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Genes for Stable RN As and Their
Expression in Archaea

Michael Thomm and Winfried Hausner

3.1 Introduction

The investigation of stable RNA sequences has
led to the discovery of the Archaebacteria as a
second procaryotic line of descent (Woese and
Fox, 1977). Archaebacteria are no more related
to typical bacteria than to the eucaryotic cyto-
plasms. Novel designations have been pro-
posed to express this tripartite division of the
living world, thus rejecting the conventional
procaryote—eucaryote dichotomy (Woese et al.,
1990). According to this proposal, life on earth
can be seen as comprising three domains,
called the Bacteria (formerly eubacteria), the
Archaea (archaebacteria), and the Eucarya
(eucaryotes). Two major phylogenetic branches
(kingdoms) can be distinguished within the
domain of Archaea: the coherent kingdom of
Crenarchaeota  (formerly  sulfur-metabolizing
thermophiles) and the phenotypically diverse
second kingdom of Euryarchaeota, comprising
the three orders of methanogens (Balch et
al., 1979): the order Thermococcales (Zillig et
al., 1987), the sulfate reducer Archaeoglobus
(Achenbach-Richter et al., 1987), the extreme
halophiles, and the genus Thermoplasma
(Woese, 1987).

The genes for stable RNAs from representa-
tives of all phylogenetic groups of Archaea have
been cloned and their arrangements and se-
quences determined. Thus, enough structural
data have been accumulated to allow a signifi-
cant comparison of the molecular organization
of tRNA and rRNA genes in bacterial, eucaryo-
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tic, and archaeal cells. This comparison will
constitute the first part of this chapter.

Although DNA sequences upstream and
downstream from numerous rRNA and tRNA
genes of Archaea have been established, little
was known about the mechanisms and tran-
scription signals regulating the expression of
stable RNA genes in Archaea. The major reason
for this paucity of information has been the lack
of genetic transfer procedures and in vitro
transcription systems that would allow testing
and refining the predictions inferred from
structural studies in functional assays. How-
ever, a convincing proposal for two promoter
motives of stable RNA genes in Methanococcus
has been derived from sequence analyses and
transcription mapping experiments (Wich et
al., 1986a). These sequences comprise an AT-
rich sequence, called box A, located between
position —40 to —20 relative to the transcription
start site, and a second motif at the transcrip-
tion start site (box B). Footprinting (nuclease
protection) experiments showed that some of
these conserved sequences are bound by the
purified RNA polymerase from Methanococcus
vannielii (Thomm and Wich, 1988). From these
footprinting experiments and from the se-
quence analyses of RNA genes from metha-
nogens and the thermophile Sulfolobus, the
octanucleotide TTTA T/A ATA (TATA box) has
been inferred as a general promoter element
for stable RNA genes in Archaea (Thomm and
Wich, 1988; Reiter et al., 1988a).

A modified version of this motif was found
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at the same location upstream from stable RNA
genes of extreme halophiles (Mankin and
Kagramanova, 1988; Thomm and Wich, 1988).
Further footprinting experiments and sequence
analyses supported the conclusion that this
sequence also comprises a constituent of the
promoters of archaeal protein-encoding genes
(Brown et al., 1988; Reiter et al., 1988a; Thomm
et al., 1988). Although the RNA polymerase of
Methanococcus binds to the promoter, all puri-
fied RNA polymerases of Archaea are unable to
initiate transcription at the correct site in vitro.
However, cell-free transcription systems allow-
ing the expression of tRNA genes of Methano-
coccus (Frey et al., 1990), rRNA genes of Sulfolo-
bus shibatae (Hiidepohl et al., 1990), and a
protein-encoding gene of Methanobacterium ther-
moautotrophicum (Knaub and Klein, 1990) have
been described. The Methanococcus and Sulfolo-
bus systems both initiate at the same site in
vitro and in vivo. The Methanobacterium system
starts transcription at a box B-like sequence 10
nucleotides upstream of the in vivo initiation
site. The low efficiency and unusual start site of
this in vitro system suggest that it lacks an
essential component. The availability of specific
transcription systems offers the opportunity to
obtain biochemical evidence for the significance
of conserved DNA sequences upstream and
downstream from archaeal genes.

We summarize here some of our experi-
Ments defining the DNA sequences that pro-
mote and cause the termination of transcrip-
tion in Methanococcus vannielii. These and other
experiments (Hausner et al., 1991) demon-
Strate that the TATA box at —25 and a sec-
ond signal at the transcription initiation site
are indispensable for initiation of transcription.
Accurate cell-free transcription in Methanococcus
and Sulfolobus is mediated by soluble transcrip-
tion factors (Frey et al., 1990; Hiidepohl et al.,
1990); this is reminiscent of eucaryotic tran-
Scription systems. The similarities and differ-
ences of stable RNA transcription in Archaea,
Bacteria, and Eucarya are discussed. Stable RNA
genes are highly expressed in vivo, and be-
Cause only a single type of RNA polymerase
appears to be present in archaeal cells, the
analysis of transcription in these cells may pro-
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vide a basis for understanding the mechanism
of archaeal transcription in general.

3.2 Organization of Stable
RNA Genes

Within the Euryarchaeota, ribosomal RNA genes
are arranged in the sequence 5'-165-tRNAAla-
235-55-3' (Figure 3.1). The tRNA gene in the
intercistronic spacer between 165 and 23S RNA
is missing in all Crenarchaeota investigated so
far. According to this feature, organisms that
show a thermophilic phenotype, such as Ther-
mococcus and Archaeoglobus, are also clearly link-
ed with their phylogenetic relatives, the metha-
nogens and halophiles (Achenbach-Richter and
Woese, 1988). In Desulfurococcus mobilis, Thermo-
proteus tenax, and Thermophilum pendens, the 55
genes are unlinked from the 165/23S genes and
are transcribed from an independent promoter
(Neumann et al.,, 1983; Kjems and Garrett,
1987; Kjems et al., 1990). Additional unlinked
55 genes have been observed in Sulfolobus
strain B12 (Reiter et al., 1987; strain B12 has
been described recently as a new species Sulfo-
lobus shibatae; Grogan et al., 1990), Thermococcus
(Neumann et al., 1983), and Methanococcus
(Jarsch et al., 1983; Wich et al., 1987b). The
additional 55 genes of Methanococcus vannielii
and M. voltae are located within tRNA operons
(Wich et al., 1984, 1987b). One rRNA operon of
Methanothermus fervidus and Methanobacterium
thermoautotrophicum is linked to a 7S gene (Haas
et al., 1990; see Figure 3.1, and also following).

