a l o b a c t e r i i 

( O e s t e r h e l t & S t o c k e n i u s , 1973). 

The sequence of 165 rRNAs seems so f a r to be unique a 

judged by the c a t a l o g u e s . However, the sequences an 

s t r u c t u r e s g i v e n by the base p a i r i n g of the 5S rRNAs show 

continuous flow from more e u b a c t e r i a l s t r u c t u r e s ' i n th« 

m e t h a n o g e n i c / h a l o p h i 1 i c branch to almost p e r f e c t e u k a r y o t i c 

s t r u c t u r e s i n the t h e r m o a c i d o p h i 1 i c and/or s u l f u r 

m e t a b o l i z i n g branch. (Fox e_t al_. , 19S2, H o r i et_ a_X., 1982). 

S i m i l a r l y , though not as s i g n i f i c a n t l y , the sequence of the 

i n i t i a t o r tRMA of S u l f o l o b u s appears c l o s e r to t h a t of 

y e a s t , that of Halococcus c l o s e r to t h a t of £. c o l i whereas 

t h a t of Thermoplasma i s a g a i n i n t e r m e d i a t e (Kuchino et 

a_l_., 1982). A model which c o n s i d e r s the known c h a r a c t e r i s t i c s 

i s presented i n F i g u r e 3. I t i s proposed t h a t the 

a r c h a e b a c t e r i a are s u r v i v o r s o f an i n t e r m e d i a t e stage i n the 

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

cytoplasm: Features which are common to the a r c h a e b a c t e r i a 

and eukaryotes s h o u l d have developed a f t e r branching o f f 



f r o n - the e u b a c t e r i a , e.g. RNA polymerases, ribosoi.ies, 

g l y c o p r o t e i n s , e t c . The p h y l o g e n e t i c depth between the two 

F i g u r e 3: Model f o r the e a r l y e v o l u t i o n and the b r a n c h i n g of 
the e u b a c t e r i a , a r c h a e b a c t e r i a and e u k a r y o t e s . 

a r c h a e b a c t e r i a i branches, which i s almost as deep as t h a t 

between the three urkingdoms i t s e l f s uggests, i n accordance 

w i t h the two subtypes o f RNA polymerases and the d i f f e r e n c e s 

i n 5S rRNA s t r u c t u r e , two d i f f e r e n t s e p a r a t i o n p o i n t s f o r 



the two a r c h a e b a c t e r i a i branches out of the main ] i r 

l e a d i n g to the e u k a r y o t e s . 

A d i f f i c u l t y o f t h i s model i s g i v e n by a unique f e a t u r 

o f the a r c h a e b a c t e r i a , the e x i s t e n c e of i s o p r a n y l e t h e 

l i p i d s (Langworthy e t a l . , 1981). I t i s , however, p o s s i b l e 

t h a t e t h e r l i p i d s were widespread i n e a r l y organisms as ar 

a d a p t a t i o n to a hot environment. Even i n r e c e n t e u b a c t e r i a 

l i v i n g i n hot environments a l k y l e t h e r l i p i d s have been 

found (Langworthy e_t a_l. , 1983). Up to 2.5 b i l l i o n y e a r s o l d 

o r g a n i c sediments c o n t a i n l a r g e amounts of t y p i c a l 

a r c h a e b a c t e r i a i i s o p r e n o i c s s u g g e s t i n g much h i g h e r 

p o p u l a t i o n s of these b a c t e r i a than today (Hahn, 1931). The 

i n v e n t i o n of e s t e r l i p i d s c o u l d then have been a secondary 

a d a p t a t i o n to m i l d e r e n v i r o n m e n t s . F a t t y a c i d s have i n d e e d 

been shown to occur i n the l i p i d s of Thermoplasma and the 

s u l f u r m e t a b o l i z i n g a r c h a e b a c t e r i a (Thermoproteales) (2i 1 1 i c 

et a l . 1981). 
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