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ABSTRACT Genes for DNA-dependent RNA polymerase
components B, A, and C from the archaebacterium Sulfolobus
acidocaldarius and for components B", B', A, and C from the
archaebacterium Halobacterium halobium were cloned and
sequenced. They are organized in gene clusters in the order
above, which corresponds to the order of the homologous rpoB
and IpoC genes in the corresponding operon of the Escherichia
coli genome. Derived amino acid sequences of archaebacterial
components A and C were aligned with each other and with the
sequences of corresponding (largest) subunits from the archae-
bacterium Methanobacterium thermoautotrophicum, with se-
quences of various eukaryotic nuclear RNA polymerases I, 1,
and Ill, and with the sequence ofthe 1' component from E. coli
polymerase. The archaebacterial genes for component A are
homologous to about the first two-thirds of genes for the
eukaryotic component A and the eubacterial component 13',
and the archaebacterial genes for component C are homologous
to the last third of the genes for the eukaryotic component A
and the eubacterial component 13'. Unrooted phylogenetic
dendrograms derived from both distance matrix and parsi-
mony analyses show the archaebacteria are a coherent group
closely related to the eukaryotic nuclear RNA polymerase II
and/or III lineages. The eukaryotic polymerase I lineage
appears to arise separately from a bifurcation with the eubac-
terial 13' component lineage.

Phylogenetic relations between the primary kingdoms of life
have been established using rRNA as an evolutionary chro-
nometer (1, 2). RNA polymerase appears to be an appropriate
alternative because it is ubiquitous, highly conserved, and a
complex macromolecule. We have cloned and sequenced the
genes for the large RNA polymerase components of two
phylogenetically distant archaebacteria: the sulfur-depen-
dent extreme thermophile Sulfolobus acidocaldarius (Su.
acidocaldarius) and the extreme halophile Halobacterium
halobium. Eukaryotes possess three specialized nuclear
RNA polymerases (pol I, II, and III) thought to be derived
from one ancestral "urkaryotic" enzyme by diversification
(3). Archaebacteria should provide an independent outside
reference, in addition to eubacteria, for elucidating the origin
of the eukaryotic lineage.
DNA-dependent RNA polymerases from archaebacteria

are of two types (4, 5). The BAC type (largest subunits
arranged in order of decreasing size) is found in the sulfur-
dependent extreme thermophiles (6), including the Thermo-
coccales (7), and in the genus Thermoplasma, which belongs
to the second major branch of the archaebacterial kingdom
(1). The AB'B"C type, characterized by a split B component,
is common to the methanogens and extreme halophiles, other

representatives of the second major branch. Immunochem-
ical cross-reactivity indicates that the two (or three) largest
components of eubacterial, eukaryotic nuclear, and archae-
bacterial RNA polymerases are homologous (4, 8). Inter-
kingdom homologies between smaller components, including
the archaebacterial C subunits, have not yet been ascer-
tained.
The complex component patterns of archaebacterial RNA

polymerases, comprising around 10 subunits each, resemble
those of the nuclear eukaryotic rather than the more stream-
lined eubacterial enzymes. Accordingly, immunochemical
cross-reactivity was larger between archaebacterial and eu-
karyotic components than between archaebacterial and eu-
bacterial components (8), and the consensus sequences of
putative promoters of archaebacterial stable RNA and pro-
tein genes (9, 10) are strikingly similar to those of eukaryotic
promoters for RNA polymerase II (11).
Here we compare the derived amino acid sequences of

components A and C from three archaebacteria with each
other and with the sequences of a eukaryotic A subunit
(largest) and a eubacterial 13' subunit. We present unrooted
phylogenetic trees constructed from the sequence distance
values (12, 13) and from parsimony analyses (13, 14) and
discuss implications for the genesis of the eukaryotic chi-
mera. The complete nucleotide sequences for the B", B', A,
and C genes of H. halobium (15), for the B, A, and C genes
ofSu. acidocaldarius (G. P., unpublished results), and for the
adjacent reading frames, the organization of these sequences
into transcription units, and their expression will be de-
scribed separately.

MATERIALS AND METHODS
Material. Deoxyadenosine [a-[35S]thio]triphosphate was

from Amersham. Restriction enzymes, T4 DNA ligase, and
E. coli DNA polymerase I (Klenow fragment) were from
Pharmacia and the BAL-31 exonuclease was from BRL.