In Thermoplasma, the genes for 16S, 23S, and
55 rRNA are physically separated by 1.5 to 7.5
kb (Tu and Zillig, 1982) and transcribed from
independent promoters (Ree and Zimmer-
mann, 1990), indicating a unique arrangement
of ribosomal RNA genes in this organism into
three transcription units. The number of rRNA
operons varies from one in the Crenarchaeota
to four in Methanococcus vannielii (see Figure
3.1). The domain Bacteria shares with Archaea
the general organization of rRNA genes. In the
Eucarya the 5S gene is separated. However, a
separate 5S rRNA gene has also been disco-
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FIGURE 3.1 Arrangement and transcription of archaeal TRNA genes. Sequences encoding mature rRNA
species are boxed. Dots indicate that distance of unlinked 55 gene to rRNA operon has not been precisely
determined. Transcription start sites are indicated by (| ). Indices show number of mapped initiation sites;
in Xenopus, Index n indicates multiple sites. Distance between 16S and 23S rRNA derived from mapping data
has been corrected using DNA sequencing data provided by Achenbach-Richter and Woese (1988). Location
of intron in 23S RNA of Desulfurococcus mobilis is indicated by black box.

*The organization of the second operon in Methanobacterium thermoautotrophicum has not yet been investi-
gated, and interpretation of the mapping experiments for transcription start sites is difficult (see discussion
in text).
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vered in Mycoplasma (Taschke et al., 1986; Fi-
gure 3.1). Eucaryotic 185, 5.8S, and 285 rRNA
genes are cotranscribed as a large 40S or 455
precursor in lower and higher Eucarya, respec-
tively. The 5.8S rRNA of Eucarya is homologous
to the 5’ end of the 23S rRNA of Bacteria and
Archaea.

Desulfurococcus mobilis shares with some low-
er Eucarya the presence of an intron within
the 235 rRNA gene (Kjems and Garrett, 1985).
The splicing process is similar to that of the
class Il introns of eucaryotic tRNAs. However,
in contrast to these introns, which are linear
and rapidly degraded after the splicing event,
the excised Desulfurococcus intron circularizes in
a manner similar to that of self-splicing introns
(Kjems and Garrett, 1988). Because the Desul-
furococcus intron is located in a “hot spot” in-
tron site of eucaryotic rRNAs and is spliced by
a mechanism similar to that of eucaryotic tRNA
introns, both rRNA and tRNA introns of
Eucarya may have a common origin in the in-
trons of Archaea.

Transfer RNA genes in Archaea are organized
in operons or single genes and may be located
within rRNA operons, in the spacer region be-
tween 165 and 23S RNA and as trailers down-
stream from the 5S gene. This is the typical
situation encountered in Bacteria. In Eucarya,
tRNA genes are clustered, but neighboring
genes are rarely cotranscribed into multimeric
precursors. Transfer RNA genes hitherto have
not been observed within an rRNA operon in
Eucarya. The absence of a tRNA gene in the
165/23S RNA spacer region of extreme thermo-
philes has been discussed as an important
argument supporting the phylogenetic tree of
Lake (1989). According to this proposal, these
organisms (called eocytes by Lake) are more
closely related to Eucarya than methanogens
and halophiles, which cluster together with
(eu)bacteria (Lake, 1988). However, the 165/23S
RNA spacer region of Mycobacterium (Suzuki
et al., 1988a) and Streptomyces (Suzuki et al.,
1988b) also does not contain a tRNA gene. Be-
cause this feature is also a common property of
the Actinomycetes, an important group in the
domain Bacteria, the presence or absence of a
tRNA gene does not argue for a specific re-
lationship of Crenarchaeota to Eucarya. No
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molecular feature of stable RNAs has yet been
detected that is absolutely specific for one of the
two archaeal kingdoms, and thus far, no phe-
notypic properties can be defined that clearly
indicate a closer relationship of one of the two
kingdoms of Archaea to Eucarya (see follow-
ing). Also, almost all data accumulated thus far
argue for the monophyletic nature of Archaea.

Some tRNA genes from Sulfolobus solfataricus
(Kaine et al., 1983), Haloferax volcanii (Daniels et
al., 1985), Thermoproteus tenax (Wich et al.,
1987a), and Thermofilum pendens (Kjems et al.,
1989) contain an intron. Most archaeal tRNA
introns are located in the anticodon loop, as
they are in eucaryotic nuclear tRNAs. The
tRNA intron of T. pendens is located in the vari-
able loop of the tRNA precursor. No intron has
ever been detected at this position of the tRNA
molecule. A tRNATP intron endonuclease has
been purified from Haloferax volcanii (Thomp-
son and Daniels, 1988). Unlike eucaryotic in-
tron endonucleases, this enzyme appears to be
sequence specific and does not require a com-
plete mature tRNA structure for substrate rec-
ognition. In stable RNA genes of bacteria, no
introns have yet been detected.

Most tRNA genes of Archaea lack the 3’ ter-
minal CCA sequence, which must be added
posttranscriptionally. These two features pre-
viously have been seen in eucaryotic tRNA
genes (Melton et al., 1980), some tRNA genes
of E. coli bacteriophages, and in some chromo-
somal tRNA genes of Bacillus (King et al., 1986).

