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1. INTRODUCTION

The division of the prokaryotic domain into the urkingdoms
of the Eubacteria and the Archaebacteria by Carl Woese and
his collaborators (Woese and Fox, 197/7; Woese et al., 1978)
and in consequence most of our present knowledge of the
natural systems of the two novel urkingdoms (Fox et al.,
1980) rest on the comparison of sequences of T1 RNAase
oligonucleotide catalogs of 16S rRNAs of a large number of
species (Fox et al., 1977). An increasing body of additional
evidence including comparative analyses of other parts of
the translation apparatus (Hori et al., 1982; Fox et al.,
1982; Matheson and Yaguchi, 1982; Yaguchi et al., 1982; Boéck
et al., 1984; Gupta, 1984; Kessel and Klink, 1982), of the
transcription machinery (Zillig et al., 1982; Schnabel et
al., 1983; Huet et al., 1983), of cell envelopes (Kandler,
1982) and membranes (review by Langworthy et al., 1982), of
responses to antibiotics (review by Béck and Kandler, in the
press) and of certain aspects of metabolism prove these
revolutionizing ideas beyond reasonable doubt.

The error margin of the original S, method, which led to
the recognition of the three entirely separate urkingdoms of
life, the Eubacteria, the Archaebacteria and the "eukaryotic
cytoplasm" or Eucyta (defined as the truly eukaryotic com-
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partments of eukaryotic organisms), does not allow a sig-
nificant estimation of § values and thus phylogenetic

distance between the kingﬁgms, so that the early branching
sequence in the evolution of the living world remains

undetermined.

As more evidence becomes available, the problem acquires
new dimensions.

(1) Comparative sequence analysis of homologous macromole-
cules measures the distances between the present ends of
lineages, not, as would be required, between their origins
i.e. the early branching points. Many more sequences have to
be determined such that '"ur-sequences'" of lineages can be

derived.

(2) Evolution might not solely proceed via the separation of

lineages but, to an unknown, though possibly small extent,
also via horizontal gene exchange or recombination between
occurred

different lineages. This has for example certainly
between the urmitochondrial and the eucytic compartments in
early eukaryotes. Examples of such processes between distant
prokaryotes are as yet unknown.

(3) The evolution rates of different genes within a lineage
are not necessarily parallel to each other. This 1is the
reason why comparative analysis of different macromolecules
has led to somewhat different phylogenetic trees. That
derived from 5S rRNA sequence (Fox et al., 1982; Hori et
al., 1982) is for example differing in details from that
obtained by comparison of T1 RNAase oligonucleotide catalogs
of 165 rRNAs. This review will give other examples.

In the following, we will show that a comparison of the
component patterns (complexity, homologies) and antibiotic
responses of the DNA dependent RNA polymerases of Archae-
bacteria, Eubacteria and eukaryotes,

(1) is independent evidence for the large phylogenetic
distance between Eubacteria and Archaebacteria;
(2) testifies for the deep division between the
branches of the urkingdom of the Archaebacteria, together
with other feature designs;

(3) suggests a specific relation of Archaebacteria,
especially of the sulfur dependent branch, with Eucyta

which remains to be defined;
(4) suggests a specific relation of Methanobacteriales

two major

and
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Methanococcales to Eubacteria, which remains to be defined;
(5) exemplifies differences in the rates of evolution of
different genes.

2. FACTS
2.1 Signal structures and transcription mechanisms

Except for the presence of certain 'boxes'", e.g. the TATAAT
box plus the -35 box in eubacterial promoters, the TATA box
in eukaryotic RNA polymerase II promoters, and certain
downstream structures in RNA polymerase III initiation
sites, the sequences interacting with RNA polymerases in
transcription initiaton are ill defined. RNA polymerases
appear to recognize the specificity of promoters better than
the human mind or the computer. Accordingly, the few known
archaebacterial sequences containing transcription starts
(DasSarma et al., 1984; Klein, H., personal communication)
do not allow the derivation of general sequences or
structures of archaebacterial promoters. However, mapping of
transcription starts has revealed that sequences acting as
promoters for E. coli RNA polymerase are inactive in certain
Archaebacteria and vice versa (J. Konisky, personal commu-
nication). In vitro investigations strengthen the conclusion
that archaebacterial promoters differ from their eubacterial
counterparts (Prangishvilli et al., 1982).