Bacterial Strains and Culture Conditions. Su. acidocaldar-
ius DSM 639 was obtained from the Deutsche Sammlung von
Mikroorganismen, and H. halobium strain R1 was a gift from
D. Oesterhelt (Martinsried). They were grown as described
by Huet et al. (8) and Oesterhelt and Stoeckenius (16).

Isolation of the RNA Polymerases and Preparation of the
Antibodies. The RNA polymerases were isolated as described
by Huet et al. (8) and Madon and Zillig (17). The preparation
of antibodies was as described by Huet et al. (8).

Cloning and Screening of the Expression Library and Ge-
nomic Libraries. BamHI (Su. acidocaldarius) or partial Hae
III (H. halobium, fragments in the size range 0.5-3.0 kilo-
bases ligated to EcoRI linkers) digested chromosomal DNA
was "shotgun" cloned into expression vectors PIN III13 (18)

Abbreviations: pol I, II, and III, RNA polymerases I, II, and III,

respectively.
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or Agt11 (19), respectively, as described by Maniatis et al.
(20). The clones were screened with polyclonal rabbit anti-
sera against the C subunit of the RNA polymerase as de-
scribed by Konheiser et al. (21). Positive clones were de-
tected by using peroxidase-coupled rabbit antibodies (Sigma)
and a color reaction with 4-chloro-1-naphthol. Inserts in the
positive clones were then used as probes to screen genomic
libraries constructed in A-EMBL4 (22) (Su. acidocaldarius)
or AL47 (20) (H. halobium) to obtain clones containing the
contiguous DNA regions, including the genes for the other
polymerase subunits.

Sequencing. Both strands of restriction fragments and
BAL-31 exonuclease deletion derivatives of the polymerase
gene subclones (23) were cloned into the single-strand vec-
tors M13tg130/31 (24) or M13mpl8/19 (25). They were se-
quenced by the dideoxy-nucleotide chain-termination meth-
od (26). The N-terminal protein sequence analyses were
performed as described by Reiter et al. (27).
Computer Analyses. Sequence alignment was done with the

programs GAP, BESTFIT, LINEUP, PROFILE, and PROFILEGAP
of the UWGCG package (28). Alignment was hand-corrected
for mismatches of obvious short signatures.
The phylogenetic dendrograms were constructed with the

help of the programs FITCHPRO, PROTPARSPRO, and DNAMLof
the PHYLIP, version 3.0, program package (13) and the
algorithm of Lake (29) as described (30).

RESULTS
Cloning. RNA polymerase component C gene of Su. aci-

docaldarius and a component C gene fragment for H. halo-
bium were identified after shotgun cloning of genomic DNA
fragments into expression vectors using polyclonal anti-C
component antibodies. Adjacent fragments were selected
from genomic libraries and sequenced by the chain-
termination method (26). The component C and B (or B'+B")
genes of both organisms were assigned using N-terminal
protein sequence analyses. The A subunits of both enzymes
had a blocked N terminus and their genes were identified by
sequence homology with other A (or /3') components.

Organization of Genes. RNA polymerase component A and
C genes were found to be closely linked in both organisms
(Fig. 1). The A genes followed the B (Su. acidocaldarius) or
B' (H. halobium) genes directly, but in a different frame, and
were followed directly by the C genes, also in a different
frame. In Su. acidocaldarius an overlap of 5 nucleotides
occurred between the B and A genes and in H. halobium the
A gene overlapped the C gene by 5 nucleotides. Shine-
Dalgarno sequences, complementary to the 3' termini of 16S
rRNA (32, 33), were a few nucleotides upstream of initiation
codons for the A and C genes in both organisms.