A striking similarity to eucaryotes is the pres-
ence, in Archaea, of a gene encoding a stable
RNA of about 300 nucleotides. This 7S RNA
gene has been found in all Archaea examined
(Moritz and Goebel, 1985; Haas et al., 1990;
Kaine, 1990). The 7S RNAs of Archaea and
Eucarya share a very similar secondary struc-
ture. However, the homology in the primary
sequence is limited to a hairpin structure. This
specific domain of about 40 nucleotides is
also conserved in the 4.55 RNA (114 nu-
cleotides) of E. coli and the small cytoplasma-
tic RNA (271 nucleotides) of Bacillus subtilis
(Struck et al., 1988; Kaine and Merkel, 1989;
Haas et al., 1990). Thus, these small bacterial
RNAs and 7S RNAs might be evolutionary
homologs. However, their size and secondary
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structure result in a greater structural resem-
blance between archaeal and eucaryotic 7S
RNA molecules. In eucaryotic cells, 7S RNA is
a major constituent of the signal recognition
particle involved in translocation of secretory
proteins (Zwieb, 1989). The function of 7S RNA
in archaebacterial cell metabolism remains an
intriguing question.

There are so many excellent reviews and
original papers about the structural features
of archaeal stable RNAs and the phylogenetic
trees based on these sequences (Bock et al.,
1986; Leffers et al., 1987, Woese, 1987; Brown
et al., 1988; Kjems and Garrett, 1990) that they
cannot be discussed in detail here. This chapter
therefore focuses on the following aspects of
the expression of stable RNA genes.

3.3 Transcription of Stable
RNA Genes

Transcription initiation sites

All living cells require specific mechanisms to
Synthesize the tremendous amount of RNA re-
quired to constitute the RNA component of
ribosomes. In bacteria, three factors seem to
contribute to the high expression rate of rRNA
genes. First, there are multiple copies of the
genes (seven in E. coli; Kenerley et al., 1977).
Second, the genes are expressed from tandem
Promoters (Young and Steitz, 1979). Finally,
the RNA polymerase shows a high affinity to
these promoters, most likely because they
show high homology to the eubacterial consen-
sus sequence (Hawley and McClure, 1983).
Eucaryotic cells contain 50 to 500 identical re-
Peat units of rRNA genes per haploid genome,
Which are clustered at a distinct site of the
chromosome and separated by a nontrans-
aribed spacer region. In Xenopus laevis and
Probably in other eucaryotes, the spacer is com-
Posed mainly of repeated DNA sequences,
Some of which contain promoter-like struc-
tures. These reduplicated promoter sites are
und by transcription factors and give rise to
short transcripts upstream from the true rRNA
Promoter (Moss, 1983). Because RNA poly-
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merase [ does not detach after transcription
of both the 40S rRNA precursor and the short
DNA sequences upstream from the gene, the
multiple promoter sites appear to deliver the
RNA polymerase to the primary promoter, thus
ensuring a high expression rate for rRNA genes
(Sollner-Webb et al., 1987).

A similar initiation, termination, and reinitia-
tion mechanism has been demonstrated to
occur upstream from the 165/23S operon of De-
sulfurococcus mobilis (Kjems and Garrett, 1987).
Four transcription initiation sites seem to direct
the RNA polymerase to the primary initiation
site located 134 bp upstream from the mature
16S rRNA.

Multiple transcription initiation sites have
also been mapped upstream from the RNA
operon of Halobacterium cutirubrum (Dennis,
1985) and H. halobium (see Figure 3.1; Mankin
and Kagramanova, 1986). These two organisms
are closely related and should be subsumed
into the species H. salinarium (Larsen and
Grant, 1989). However, in contrast to Desulfur-
ococcus, the transcripts initiating at distant sites
of halophiles do not terminate upstream from
the DNA region encoding the 165 rRNA. Thus,
this readthrough from several upstream pro-
moters to the terminator of the operon resem-
bles the mechanism encountered in bacteria
(Boros et al., 1983). Multiple transcription ini-
tiation sites have also been observed upstream
from the rRNA operon of Halococcus morrhuae
(Larsen et al., 1986) and from one of the two
operons of Halobacterium marismortui (Mevarech
et al., 1989). The three transcription start sites
mapped upstream of one of the two rRNA
operons of Methanobacterium thermoautotrophi-
cum have not yet been clearly established
(Ostergaard et al., 1987). The situation is fur-
ther complicated by the presence of a 7S RNA
gene immediately upstream of this operon that
was only noticed later (Haas et al., 1990). Only
a single transcription start site exists upstream
from rRNA genes from Methanococcus vannielii
(Wich et al., 1986a), Sulfolobus shibatae (Reiter et
al., 1987), Thermofilum pendens (Kjems et al.,
1990), Thermoplasma acidophilum (Ree and Zim-
mermann, 1990), and one operon of Halobacter-
ium marismortui (Mevarech et al., 1989; see also
Figure 3.1). Therefore, multiple start sites up-
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stream from rRNA operons cannot be consid-
ered a general archaeal mechanism.

An additional putative transcription start site
has been located in the spacer region upstream
for the 23S RNA of Halobacterium salinarium by
S1 nuclease mapping experiments (Mankin and
Kagramanova, 1988). A consensus promoter
sequence is located at the correct distance up-
stream from this nucleotide, suggesting that
this S1 signal is caused by initiation of trans-
cription and not by processing of the rRNA
precursor. This additional promoter may help
to adjust cellular levels of RNAs that are located
far downstream of the primary promoter.
These RNAs might otherwise be expressed at
lower levels because of premature termination
of transcription. It is unclear whether a similar
mechanism operates in other organisms.

Only a few transcription start sites of
archaeal tRNA genes and operons have been
mapped (Wich et al., 1986a, 1987b; Kjems and
Garrett, 1988). These data indicate the presence
of a single initiation site. In Bacteria, tRNA
genes can be expressed both from a single and
from tandem promoters (Caillet et al., 1985).
The transcription of eucaryotic tRNA and 55
rRNA genes is controlled by an intragenic
promoter (see following).