Like in many cases in Eubacteria, two different genes,
encoding distinct components of methyl CoM reductase, are
linked within one operon in Methanococcus voltae (Konheiser

et al., 1984).

Since in vitro systems for cyclic, asymmetric, signal

specific transcription by archaebacterial RNA polymerases
are not yet available, details of the transcription process
in Archaebacteria e.g. binding of the polymerase to the DNA,
specificity, role of components of the polymerases are
unknown. Not much more is known about transcription by the

eukaryotic RNA polymerases, which so closely resemble those
of Archaebacteria.
So far, transcription by isolated archaebacterial

polymerases differs from that by eubacterial enzymes mainly in
that they are, by themselves, unable to transcribe free

native DNA specifically.

a
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Thus, the present status of 1ignorance of transcription
signal structures and mechanisms not only in Archaebacteria,
but also in eukaryotes and, less so, in Eubacteria,
prohibits a meaningful comparative analysis aiming at
understanding the phylogeny of the transcription systems.
Therefore, we concentrate here on the much more 1lucid
situation pertaining to the comparison of structures

(compositions) and component homologies of the 'mormal" DNA

dependent RNA polymerases.

2.2 The DNA dependent RNA polymerases of the Eubacteria
types of

are all of rather low complexity, with only four
""true" components (not considering "binding proteins'" like w
and T), are almost all, in their wild type versions,
sensitive to the antibiotics rifampicin, which specifically
inhibits initiation, and streptolydigin, which specifically
inhibits elongation of transcription.

They are all of the type B'Boa, (see Fig. 1), in which B!
and B are two large peptides with molecular weights above or
close to 100.000, o is present twice per enzyme monomer and

o is an initiation factor involved in promoter recognition
and, at least in some cases, released after initiation. B!
important

is involved in DNA binding, B appears to harbour
active sites (reviews: Zillig et al., 1976; Burgess, 1976).

Differences between different groups concern the relative
sizes of B, B and 0. In gramnegative Eubacteria, B' is
usually larger than B, in grampositive Eubacteria, it is the
other way round. Gramnegative Eubacteria possess, in
average, large o components. In gr;apositive Eubacteria like
Bacillus o is smaller, but an additional component, 6 in
Bacillus, y in Lactobacillus, appears to be functionally
homologous to a portion of the large o of the gramnegatives
(Dickel et al., 1980; Achberger and Whitely, 1981; Gierl et
al., 1982), suggesting the division of the large
polyfunctional ¢ of the gramnegatives into two peptides of
different function, one, o , concerned with promoter
recognition, the other, 6 or y, with the suppression of
unspecific binding and/or initiaton.

In some phyla 1like the blue green algae, o is a
stoichiometric component (Herzfeld and Kiper, 1976), 1in
others, like E. coli, it is a substoichiometric factor only
bound to free core enzyme. In Bacillus and Lactobacillus, it
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Fig. 1 SDS polyacrylamide gel electrophoresis patterns of
DNA dependent RNA polymerase of eubacteria (top), methano-
genic and halophic and sulfur dependent Archaebacteria
(the latter including T. acidophilum) (middle) and Eucyta
(bottom) . Compiled and aligned from different runs.
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replaces 6 or y in the preinitiation complex and is released
upon initiation (Gierl et al., 1982).

components of RNA polymerases of

The homology of the
from Western blot

different orders or families is evident
analysis employing antibodies against single components of
one or the other polymerase, and also, in some cases, from
functional tests, employing mutant components in
reconstitution experiments. However, RNA polymerases of
different families, e.g. grampositive and gramnegative
Eubacteria, do not crossreact in  the  Ouchterlony
in-gel-immunodiffusion test which is based on immunoprecipi-
tation, thus allowing to determine phylogenetic distance in
a qualitative manner. A discussion of the role of RNA
polymerase binding proteins like w and 1t and of additional @
factors of different promoter specificities as found in B.
subtilis, where they appear to be involved in sporulation,

is beyond the scope of this review.

The RNA polymerases of organelles of eukaryotes, plastids
and mitochondria, which should be derived from those of
Eubacteria, are not discussed here because relevant evidence

is completely lacking.