Alignment. Derived amino acid sequences of the A and C
components from Su. acidocaldarius and H. halobium were
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FIG. 1. Gene linkage for the large components of DNA-
dependent RNA polymerase of two archaebacteria and eubacteria
(31) and eukaryotes. The B and A subunit genes are unlinked in
eukaryotes.

aligned with each other and with other available polymerase
sequences-for the A subunit from Methanobacterium ther-
moautotrophicum (34), for the A components of polI,II, and
III from Saccharomyces cerevisiae (Sa. cerevisiae) (3, 35),
for the A component of pol II from Mus musculus (ref. 36 and
data not shown), for the A components of pol II and III from
Trypanosoma brucei (37, 38), and for the13' subunits from E.
coli and Marchantia polymorpha chloroplasts (39, 40)- (Fig.
2) by using the UWGCG package (28). Several errors, caused
by a tendency to rate an average fit higher than the conser-
vation of signatures (short consensus sequences), were hand-
corrected after all sections of the alignments were inspected.
Nine domains that are highly conserved in all sequences

are separated by stretches in which either the archaebacterial
plus the eukaryotic polII and III A components or the
eubacterial components show exact gaps whereas the other
sequences are well aligned. The pol I A sequence is ambiv-
alent in that it corresponds to the eubacterial1B' components
or to the other eukaryotic A components in such regions. In
addition, there are some regions of questionable alignment.

Archaebacterial A sequences show colinearity with, and
homology to, roughly the first two-thirds of eukaryotic A and
eubacterial /3' sequences, and archaebacterial C sequences
show colinearity with about the last third of the eukaryotic A
and the eubacterial /3' sequences (see Fig. 1). Thus, two
adjacent archaebacterial genes correspond to one contiguous
gene in eukaryotes and eubacteria. However, the C-terminal
heptapeptide repeat, characteristic for eukaryotic polII A
subunits (41), is absent from the archaebacterial C compo-
nents. Two adjacent genes, the first for B" and the second for
B', in H. halobium and M. thermoautotrophicum, corre-
spond to one contiguous B gene in Su. acidocaldarius.
Homology. Two sequence distance matrices are shown in

Fig. 3; the upper right was calculated from identities in the
occupation of positions and the lower left evaluated each pair
of amino acids as proposed by Dayhoff et al. (42). As
expected, high homology (lowest sequence distance) is ob-
served between the archaebacterial sequences. However,
homologies between archaebacterial and eukaryotic pol II
and III sequences are not much smaller. They are as high as,
or even higher than, those between eukaryotic pol II and III
sequences. The lowest homologies are seen between archae-
bacterial sequences and eukaryotic polII and III sequences,
respectively, and eubacterial sequences.

Phylogenetic Trees. Unrooted phylogenetic dendrograms
calculated by the distance matrix method of Fitch and
Margoliash (12, 13) from either matrix in Fig. 3 without
specific correction showed that archaebacteria are a coherent
group in the immediate neighborhood of eukaryotic pol II and
III A lineages, whereas the pol I A lineage appears to be
separate, showing a bifurcation with the eubacterial /' lin-
eage (Fig. 4). Stepwise restriction of the data basis to
positions with increasing conservation (increasing identical
occupation) did not change this unexpected result. Trees
obtained both from the identity and the similarity (42) matrix
were subjected to treatment by two algorithms designed to
correct for artifacts possibly introduced by multiple ex-
changes in long branches. A correction employing the Pois-
son distribution (43) did not change the identity tree but
moved the pol I lineage onto a common stem with pol II and
III in the similarity tree. Treatment as described by Dayhoff
et al. (42) did not change the topology of either tree, but led
to a strong increase of the mean standard deviation. The
standard deviations of the selected trees were generally only
slightly lower than those calculated for alternative topolo-
gies, indicating that the choice of the most probable distance
matrix dendrogram might not be significant.
The parsimony method (13, 14) yielded the same tree as the

distance matrix method without correction. An evaluation of
different dendrograms by comparing the numbers of nudle-
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TO3 LSFEAPTK.FYTKGKWDCAE.... EGYVAFLD...................................................................
Sc3 IMLDAKNKVFVPPKSKSLPNENSQNDGFVIING...................................................................
Scl PGINLISK ....fKIKNEYWKGSLENEVLFKD.

NpC EIQYKSFGN1SQIYEHYQLOaIQEIISTYICTTAGRILFNIQQIEEAIQGTYKASLIKQ[T QKIEa6* - CKAINF1raLNISLFIYVYKNIKRFFINA I

1401
....................................................................................................