Promoter sequences

The transcription initiation sites upstream from
archaeal stable RNA genes have been located
by S1 mapping or primer-extension experi-
ments. A major disadvantage of the protocols
used by most investigators was that they did
not allow a distinctive discrimination between
initiation start sites and processing sites (espe-
cially when applied to stable RNA genes). To
determine the 5’ end of a primary transcript, it
is important to demonstrate that: (1) the RNA
initiates with a ribonucleoside triphosphate;
and (2) the same initiation site is used when the
RNA is synthesized in vitro in the absence of
the processing machinery of the cell.

Wich et al. (1986a) were the first to locate the
transcription start site of a primary transcript
upstream from a rRNA operon using a
guanosyl transferase capping experiment. They
proposed two conserved DNA sequences as
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possible promoter signals for stable RNA genes
of Methanococcus: the “box A” sequence
ACCGAAA-TTTATATA-TA, extending from
position 20—40 upstream from the 5’ end of the
primary transcript, and the “box B” motif
TGCAAGT, at the transcription start site. The
footprint of the Methanococcus RNA polymerase
extends from position —30 to +20 relative to
the transcription start site (Thomm and Wich,
1988). Hence, the 3’ part of the “box A” of Wich
et al. (1986a), the octanucleotide TTTA T/A
ATA, is located within the RNA polymerase-
binding site. This octanucleotide shows striking
homology to the TATA box of eucaryotic pro-
moters of protein-encoding genes in both loca-
tion and sequence (Corden et al., 1980). A very
similar sequence has been found upstream
from primary transcripts of Sulfolobus genes
(Reiter et al., 1988a). Thus, the DNA sequences
upstream from transcription initiation sites
appear highly conserved among phylogeneti-
cally distant Archaea. Sequence analyses of the
DNA region upstream from stable RNA genes
of a variety of further genera from both phy-
logenetic kingdoms of Archaea confirm this con-
clusion (Figures 3.2-3.4). However, although
this strict conservation argues for the impor-
tance of these sequences in evolution, their
function as promoter signals has not yet been
demonstrated.

One way to investigate the significance of a
conserved DNA sequence is to alter it in vitro
and determine the effect of the mutation on the
biological function. We used a cell-free trans-
cription system (Frey et al., 1990) to define
archaeal promoter sequences in a functional
assay. As template for these experiments, we
used the tRNAVal gene of M. vannielii, which
has a —25 region with perfect homology to the
consensus promoter sequence; at the 3’ end,
it has an oligo-dT sequence, which has been
proposed by Wich et al. (1986a) to be a poten-
tial terminator signal (Figure 3.5). Analysis of
DNA deletion clones showed that the expres-
sion rate of this tRNA is not dramatically re-
duced after the DNA region from —590 to —35
is removed (Thomm et al., 1990; Hausner et
al., 1991). However, removal of nucleotides ex-
tending into the TATA box or beyond leads to a
complete inactivation of this template (Hausner



a)

TACCTAAAACAATACATATTACAACACGTTTTCATATTATGCAAATC  rRNAL Mc. vannielii (Wich et al., 1986a)
TACCTAAAACAATACATATTACAACACGTTTTCATATTATGCAAATC  rRNA2 " "
AACCGAAATATTTATATACTAGAATACCCTTCCTATACTATGCTCTT — tRNA-op. " (Wich et al., 1986b)
TACCGAAAACTTTATATATTATAACACTAGTATTCAGTATGCGAACA  5S/tRNA-op. " "
CACCGAAAAGTTTATATATCATGAATACTATGTTTAGTTTGCTCTCA  tRNA Val " "
CACCGAAAAC[TTTATATACTGTTTATTATGTATTTCATTTGGAAGTT ~ tRNA Thr " "
TACCGAAAACITTATATAATATAATTTCAATCTAATTAATGCAAGTC  tRNA Gln " "
TGTAAAAAGGITTATATAGTAGAATGTTAATTGTTATTGTGCGGTCA ~ tRNA-OD. " "
TTACAAAAAGTATATATACTAAGAAAGATATGCTTAATTGTGGATTT ~ tRNA Phe " "
GATGGAAACATTTATATAGTATAATGGTGTTAGTCATTGTGCAAGTA ~ 5S/tRNA-op.  Mc. voltae "
AATAGTAAACTATATAAGCTAGAACAAGTTATGTAATATTGGCTAGG 7S RNA " (Kaine and Merkel, 1989)
TATCAAAAAATTTAAATAAGATTGAAAAATAAAATATAAAATGGCAG 7S RNA Mt. fervidus (Haas et al., 1990)
GTCCGAAAACITTTATATATGAAAAATTCAAAGGTAAATTATAGCTAA  tRNA-op. " (Haas et al., 1989)
AATCGAAAAATATAAATATGGTTTTATCTAATCTATCCATTAGCTTT  tRNA-op. " "
—————— AAGCITTTAAATAATAGAGCTGCCCTACAGTAATGG-----~  rRNA-op. Mth. soehng. (Eggen et al., 1990)
TGCCATAACCTTTATAACTTCACTGTGACAATACTTTATTTGGTGGGC ~ 7S RNA A. fulgidus  (Kaine, 1990)
GTGCCAAAACTTTATATATCGACGGGGGAATAGAGTAACTGGCGGCG 7S RNA Tc. celer "
CTTCGAAAGTTATATATACTGATTTGCTATTCTTTACTTtgCACATA  16S RNA Tp. acidophilum (Ree and Zimmermann, 1990)
TCACGAAAATCTTATATAGATGTGTTCTATATAGTGTECGGCAACG- 55 RNA " "
GATCAAAATGCTTATATCCCTCTTAATGATATAGTCCATAaCACGCTT 23S RNA " "
b)
A17 B30 219 B12 €9 Tis5 T1gq Tpp A20 Tis A20 T1g 217