2.3 The DNA dependent RNA polymerases of the Eucytes i.e.
of the nuclear compartment of the eukaryotes

complexity, containing 10 or more
components per enzyme monomer (see Fig. 1). A component is
normally tightly and stoichiometrically bound to the enzyme
particle, thus copurifying with other components and with
the activity. Little is known about the requirement of
certain components for enzymatic activity and even less
about their specific role in the transcription process.

are of much higher

three types of
their functions
but resembling

Even in primitive eukaryotes like yeast
nuclear RNA polymerases exist, differing in
and in their specific component ‘' patterns,
each other in their general composition:

RNA polymerase I (or A) transcribes rRNA structural genes
(including 5.85 rRNA) and is insensitive to the fungal

poison a amanitin.

RNA polymerase II (or B) transcribes mRNA (protein)
structural genes and is highly sensitive to @ amanitin.



4 [y

EVOLUTION OF THE TRANSCRIPTION APPARATUS 51

RNA polymerase III (or C) transcribes tRNA and 5S rRNA

structural genes. Its sensitivity to &« amanitin is

intermediate.

Their component patterns each consist of two large
subunits, with sizes around 100 kdaltons, and 8 to 12
smaller components (Roeder, 1976; Huet et al., 1982).
However, only three of these, in Saccharomyces AB C27
(1,11,I1II 27), ABC 23 (1,11,111I 23) and ABC 14.5
(I,II,III 14.5) are shared by all three enzymes. In
addition, RNA polymerases I and III share AC 40 (I,III 40)

and AC 19 (I,III 19) (Buhler et al., 1980).

2.4 The DNA dependent RNA polymerases of the Archaebacteria
are insensitive to rifampicin and o amanitin. Though forms
lacking one or the other component (Sturm et al., 1980;
Madon et al., 1983), in some cases inactive, and, sometimes
forms with additional components (Prangishvilli et al.,
1982) have been isolated, it appears that different types of
enzymes as in eukaryotic nuclei do not exist.

The enzymes are of two types, one of high, the other of
complexity. Those of the sulfur dependent
strikingly similar to vyeast
B,A,C and D,

intermediate
Archaebacteria, which appear
polymerase I, contain four heavy components,
and more than six smaller components (E to J), those of the
methanogens and extreme halophiles, which show a novel type
of component pattern, contain five heavy components, A , B!,
B'', C and D, and few (about three) smaller components (see

Fig. 1 and Table 1).

Their structures (and functions of which little is known)
have been discussed in detail in previous reviews (e.g.

Zillig et al., 1982).

2.5 Homologies of archaebacterial, eukaryotic and
eubacterial DNA dependent RNA polymerases

2.5.1 The Western blotting technique

For the analysis of homologies between distinct components
of corresponding multicomponent complexes of different
of

origin, as for example the DNA dependent RNA polymerases
different organisms, the so-called Western blotting tech-

el
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nique of probing for immunochemical crossreactivity offers a
short cut to nucleotide sequence comparison (Prager et al.,
1980; Huet et al., 1982). Though only semiquantitative and
by far not on the same high level of 1lucidity as sequence
analysis, it yields valuable information speedily and with
ease. The method consists of challenging blotted patterns of
separated components of the complex, e.g. SDS polyacrylamide
gel component patterns of RNA polymerases transferred to
nitrocellulose sheets, with antibodies against single
components. Crossreaction is visualized e.g. employing
protein A of Staphylococcus aureus labelled with !25J or
anti-antibody covalently coupled to peroxidase, thus
allowing detection by autoradiography or by a colour
reaction. Positive reaction indicates that antigenic groups
are shared between the immunogen and the reacting component.
The strength of the reaction depends both on the number of
shared antigenic determinants and on their affinity to the
antibody which might be decreased by structural changes in
evolution. For the purpose of phylogenetic studies, the
antibodies employed for probing should be polyclonal i.e.
directed against as many as possible of the antigenic
determinants of the completely denatured polypeptides. The
probability of crossreaction is determined by structural
correspondence depending on phylogenetic distance but also
by the size of the peptide such that the method is normally
not suitable to prove homologies between small peptides
(below 20 kdaltons) even if phylogenetically rather closely

related.