Nh ..................WEVESDDTEFVTDGVVIEDTELL..
Sa ............. YIDKRLEIKKIPNKLNED.
Sc2 LKLQVLLDEEYKQ ...LV FUEWFVDGEANPL ..... PVNIRRIIQNAQQTFNIDNTKPSDLTIKDIVLGVKDLQENLLVL ....NN.RGEIIQN
Th2 PQMVNKLQEEYEQ ..LTADNEWSR.KNLDLEDRNLKL.KLNLPVNPGRLIQNSTMUaSQ.VSNLSPITIIDNVNKLQEDLNLMFPSYNNGGDGYIRN
Th3 CEEQESREDALHNM RE.SRPRTGRLR.NAVLISNLVKV DDIQDFFVKK. ...VREQQRIRNNLLLPMTSRERTEG.....GGDNSGPIA
Sc3 LEERLVRY ........ DNSGCLVKEN.KAEYVDQ.YDAERDFYSLEYINATALA.NLKSNLGLLEPPAKELQG ..... IDPDETP
Scl EPNYKQS... ....VIKYDPV. LAKYMP... AKYLGSVSENFQDKLESFLK...

Ec....PTADILVPRTLLNEQDLLEE.....
NpC. ...DCIAPN"QIGALLALITL....

1501
Mt ..VEACEAVGTVAAQSVGEPGTQMT1TFNYAGVAELNV
h .KDEVLATAEERVGKSQAN.EIATAVEWAQYLDT. RVDPLDPVGTVSAQSIGEPGtQIflUTFNYAGVAEEV
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1801
Mt. KTFKKVEIDNIILNFEPPK.
HhN.NLVTVTQD6TILEFGPSE.
Sa .KLEIRIEDWDEYSFTIYFEKI.
Sc2. QVGERIKQTFKMLFVIWSEDNDEKLIIRCRVVRPKSLDAETEAE.
Th2 D.....DVKQAILDVDESY........IIETGNANVNQNTINSNYNEGA......
Th3.EOCIEVFSLDTLAVYP.
S3 .KDRIAINVFPEGYKAKS ................IS
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Sa Tt ...VDIMKIQTNNIHEVEEVLGNEAARELISREIKKVLEEQGL.DVDMNHIVLVSDINTRTGDI ..................................
Sc2 PS...IDPTRIYTNSFIDINEVLGIEARAALYKEVYVIASGS.YVNNNNALLVDVMTQGGL..... ........................
Th2 DQCNIINAVKTSSNEVPEVCSLLIEAARSNTELNEAYLAYGL.NIMYNN LVDTICNGYL...... .............. ..........
Tb3 it .. VDSTRVVCNNVAWERVLGIEAARRVIVDEIQNILKAYSL.SIDVRHNVLLADLNTQRVV.
Sc3 D6 .. VIGSRTTTINVLEVFSVLGIEAAYSIIREIMYTNSNHGN.SVDP PQIQLLDDV6TYKGEV.
Scl AF ..IDVDGITSMDVAAVLKTYGVEAARNTIVNEINMVFSRYAI.SVSFRHLDLIADNTQ6TY.
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Sa .....GLLLEGVFDKKAIGNQQPESNLHISIREYGTEYUI5AJDNFIRFLENRGF ........TNTLEDITIPDE...................... Sa ....... RQIGRNNVTGEKSS.VLARAAFEVTVKHLLDAAARGEREEFKGVIENIIIGQPIRLGTG
Sc2 .....GQIIFGVVE(TVGISSNGG.LIHVVTRE[GPQVCAKLFGNIQKVVMFWLLNMSF ......... ..........................STSIDTS .l ...TSVTRHGFNSMT.GALIRCSFEETVEILFEAGASAELDDCRGVSENVILSQNAPIGTG
Tb2 .....GQLLCGPITKSIVAAOPS LIHVIFNENGSDEVARFINGVQRVTTFFLLFF ........S QT...........................Tbl.......NAVSRSGIMNSDTSGPLNCSFEETVKVLNAAASFGECDPVRGVSANLVLGNQARVGTG
ThOI SCFISRLDKKLLGGADGLFARLHTIAGGYTARVNSRIAQFTSRYLTNY6F........SISLLLGDV . ..........................VTOTLI TRYGIQKF N.NVLTNASFARTTDHLYNAAATQRVDRDLSVSDSIIVGKPVPLGTT
SA3 .....SQILSGVDSKSVLGD MLRDYPQEAANUAOCNLCARFLGORGF........NSIGIV. .......................... SO ....... LGITRFGLSKR.SVLQLASFEKTTDHLFDAAFYNKDAVEGVSECIILGQTNSIGTG
Scl .....GALLCGILDKSQYGAS.KYGIVNSLHEVYGPEVAKVLSVLGRLFTNYITATAF ........TCGMNOLRLTAEGNEWRTOILKTSVDTGREAAAE Sci.......LAFNQGNETS.TSSF.NMSYETTCQFLTKAVLDNEREQLDSPSARIWGKLNNVSTG
Ec ....YSIVNQALGKKAI .....ISKLMTCYRILGLKPT...... VIFADQINYTGFAYAARSGASVGIWNN.VIPEEKHEIISEAEAEVAEIQEQFQS Ec ATYSRDLLGITKASLA...TESFISAASFQETTRVLTEAAVAGKRDELRNLKEIVIVGRLIPAGTG
NpC EPVNLIFYDM NTAI .....KQLISRLIANF6IM.......THILDQLKTL6FQQATF6AISL6IDDL.LTAPSLWLIEDAEQY6NLSEKHHNY NpC VPYKPILLGITKASLN ...TQSFISEASFQETTRVLAKAALK6RIDWLK6LKENVILG6LVPA6T6