2 G1 T3 G4 Az A 3 A2 C2
"1 G3 Aq C3 C2 C1

c, T3 G}

A A A a N [T T T A T A T A

Ficures 3.2 to 3.4 The promoter sequences in Archaea are highly con-
served. Figure 3.2 shows the results for methanogens and euryarchaeota
excepting halophiles, Figure 3.3 for halophiles, and Figure 3.4 for the
Crenarchaeota. (A) DNA sequences upstream from archaeal tRNA/rRNA
and 7S genes have been aligned to yield maximal homology, with TATA
box at —25. This promoter element has been identified by footprinting
and cell-free transcription experiments using purified components from
Methanococcus (Thomm and Wich, 1988; Thomm et al., 1990; Hausner et
al., 1991). The consensus octanucleotide (methanogens and halophiles)
and hexanucleotide (Crenarchaeota) are boxed. Lowercase letters indicate
transcription start sites. Euryarchaeota Archaeoglobus, Thermococcus, and

consensus methanogens

(usually low and intermediate GC)

Thermoplasma are listed together with methanogens in Figure 3.2. In Fi-
gure 3.3, P; indicates putative promoter in spacer region between 165
and 23S RNA in Halobacterium salinarium. (B) Conserved nucleotides in
—25 region of archaeal promoters. Subscripts indicate base frequency at
each position. Consensus derived is shown at bottom. DNA region that
has been identified as being most important for cell-free transcription in
Methanococcus is boxed (Figure 3.2). Corresponding DNA region in
halophiles (Figure 3.3) and Crenarchaeota (Figure 3.4) is also boxed. Note
modification of consensus sequence in halophiles, which can be corre-
lated with their high GC content. (From Thomm et al., 1989.)
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CGCCGACATATTTATCCTCCGGCCTTGTGTTTGCATCCCaCGAAGAA  rRNA Pl H. salinarium (Mankin and Kagramanova, 1988)
GGCGAAACTGLTTACAACICCCCAACCCAACACGCACCCGCGTGGGT — rRNA P2 " "
TCGACGGTGTITTATGTACCCCACCACTCGGATGAGATGCGAACGAC ~ rRNA P3 " (Dennis, 1985; Mankin et al., 1986)
GTCCGATGCCLTTAAGTACAACAGGGTACTTCGGTGGAATGCGAACG ~ rRNA P4 . "
ATTCGATGCCCTTAAGTAATAACGGGTGTTCCGATGAGATGCGAACG ~ rRNA P5 " "
ATTCGATGCCLCTTAAGTAATAACGGGCGTTACGAGGAATTGCGAaACG ~ rRNA P6 " "
ATTCGATGCCCTTAAGTAATAACGGGGCGTTCGGGGAAATGCGAACG  rRNA P7 " "
GATCGTGTCCLTTAAGTGIGGAGACGGGGCAACGATGAATCGCGACGA  rRNA Pi " (Mankin and Kagramanova, 1988)
CCGAAAGGCCCTTAAGAACGACCCGGGTAGGATGAGATGGACTAGGC 7S RNA " (Moritz and Goebel, 1985)
TCGAAACCCCPTTAAGAAAAATCGCCATACGAGAGAGTGCAGACAGA  tRNA Trp Hf. wvolcanii (Daniels et al., 1985)
AAACAGAAGTCTTAAGATAGCCAGACTCGTTTGTTGATCATG -~ ——— tRNA Met " (Daniels et al., 1986)
AAAGGAAAGTCTATTTACKCCACCGGCAGTACGAGAGATTGCAAGGG-  tRNA Lys " "
ATCGAAACGGATTAAACTATCCGCGAGAGAGGCAACAATGGAAGCC-  tRNA Ser " "
GATTCGAAAGCTTAAATTGTACCCGGACAACGGAGAGATGCGTCCGA  tRNA Val " "
CACCGTCAGGCTTAAGCACAAGACCGGGATATCCAGTAACTGCGCC—  tRNA Cys " "
------- AAGCTTAAATACAACCAGCACACAACAGGAAGTTGAGCCC — tRNA Metp " (Datta et al., 1989)
TTCCGACGGGI'TTATCCGTTACCCGGGATTCCGAATGGAAATGCGAA  rRNA P1  H. morrhuae  (Larsen et al., 1986)
ATCCGACGCCCTTAATTGGTACAGGGCACTCGGATGGAATGCAGAAA  rRNA P2 " "
CTTCGAAGGGIITTATACCCTCGAACGGTGTACGAAGAGATCCGAAGG ~ rRNA P3 " "
AGACCGTCCATTTATATACTTTTTTCCCATCGGATGTAATGCGAAGG ~ rRNA P H. marismortui (Mevarech et al., 1989)
CTTCGACGGCGTTAAGTGTGGCTCACCCATCGGAATGAAATGCGAAC  rRNA P1 " "
TTCCGACGCCCTTAAGTGTAACAGGGCGTTCGGAATGAACGCAAAGG ~ rRNA P2 " "
ATCCGACGCCCTTAAGTGITAACAGGGTGCTCGGAATGAACGCGAACG ~ rRNA P3 " "
b)
G14 216 C8 ©11 C11 C11 Ci1s5 T23 T22 A22 A1e C12 T13 210
As Gy Ag Mg Cg G7 Tg By T1 Te As A5 Cp
C3 T, Ts C4 T, T3 A C; C3 Ca Ty
1 71 B3 T2 Az Ay G T2 €3

"1
¢ A N 6 § S lcr 1T A A ¢ T al consensus halophiles

(high GC)

FiGURre 3.3 See Figure 3.2 for caption.
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GCGAAAAATTIITTAATITTAGGGTGTTTTAGGATGGTCgCGCCTTAATTGTTTGT rRNA Tp. tenax (Wich et al., 1987)
AGCGAAAAAATTTAAA'CGGTGAGTAAGTACGCTCgGGGCCGGTAGTCTAGCGG tRNA Ala " "
ACAAAAGCTTITTTA TCGCGCAAAGCTTAGACCTaGCGGGGTAGGCCAGCTA tRNA Met " "
ATCCTGTCATATAACGAGTTGGGCCGGTAGTCTAGCG tRNA Ala " "