2.5.2 Homologies

We collaborated with J. Huet and A. Sentenac in probing
archaebacterial, eubacterial and eukaryotic RNA polymerases,
both in spot tests and by Western blotting of SDS
polyacrylamide gel electrophoresis component patterns, with
antibodies against single components of yeast (Saccharomy-
ces) RNA polymerases I (A) and II (B) (Huet et al., 1983).
The homologies between different archaebacterial RNA
polymerases were established employing antibodies against
single components of the RNA polymerases of Sulfolobus
acidocaldarius (R. Schnabel) and Methanobacterium
thermoautotrophicum (M. Thomm), which were also used to
challenge patterns of eukaryotic and eubacterial enzymes
(Schnabel et al., 1983). Finally, antibodies against single
subunits of E. coli RNA polymerase were used.
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The RNA polymerases were from Escherichia coli, in few
instances Bacillus cereus (Rexer et al., 1975) and
Lactobacillus  curvatus (Stetter and Zillig, 1974),
representing the Eubacteria, Methanobacterium thermoautotro-
phicum (Stetter et al., 1980), Methanococcus thermolithotro-
phicus, Methanosarcina barkeri, Methanolobus volcani (all
Thomm, 1983) and Halobacterium halobium (Zillig et al.,
1978; Madon and Zillig, 1983), representing the methanogenic
and extremely halophilic branch of Archaebacteria,
Desul furococcus mucosus, Thermoproteus tenax both
Prangishvilli et al., 1982), Thermofilum pendens (Zillig et

al., 1983a), Thermococcus celer (Zillig et al., 1983b), and
several  Sulfolobus species (Zillig et al., 1980)
Archaebac-

representing the sulfur dependent branch of the
teria, Thermoplasma acidophilum (Sturm et al., 1980) as an

isolated genus, and Saccharomyces cerevisiae, forms I(A) and
II(B) Buhler et al., 1980) representing the Eucyta. The
results are schematically shown in Fig. 2.

With exceptions, the crossreactions between corresponding
components of Archaebacteria of both branches were strong.
The crossreactions between corresponding components of
archaebacterial and eucytic polymerases were of similar
strength, often significantly stronger than between
corresponding components of the eukaryotic polymerases I (A)
and II (B) themselves. The observed crossreactions between
homologous components of eubacterial RNA polymerases on the
one hand and archaebacterial and eukaryotic RNA polymerases
on the other were significant, but usually weak (Fig. 3).

For the purpose of discussion of the correspondence of
the component patterns of different RNA polymerase types, we
have proposed a nomenclature, in which the heaviest and the
second components of the nuclear yeast RNA polymerases I and
II are called A and B (Schnabel et al., 1983). In the RNA
polymerases of all sulfur dependent Archaebacteria and of
Thermoplasma acidophilum, the corresponding components
appear in reversed succession, i.e. B with the largest

apparent size followed by A. In contrast, in the enzymes of
the methanogenic and extremely halophilic Archaebacteria,
the heaviest component corresponds again to the heaviest of

to be

yeast and the second of Sulfolobus and has therefore
The second and the third components of these
enzymes both react with Sulfolobus B antibody but do not
crossreact with each other. Thus they each correspond to a
different portion of the eukaryotic or sulfur dependent
component B. To account for their equivalence, we propose to

termed A.
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substitute their previous designations B and B' by B' and
B'', respectively, in the order of decreasing apparent size.
The large B subunit of the sulfur dependent Archaebacteria

BI

and Eucyta is either a fusion product of B' and B'', or
and B'' are splitting products of B, depending on the
direction of evolution, whether on the levels of trans-
cription or translation, or posttranslationally, remains to

be determined.

Antibodies against the B components of yeast RNA
polymerases I and II recognize only the B', not the B''
subunit of H. halobium polymerase. The antibody against
component B' of the RNA polymerase of Methanobacterium
recognizes the B components of sulfur dependent Archaebacte-
ria and the B' components of polymerases from methanogens

and halophiles exclusively.