FIG. 2. Aligned sequences of the A plus C components of the DNA-dependent RNA polymerases of H. halobium (Hh), Su. acidocaldarius
(Sa), and Methanobacterium thermoautotrophicum (Mt), the A components of pol II from T. brucei (Tb2) and Sa. cerevisiae (Sc2), of pol III
from Sa. cerevisiae (Sc3) and T. brucei (Th3), and of pol I from Sa. cerevisiae (Scd), of the /3' subunits from E. coli (Ec), and of the /3' and ,8"
components of M. polymorpha chloroplasts (MpC). The numbers refer to positions in the alignment including gaps. The tilted bar at position
1735 indicates an insert present only in the chloroplast /8" sequences.
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Tb2

Hh

ARCHAEBACTERIA

FIG. 3. Percent sequence homologies between pairs of archae-
bacterial A plus C, eukaryotic nuclear A, and eubacterial /3' com-
ponents of the DNA-dependent RNA polymerases, calculated from
the alignment presented in Fig. 2. In the upper right triangle only
pairwise identities were considered; in the lower left triangle values
were calculated from scores obtained with the aid of the mutational
matrix of Dayhoff et al. (42). Mm2, pol II from Mus musculus; SoC,
Spinacea oleracea chloroplast. Other abbreviations are as in Fig. 2.

otide exchanges required for their construction showed that
trees in which the pol II and III lineages changed positions
and that trees in which pol II and III originated from a
common stem seem to be insignificantly less probable. Trees
in which pol I originated from one stem with pol II and III are,
however, clearly less significant. The tree in which the
"eocyte" Su. acidocaldarius (44) bifurcates with the eukary-
otes and the "photocyte" H. halobium (45) with the eubac-
teria has the lowest significance. This result remained essen-
tially unchanged when instead of all positions only the highly
conserved positions without a gap were considered (Fig. 5).
The archaebacterial and the pol III and II lineages are of

about equal length. Their relations are thus probably cor-
rectly described by the discussed trees. But the pol I and
especially the ,3' lineages are longer. The maximum likeli-
hood program of Felsenstein (46), a DNA parsimony algo-
rithm considering possible branch length (multiple exchange)
effects on tree topology, also yielded a dendrogram in which
pol II bifurcated with the archaebacteria and pol I bifurcated
with the eubacteria.
The analysis of the positions of the alignment on the DNA

level, employing the proposed rate-invariant evolutionary
parsimony algorithm of Lake (29), yielded a strong prepon-
derance of the topologies of four-membered dendrograms,
indicating the unity of the archaebacteria rather than sug-
gesting the eocyte-photocyte tree. Determination of distance
values yielded a tree in which pol II and III share a stem that

FIG. 4. Unrooted phylogenetic tree of the A plus C, A, /3', and
,/' plus /8" components of the DNA-dependent RNA polymerases,
listed in Fig. 3, calculated from the sequence homologies according
to Fitch and Margoliash (12) and Felsenstein (13) from the 715
positions in the alignment in which all 12 sequences are represented,
considering identities only with no further correction. Abbreviations
are as in Figs. 2 and 3.

bifurcates with the archaebacteria (in which Su. acidocal-
darius and H. halobium have changed positions) and pol I,
again, bifurcates with the eubacteria.