GGCTTAAAGC
GCTGAAAAATITTTAAACTGAGCAGTTTATATCAGAGACGGCGGGGGTGCCCGAG tRNA Leu " "
GAGAAAACATTTTAATCCTGAGGAGAAAATACTGGACAGGCGGGGGTGCCCGAG tRNA Leu " "

ATGCTAAAGGTTTATTACCCAGGAAGTATTCCGGTCATgGGGGGTTACGAAGCC tRNA Met Tf. pendens (Kjems et al., 1990)
CGGGAAAAGC[TTTTAAGCATGCCTTTTTACTTCCTTCTAGAGGCTCAGCGGCCG tRNA Gly " "
AAGCATAATATTCATATAACCCCCCGTTTACTAACTAGATTGCCGCCATGGGCA rRNA " "
TAGTTAATTTI TTATAITGTGTTATGAGTACTTAATTTTgCCCACCCGGCCACAG 5S rRNA S. shibatae (Reiter et al., 1987)
AGAAGTTAGA&TTAT GGGATTTCAGAACAATATGTATAATgCGGATGCCCCC rRNA " "
GGCATAACTT&TTAA GGTAACTATTTTATTATGTTATAGTGGGCCCGTAGCT tRNA Met S. solfataricus (Kaine, 1987)
ACACGAAGAGTTTAAAAACGGGTAAAGATTAAACTATTAGAGAGGGCCCGTCGT tRNA Val " "

AGGCTTGAAAAAGATATTAATATTGCGGCCGTCGTCT tRNA Gly " "

ATCATTAAAGGTTAA
TCATATGTAAATAATAATAATGCCGCCGTAGCTCAGC tRNA Phe " "

CCAATAAACC|TATAA

GCATAAAGTATATAAACCCTTATCGCATAGAGTAAGATTCCAGACGCTTACAGC rRNA P1 D. mobilis (Kjems and Garrett, 1988)
ACCCGTCATGATTAATACCCTTGGAGCAAATAGATTCATCaaGCCCGCGGCATT rRNA P2 " "
TAGTGAACGC[ITTGAAAGCAGCTGGTGTTCCACGGAGTgAAGCACTCTACGTGG rRNA P3 " "
AGAGAACTGETTCA ACGTCAGGCTTTTCCCCGACGTCATCCCCGTgCTCAG rRNA P4 " "

~GAATTCATCLTTGAGGCAGTGGTGGGAACCGGGTTGAGCAGGGAGGATgCCGC rRNA P5 " "
AGAGTAAGGTITTTA. CCCCAGTAATAGATTATGGGACTaCGGTGCCCGACCC 5S rRNA P1 " "
CCTAACACAC|TATACAATATATTGATGCTCGCAATAGTGGTaGCCCTAATAGTC 58 rRNA P2 " "
TAAGGAGAT( GCGCTGAGACAACACTgAAGTATCTTGAGAAAATCAT 5s rRNA P3 " "

b)

A7 A7 A3 Tg Cq Tpyo Tpg Tpp A9 A1g A1g Tg Cg
Tg C3 Cg” G Tq A7 A3 Cp G3 T4 T, Ag Tg

C G G A G G A T C G C A
1 2 3 6 5 1 1 1 1 1 4 5
Ty Tp € Ay C G3 Gsg

A A A N N T T T A A A] consensus crenarchaeota

(low and intermediate GC)

FIGURE 3.4 See Figure 3.2 for caption.
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CGAAAAGTTTATATATCATGAATACTATGTTTAGTTTGCTCTCAGTAGGGAGTTAAT

GTAAGCAAATAGGACTCATGGTCTAGTTGGCTATGACATCGCCCTTACAAGGCGAG

GGTCGCCGGTTCGAATCCGGCTGGGTCCACTATTTTAATTITGAGCATATGTATC

FIGURE 3.5 Genomic sequence of tRNAV2! gene of
Methanococcus vannielii. This gene was used as
template to establish the DNA sequences promot-
ing and terminating initiation of cell-free transcrip-
tion. Recombinant plasmid shown harbors the
wild-type upstream region to position —35; it con-
tains archaeal consensus promoter sequence

et al., 1991). This finding supports the conclu-
sion that the TATA box is necessary for initia-
tion of transcription. To provide conclusive evi-
dence for the significance of this sequence as a
promoter signal, a series of point mutations has
been introduced into the DNA region upstream
from the tRNAV2! gene (Hausner et al., 1991).
The effects of some of these mutations on the
rate of cell-free transcription are summarized in
Figure 3.6. When the T in position 2, 5, and 7 of
the consensus was replaced by G, the efficiency
of transcription was dramatically reduced. In
contrast, single-point mutations upstream and
downstream from the TATA box did not signi-
ficantly affect the expression rate of the tRNA

Transcriptional

activity TATA box

T

(Thomm and Wich, 1988; Reiter et al., 1988a) up-
stream (boxed octanucleotide) and also terminator
signal proposed by Wich et al. (1986b) down-
stream from the gene (indicated by grey bar and
the letter T below sequence). Sequence encoding
mature tRNAVa is indicated by parallel lines above
and below sequence.

gene (Figure 3.6). From these experiments, we
concluded that the TATA box is a major consti-
tuent of an archaeal promoter. To assess the
importance of the second box at the transcrip-
tion start site, the initiator nucleotide was mu-
tated to a T (Figure 3.6). Analysis of the in vitro
transcripts from this template showed that this
nucleotide is indispensable for initiation of
transcription. Two further nucleotides of this
box B sequence were required for a high rate of
cell-free transcription (Figure 3.6, Hausner et
al., 1991). Thus, a TATA box at a distance of
about 20 nucleotides to an ATGC-like motif
appears to be the minimal requirement of an
archaeal promoter. The sequence AAAAG up-

Initiator
clement

T .S
AAAAGTTTATATATCATGAATACTATGTTTAGTTTGC

wildtype

0%
100 % .