The antibody against component B'' of Methanobacterium
recognizes the B components from sulfur dependent
Archaebacteria and the B'', but not the B' components from

Methanobacterium and Methanococcus. In the pattern from
Methanolobus volcani, a representative of the Methanomicro-
biales, it reacts strongly with B'', yet significantly
though weakly also with component B'. In the pattern from H.
halobium, it reacts almost as strongly with B' as with B''
ZFig. 4). Thus, in the Methanococcales, the split separates
the antigenic sites in the same way as in the Methanobacte-
riales. In the Methanomicrobiales, it is in a slightly
different position, in the Halobacteriales in a quite
different position. The translocation of the B - B'+B''
split in the Methanomicrobiales might be the reason for the
smaller size difference of B' and B'' as compared to that
seen in other orders of this branch. In conclusion, the B!
and the B'' components of the Methanococcales and
Methanobacteriales represent different portions of the large
B component from those of the Methanomicrobiales and the

Halobacteriales.

The third components in size, C, of the enzymes of sulfur
dependent Archaebacteria and Thermoplasma are homologous to
the fourth components of methanogenic and extremely
halophilic polymerases, which thus also have to be termed C.
In the same manner, the homology has also been proved for
the fourth component of the sulfur dependent Archaebacteria,
D, and, in several cases, the fifth component, E. For
smaller components the limitations of the method do not
allow recognition of correspondence.
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crossreactions  between components of
eukaryotic and archaebacterial RNA polymerases on the one
and eubacterial RNA polymerases on the other hand are weak,
they suffice to elucidate interkingdom homologies: E. coli
B' corresponds to component A of yeast and Archaebacteria.
E. coli B antibody crossreacts with component B of yeast and
Sulfolobus, exclusively with component B'' of Methanobacte-
rium and Methanococcus, mainly with component B'' but weakly
with B' of Methanolobus (Methanomicrobiales), and almost as
strongly with component B' as with B'' of Halobacterium
(fig. 4). In spite of the generally lower reactivity, it is
particularly striking that the ratio of the responses of the
B' and B'' components of various representatives of the

Though the

methanogenic and extremely halophilic Archaebacteria to E.

coli B antibody is very similar to the ratio of the

responses of the same components to Methanobacterium B'!'

antibody, indicating correspondence specifically between
Methanobacterium (and Methanococcus) B'' and E. coli B.

Antibody against component C from Sulfolobus reacts with

I. A

either component A 43 or A 49 of yeast RNA polymerase
more precise assignment would require better resolution. 1In
the E. coli polymerase pattern, it reacts strongly with the
o factor (Fig. 4). The other way round, E. coli g -antibody
reacts weakly but also significantly with th C components
of both Methanolobus and Sulfolobus, i.e. of members of both
branches of the archaebacterial kingdom (Fig. 4). Thus, the
eubacterial o corresponds to the archaebacterial C subunit.
In yeast RNA polymerase I, C is probably component A43 or

component A49.

E. coli o antibody reacts weakly with component A40.
Since Sulfolobus D antibody also reacts with A40, it is
highly probable that o corresponds to A40 and to the
archaebacterial D component, though a direct crossreaction
of o and D has not been observed.

correspond to yeast

Component E of Sulfolobus seems to
has not been

A27. A crossreaction with an E. coli subunit
observed. E is apparently involved in the interaction of the
archaebacterial enzymes with the DNA (Schnabel et al.,
1982). For smaller components, interkingdom homologies could
not be established by immunochemical crossreaction.
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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 B
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 labelled p show the component pattern visualized
by Coomassie blue staining. Those labelled i show bound
antibodies visualized with peroxidase-coupled antibodies.
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3. Conclusions

(1) The large components A, B, C and D of the three types of
eukaryotic nuclear RNA polymerases closely correspond to
each other, to the components A, B, C and D of the

polymerases of the sulfur dependent Archaebacteria and of
Thermoplasma, to the components A, B', B'', C and D of the
enzymes of the methanogenic and extremely halophilic

Archaebacteria and, clearly though less closely to the
subunits B', B, o and o of the eubacterial RNA polymerases

(Fig. 2).

This is convincing evidence for a common origin of all
"normal” RNA polymerases and suggests a certain branching
pattern in early evolution which shall be discussed below.