DISCUSSION
As described in detail (ref. 15 and G.P., unpublished results),
the genes for the large components of the archaebacterial
RNA polymerases are organized in transcription units in an
arrangement corresponding to that of the E. coli /3 and /3'
genes in the rpoBC operon. The neighboring genes, however,
do not correspond to those found in E. coli at the same
positions. These transcription units thus add to increasing
evidence for a similarity, though not identity, of the organi-
zation of archaebacterial and eubacterial genomes.
The high homology between the archaebacterial A plus C

genes and the corresponding eukaryotic pol II and III A genes
is in contrast to the situation found for rRNA (1). It is,
however, in line with the discovery that archaebacterial
translation factor and ribosomal protein genes, which are also
organized in operons resembling those found in E. coli, show
considerably more sequence homology to their eukaryotic
than to their eubacterial counterparts (47, 48).

In accord with the immunochemical analysis (4, 8) and with
the nature of putative archaebacterial transcription promot-
ers (9, 10) and terminators (49-51), the sequence data thus
provide strong evidence that the structure and function of
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archaebacterial RNA polymerases and eukaryotic pol II and
III are of the same type.
Even in the most probable phylogenetic dendrograms, the

relative placement of the eukaryotic pol II and III lineages,
including their possible origin from a common ancestral
enzyme, remains ambiguous. However, these dendrograms
show the pol I lineage arising separately from a bifurcation
with the eubacterial /3' lineage. The three specialized eukary-
otic nuclear RNA polymerases have thus not necessarily
arisen by diversification from one eurkaryotic polymerase.
The bifurcations of pol II/III with the archaebacteria and

pol I with the eubacteria could be explained by assuming that
these lineages arose separately-pol II/III from the early
archaebacterial and pol I from the early eubacterial lin-
eage(s)-and became components of the eukaryotic genome
through a fusion incident or by acquisition through endosym-
bionts or by horizontal gene transfer, events discussed for the
genesis and the development of the eukaryotic chimera. The
alternative that the archaebacterial and/or the eubacterial
enzymes arose by reduction events out of the eukaryotic
lineage from the already diversified pol II and I, respectively,
appears far less probable. The insertion of further especially
deep branching and short eubacterial and pol I lineages could
increase the significance of this hypothesis. But the uncer-
tainty regarding the origins of the eukaryotic polymerases
accentuates their early separation. Archaebacteria thus tes-
tify to an ancestral archaebacterial nature of a fraction of the
eukaryotic nuclear genome. If archaebacteria are primitive
(i.e., closer to the root than the apparently highly streamlined
eubacteria), the "archaebacterial" genes of eukaryotes are
primitive in the same sense. The factors responsible for
retarding evolution in the two kingdoms might, however, be
fundamentally different-e.g., seclusion in extreme niches
for the archaebacteria and the existence of a complex net-
work of intermolecular interactions for the eukaryotes.
These data support the view that extant life should be

classified into three (1, 2, 52) rather than two or five distinct
kingdoms (44, 45). Like many other features [e.g., rRNA
primary structures or the nature of the lipids (for a more
complete listing, see ref. 53)], RNA polymerase structure and
gene organization indicate the coherence of the archaebac-
terial kingdom for the following reasons: (i) The component
sequences form a coherent cluster in the most probable
phylogenetic trees. (ii) The open reading frames flanking the
polymerase genes in the genomes of the two archaebacteria
correspond to each other but not to those found in corre-
sponding positions in eubacteria. (iii) The unique A-C gene
separation, in contrast to the contiguous A and A' genes in
eukaryotes and E. coli, respectively, appears to be the rule
among archaebacteria, although the apparent subunit sizes
and immunochemical data suggest that Thermoplasma (54)
and Archaeoglobus (55) may constitute exceptions. (iv) H.
halobium and Methanobacterium thermoautotrophicum
show the same B gene separation.
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