1

level

FIGURE 3.6 Analysis of effects of single-point
mutations in the 5’ flanking region of the tRNAVa!
gene of Methanococcus vannielii on the rate of cell-
free transcription. DNA sequence of 5’ flanking re-
gion of tRNAV2 gene from position —35 to +2.
Single-point mutations introduced into this region
by in vitro mutagenesis are indicated by small
open rectangles below sequence; T or A residue

usually was replaced by G. G at position —31 was
replaced by T; T and C residues at position —1 and
+2 by A; and G at transcription start site by T.
Black bars indicate template activity of plasmids
containing single-point mutations. Note that
promoter activity is dramatically reduced only by
mutations in region of TATA box and initiator ele-
ment.
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stream of the TATA box (Brown et al., 1989;
Figures 3.2-3.4) is not essential for initiation of
transcription but appears to contribute to
promoter function (Hausner et al., 1991). To
avoid confusion with the well-established de-
signations of A box and B box for the internal
control regions of the RNA polymerase III
promoter (see following), we suggest the de-
signations TATA box and initiator element for
the two structural elements of a typical archaeal
promoter (Hausner et al., 1991). The archaeal
TATA box appears homologous to the TATA
box of eucaryotic polymerase II promoters at
both the structural and the functional level
(Hausner et al., 1991).

In contrast to organisms of the domains
Archaea and Bacteria, eucaryotic cells have
evolved different mechanism for the expression
of rRNA and tRNA genes: These two classes of
stable RNA genes are transcribed by two dif-
ferent types of RNA polymerase and do not
share a common promoter sequence. In most
Cucaryotic systems, the DNA region from
+10 to —40 constitutes the minimal RNA
polymerase 1 promoter (Clos et al., 1986;
Sollner-Webb et al., 1987). The sequences pre-
ceding rRNA genes from different eucaryotes
do not show significant homologies. Thus, the
Polymerase I promoter appears to be species
Specific (Sommerville, 1984). In contrast to
RNA polymerase I and II transcription sys-
tems, the promoter signals for eucaryotic tRNA
and 55 genes reside downstream from the
franscription  initiation site (reviewed by
Geiduschek and Tocchini-Valentini, 1988). Two
Sequences, A box and B box, corresponding to
the region encoding the D and the TyC loops of
Mature tRNA, mediate initiation of transcrip-
tion by RNA polymerase III. These sequences
are highly conserved among all eucaryotes and
are also found in the tRNA genes of bacteria.

Oreover, owing to the presence of the A box
and B box motives, tRNA genes of E. coli and
t}}e chloroplasts of Euglena are expressed with
h‘gh efficiency by the polymerase III transcrip-
tional machinery (Gruissem et al., 1982),
although bacterial RNA polymerases initiate at
Upstream promoters. Inspection of the DNA
Sequences of archaeal tRNA genes revealed
that the eucaryotic A box and B box sequences
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FiGURE 3.7 Archaeal tRNA sequence containing
eucaryotic pollll promoter elements A box and B
box: cloverleaf representation of tRNAVa gene of
Methanococcus vannielii. Intragenic pollll consensus
promoter sequences are shown at corresponding
position beside cloverleaf structure. Left: D loop,
A box; right: TyC loop, B box. Abbreviations: R,
purine; Y, pyrimidine; N, purine or pyrimidine.

are also highly conserved in the Archaea (Wald-
schmidt, 1989; Hausner, 1989; Figure 3.7). De-
letion of internal sequences corresponding to
the TYC loop did not abolish the template
activity of the tRNAVa! gene (Thomm et al.,
1990). However, a systematic analysis of the
effects of internal deletions of an archaeal tRNA
gene on the efficiency of cell-free transcription
has not yet been performed. Thus, the function
of internal DNA sequences in the initiation
or termination of transcription remains to be
elucidated.

Terminator sequences

Several DNA sequences downstream from
archaeal genes have been proposed as possible
terminator signals: transcripts from stable RNA
genes of Methanococcus vannielii (Wich et al.,
1986b), Sulfolobus shibatae (Reiter et al., 1988b),
and Thermofilum pendens (Kjems et al., 1990) ter-
minate within oligo-dT sequences strictly re-
sembling the terminator sequences established
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for polymerase III transcription systems
(Geiduschek and Tocchini-Valentini, 1988).
Similar sequences have been found at the 3’
end of protein-encoding genes from Sulfolobus
shibatae (Reiter et al. 1988b). However, down-
stream from most protein-encoding genes of
methanogens and extreme halophiles, se-
quences similar to rho-independent terminators
of E. coli have been observed (see review by
Brown et al., 1989). These structures can form
hairpin-like structures, which are followed by
an oligo-dT sequence. Transcripts from stable
RNA genes from Desulfurococcus mobilis, Metha-
nobacterium thermoautotrophicum, and Thermo-
filum pendens terminate at the end or after
polypyrimidine sequences (Kjems and Garrett,
1987; Ostergaard et al., 1987, Kjems et al.,
1990). However, transcription termination and
3’ processing sites can barely be distinguished
by mapping the 3’ end of transcripts in vivo.
Further, the function of these conserved oligo-
dT and pyrimidine-rich sequences in the
termination of transcription has not been
established.

To identify the DNA sequences necessary for
termination of transcription in a member of the
Archaea, we performed a mutational analysis of
the DNA region downstream from the tRNAVa!
gene of Methanococcus vannielii. Various clones
with deletions at the 3’ end of the gene were
generated and ligated to a DNA fragment har-
boring the intact 3’ end of the tRNAV2! gene
(Figure 3.8). These constructs contain the
two putative terminator sites TTTTAATTTT
(Wich et al., 1986b) in tandem. When the RNA
polymerase does not stop at the first (mutated)
terminator, an additional longer transcript
should be synthesized. The amount of this
longer RNA product is inversely correlated
with the efficiency of termination at the first
terminator. Thus, the effect of a mutation can
be quantitated twofold by measuring the ratio
of wild-type to elongated transcript. When a
construct containing two wild-type terminators
in tandem was used as a template in an in vitro
transcription experiment, the efficiency of ter-
mination at the first and second oligo-dT se-
quence was 95% and 5%, repectively (Figure 3.8,
top row). When six nucleotides of the first ter-
minator have been deleted, about two-thirds of
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Relative termination Relative termination

efficiency efficiency
First terminator Second terminator
95 5
GGGTCCACTATTTTAATITI- TTTTAATTTT
30 70
GGGTCCACTATTIT TTTTAATTIT
0 100
GOGTCCATT TTTTAATTTT