(2) Archaebacterial RNA polymerases differ from eukaryotic
nuclear polymerases: The methanogens and halophiles by the
B - B' + B'' division and the sulfur dependent Archaebacte-
ria and Thermoplasma by a reversed size order of the
EEEponents A and B. Both are insensitive to «a amanitin.
Archaebacterial differ from eubacterial RNA polymerases, as

the considerably greater complexity of their

well in
rifampicin

component patterns, as in their insensitivity to
and streptolydigin.

(3) The more striking observation, however, is that they do
not represent a uniform type, but rather clearly distinct
types. The BACD... type realized in all RNA polymerases from
sulfur dependent Archaebacteria and Thermoplasma differs
from the ABCD... type represented by the three eukaryotic
RNA polymerases only in the reversed size order of

components A and B.

The AB'B''CD... types of the methanogenic and extremely
halophilic Archaebacteria have apparently resulted from
transcriptional, translational or posttranslational splits
of the large component B of the su{fur dependent Archae-

bacteria and Thermoplasma.

'In Methanolobus, representing the Methanomicrobiales, and
more significantly in Halobacterium, this split leaves
antigenic determinants linked in the respective B''s, which
are separated in Methanobacterium B''. The split should
therefore either have occurred independently (at least in
its final consequence) several times in evolution, or it was
specifically translocated by recombination processes after
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the separation of the respective lineages. In the case of

the opposite direction of evolution, these conclusions would
have to be reversed: the B B'+B'' split would have been a
B'+B'' = B fusion. Recombination as a cause for the

differences between the B's and B''s each of the
Methanobacteriales and Methanococcales, the Methanomicrobi-
ales and the Halobacteriales would in this case have been a
necessity. This is a strong argument against this sequence
of events.

(4) The homologies between corresponding components of

Archaebacteria (of both branches) are

Eucyta and
between the latter and

quantitatively much stronger than
eubacterial components (Fig. 4). They appear even stronger
than between different types of eukaryotic nuclear RNA
polymerase components: evidence for the large phylogenetic
distance, which separates the present eukaryotes from their
one-polymerase-ancestors or, the other way round, for the
primitive nature of the present Archaebacteria.

(5) The failure of the E. coli B antibody to react with the
B'-components of Methanobacterium and Methanococcus and the
striking resemblance of the reactivity ratios of the E. coli
B and Methanobacterium B'' antibodles with the Methanolobus
and Halobacterium B' and B'!' components respectively
suggests that E. coli B corresponds to B'' of Methanobacte-
rium. Thus E.” coli polymerase which exhibits the same
B — B'+B'' split as Methanobacterium (at least as revealed
by immunochemical homology) could have arisen from the same
ancestor by loss of the B' component and additional

streamlining (Fig. 5).

(6) The B'' component of Methanobacterium, which corresponds
to only part of the B'' of Halobacterium, crossreacts with
E. coli B, but not with the B component of yeast RNA
polymerases I and II. In contrast, the B! component of
Halobacterium, which corresponds to only part of B' of
Methanobacterium, crossreacts with the B component of the
yeast polymerases, but not with E. coli B. The B component
of sulfur dependent Archaebacteria crossreacts with both
Methanobacterium B'' and Halobacterium B'. This situation is
visualized schematically in Fig. 5. Eubacteria and Eucyta
have conserved different antigenic determinants of the B
component of the sulfur dependent Archaebacteria, besides a
core of common determinants. This opposite trimming is a
strong argument for the ancestral nature of the sulfur
dependent B and more generally of the Archaebacteria.
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the original (ancestral)

(7) These data suggest that
sulfur dependent

polymerase was that conserved in the
Archaebacteria and Thermoplasma (see Fig. 6).

rise to

The BACD type polymerase would then have given
AB'B''CD

the urkaryotic ABCD enzyme and to the (different!)

polymerases of the Halobacteriales and the methanogens, the
first directly, the latter by a number of successive
independent B — B'+B'' splits. Alternatively, different
lineages could have separated after one original B — B'+B'!
split, followed by 1its lineage specific recombinative
translocation as discussed above. In any case, the
eubacterial RNA polymerases appear derived from the same

ancestral type as those of the Methanobacteriales and the
Methanococcales, which are particularly close to each other,
whereas the Methanomicrobiales are signifanctly more distant
(Fig. 6). The big difference in the B split in H. halobium
could be a consequence of the extreme genome instability of
this organism but separates the Halobacteriales clearly from
the other orders of the branch.

The events leading from an RNA polymerase of the
Methanobacterium design to a typically eubacterial enzyme
then were the loss of B' and additional streamlining by the
loss of all (or most) components smaller than D (which

corresponds to a).

It is not impossible though 1less probable that the
eukaryotic polymerases were derived from the eubacterial
enzymes by the opposite order of events: first acquisition
of B' and of additional small components, then fusion of B!''
and B'. A final decision between these two extreme trees has
not been reached. The sequence of events, in one or the
other direction, appears, however, logical and even cogent

(Fig. 6).

(8) The RNA polymerases of Archaebacteria, especially of the
sulfur dependent branch, appear strikingly "eukaryotic" like
a number of other feature designs in Archaebacteria, e.g.
the ADP ribosylation of EF2 of both branches by diphtheria
toxin (Kessel and Klink, 1982), the existence, again in both
branches, of replicating DNA polymerases sensitive to
aphidicolin (Forterre et al., 1984; M. Nakayama and M.
Kohiyama, personal communication; R. Schinzel and K.J.
Burger, personal communication; H.P. Zabel, J. Winter, H.
Fischer, E. Holler, personal communication; D. Prangishvilli
and Zillig, 1984), the sequences of ribosomal "A-proteins"
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(Matheson and Yaguchi, 1982), the existence of introns in
tRNA structural genes (Kaine et al., 1982; Daniels et al.,
1984), the absence of formylation of methionyl initiator
tRNA, the absence of the 3' terminal CCA sequence in the
transcript and certain tRNA modifications (Gupta and Woese,

1980) (Table 2).

number of other feature designs, the sulfur
dependent Archaebacteria appear closer to eukaryotes than
the methanogens and extreme halophiles do (and, vice versa,
the methanogens and halophiles closer to the Eubacteria).
These comprise the shape of the large ribosomal subunit
(Henderson et al., 1984; Lake et al., 1984), the 5S rRNA
secondary structure as revealed by Fox et al. (1982),
initiator tRNA structure (Kuchino et al., 1982), the
complexity of ribosomal protein patterns (Schmid et al.,
1982), the extent of rRNA modification (Woese et al., 1984)
and cell division mechanisms (no septum formation). RNA
polymerase composition appears a particularly valid feature
of this type (Table 2).

In a

However, Archaebacteria also have common designs
typical for Eubacteria: they contain Shine
Dalgarno sequences in mRNA and their complements in 16S
rRNA, and restriction enzymes. The total sequences of 16S
rRNA (Gupta et al., 1983; Leffers and Garrett, 1984; M.
Jarsch and A. Bick, total sequence of 16S rRNA gene of
Methanococcus vannielii, personal communication) also of the
sulfur dependent Sulfolobus (R. Gupta and C. Woese, personal
communication) appear more related to that of E. coli than
to that of the eukaryote Dictyostelium. Archaebacteria are
prokaryotes with all consequences. But this term refers
rather to organisation than to phylogenetic status (Table

2).

considered

(9) In summary, Archaebacteria appear as residues of an

ancient primitive layer. One of its two surviving branches,
comprising the sulfur dependent Archaebacteria, appears
close to the ancestral Eucyta, the urkaryotes of Carl Woese,
the other, methanogens and extreme halophiles, to the origin
of the Eubacteria. An incomplete account of the basis of
these views has been given previously (Zillig et al., in the

press).

(10) Certain observations seem to contradict this picture,

e.g. the exclusive existence of ether lipids in all known
kingdoms

Archaebacteria, but of ester lipids in both modern

\
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(with one abnormal exception). Another conflicting
obsérvation is the complete lack of any sensitivity to
ribosome specific antibiotics in sulfur dependent
Archaebacteria, whereas methanogens share the sensitivity to
a few inhibitors with eukaryotes, that to several others
with Eubacteria, and Eubacteria and eukaryotes share
responses not exhibited by Archaebacteria (Bock and Kandler,

in the press).

Such inconsistencies and the non-congruence of the
evolution rates of different genes prohibit the understan-
ding of early divergence of and in the three kingdoms until
further comparative studies yield complete agreement of all

facts.
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