Ficure 3.8 Oligo-dT sequences direct termina-
tion of transcription at tRNA genes of Methano-
coccus vannielii. DNA sequences of constructs
containing  putative  terminator = sequence
TTTTAATTTT (Wich et al., 1986b) in tandem.
DNA region between two terminator signals has
been deleted by exonuclease III treatment. Effi-
ciency of termination of transcription at first and
second terminator was determined by measuring
ratio of wild-type to elongated transcript. Relative
amounts of corresponding transcripts are indi-
cated above terminator signals (boxed).

the transcripts stop at the second and one-
third at the first terminator (Figure 3.8, middle
row). After the TTTT sequence has also been
removed from the template (Figure 3.8, bottom
row), transcription is terminated almost exclu-
sively at the second terminator. These findings
support the conclusion that the oligo-dT se-
quences downstream from stable RNA genes
of M. vannielii are a major signal mediating
termination of transcription.

3.4 Universal Features of
Stable RNA Genes

No unique molecular property of stable RNA
genes that is common to all the Archaea has
been discovered so far. Some unique character-
istics, such as unlinked expression of the three
ribosomal RNAs (Thermoplasma), an intron in
the variable loop of a transfer RNA (Thermo-
filum pendens), and a mixed-type splicing
mechanism of a 23S rRNA intron (Desulfurococ-
cus mobilis), appear to be restricted to a few
genera or spedies.

Some features, such as the molecular orga-
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Nization of rRNA operons, may be Eucarya-like
in one genus (Thermoproteus) and Bacteria-like in
others (Halobacterium). However, both linked
and unlinked expression of the 55 rRNA gene
have been observed even within one genus
(Desulfurococcus mobilis and D. mucosus). A uni-
versal feature of archaeal stable RNA genes
that distinguishes Archaea from Bacteria is the
Presence of a 7S RNA.

Most similarities to Eucarya are found at
the level of the transcriptional mechanisms.
Both the polypeptides involved in the expres-
sion of stable RNA genes and the transcrip-
tion signals appear to be very similar in the
various genera of Archaea. All archaeal RNA
polymerases show a multisubunit structure
and genomic sequences resembling eucaryotic
RNA polymerase (Huet et al., 1983; Schnabel et
al., 1983; Piihler et al., 1989). The consensus
Promoter sequences are almost identical be-
tween Methanococcus and Sulfolobus, which rep-
resent the two phylogenetically separated king-
doms of the Archaea (see Figures 3.2 and 3.4).
The archaeal TATA box is the major element
dEtermining the transcription start site (Haus-
Ner et al.,, 1991). This property, and the
Similarity in sequence and location to the
€ucaryotic TATA box, suggest homology of
Important parts of the archaeal and RNA
Polymerase II promoter. Minor differences in

€ consensus promoter sequences between
€xtreme halophiles and methanogens (Figures
32 and 3.4) can be correlated with the high
GC content of the cellular DNA of extreme
halophiles (Thomm et al., 1989) and do not
argue for a structural diversity of promoter
Structures in the Euryarchaeota. The existence of
franscription factors provides a further similar-
Ity to eucaryotic gene transcription (Frey et al.,
1990; Hiidepohl et al., 1990).

The finding that the purified RNA
Polymerase of Archaea binds to the promoter
(Thomm et al.,, 1989) and shows semispecific
"“'f}aﬁon at initiator element-like sequences
(Hidepohl et al., 1990), unlike eucaryotic en-
Zymes; but requires additional factors for cor-
Tect initiation of transcription, as do eucaryotic

A polymerases, suggests a novel function of
the archaeal transcription factors. The further
Nvestigation of the biochemistry of archaeal
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transcription might contribute to a deeper
understanding of the evolution of the transcrip-
tion apparatus and lead to the discovery of new
mechanisms of regulation of gene expression.

3.5 Summary

The sequential and structural organization of
stable RNA genes from all major groups of
Archaea has been analyzed. The transcription
start sites located upstream of many rRNA/
tRNA genes have been determined, and puta-
tive promoter and terminator sequences have
been inferred from sequence comparisons.
Footprinting and cell-free transcription experi-
ments have been used to investigate the bio-
logical functions of these conserved DNA
sequences, allowing the following conclusions.

Within the Euryarchaeota, operons encoding
ribosomal RNAs show the bacteria-like orga-
nization: 5'-165-tRNA-235-55-3'. Crenarchaeota
do not contain a tRNA gene in the spacer be-
tween 165 and 23S rRNA and usually show un-
linked 5S genes organized into a separate tran-
scription unit. In Methanococcus, additional
unlinked 5S genes exist; these are located
within clusters of tRNAs. Some tRNA genes of
Archaea and a 23S rRNA gene of Desulfurococ-
cus mucosus contain an intron. However, this
similarity to eucaryotes is restricted to a few
tRNA species and has been found only in
some genera of Archaea. Universal eucaryotic
features are the presence of a gene encoding
a 7S RNA of unknown function and the
presence of eucaryotic promoter sequences. A
TATA box octanucleotide at —25 and a sec-
ond conserved sequence at the transcription
start site are required for initiation of transcrip-
tion. The archaeal TATA box element deter-
mines the transcription initiation site. Both in
structure and function, this element closely re-
sembles the TATA box of eucaryotic RNA
polymerase II promoters. Oligo-dT sequences,
which are conserved downstream from most
archaeal genes, direct termination of transcrip-
tion by the Methanococcus RNA polymerase.
These sequences resemble the terminator sig-
nals recognized by RNA polymerase III of
eucaryotes. The expression of archaeal stable
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RNA genes is mediated by at least two trans-
cription factors that might activate initiation
of transcription by a hitherto unknown
mechanism.
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