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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 cytoplasms. Novel designations have been proposed 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 Archaeogbbus
(Achenbach-Richter et al., 1987), the extreme
halophiles, and the genus Thermoplasma
(Woese, 1987).
The genes for stable RNAs from representatives of all phylogenetic groups of Archaea have
been cloned and their arrangements and sequences determined. Thus, enough structural
data have been accumulated to allow a significant comparison of the molecular organization
of tRNA and rRNA genes in bacterial, eucaryo-

tic, and archaeal cells. This comparison will
constitute the first part of this chapter.
Although D N A sequences upstream and
downstream from numerous rRNA and tRNA
genes of Archaea have been established, little
was known about the mechanisms and transcription 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. However, 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 ATrich sequence, called box A , located between
position -40 to -20 relative to the transcription
start site, and a second motif at the transcription 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 sequence analyses of RNA genes from methanogens and the thermophile Sulfobbus, the
octanucleotide TTTA T/A A T A (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

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 purified RNA polymerases of Archaea are unable to
initiate transcription at the correct site in vitro.
However, cell-free transcription systems allowing the expression of tRNA genes of Methanococcus (Frey et al., 1990), rRNA genes of Sulfolobus shibatae (Hüdepohl et al., 1990), and a
protein-encoding gene of Methanobacterium thermoautotrophicum (Knaub and Klein, 1990) have
been described. The Methanococcus and Sulfolobus 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 D N A sequences upstream and
downstream from archaeal genes.
We summarize here some of our experiments defining the D N A sequences that promote and cause the termination of transcription in Methanococcus vannielii. These and other
experiments (Hausner et al., 1991) demonstrate that the T A T A box at -25 and a second signal at the transcription initiation site
are indispensable for initiation of transcription.
Accurate cell-free transcription in Methanococcus
and Sulfobbus is mediated by soluble transcription factors (Frey et al., 1990; Hüdepohl et al.,
1990); this is reminiscent of eucaryotic transcription systems. The similarities and differences of stable RNA transcription in Archaea,
Bacteria, and Eucarya are discussed. Stable RNA
genes are highly expressed in vivo, and because only a single type of RNA polymerase
appears to be present in archaeal cells, the
analysis of transcription in these cells may pro-

vide a basis for understanding the mechanism
of archaeal transcription in general.

3.2 Organization of Stable
RNA Genes
Within the Euryarchaeota,ribosomalRNA genes
are arranged in the sequence 5'-16S-tRNA 23S-5S-3' (Figure 3.1). The tRNA gene in the
interdstronic spacer between 16S and 23S RNA
is missing in all Crenarchaeota investigated so
far. According to this feature, organisms that
show a thermophilic phenotype, such as Thermococcus and Archaeoglobus, are also clearly linked with their phylogenetic relatives, the methanogens and halophiles (Achenbach-Richter and
Ala

Woese, 1988). In Desulfurococcus mdbilis, Thermoproteus tenax, and Thermophilum pendens, the 5S

genes are unlinked from the 16S/23S genes and
are transcribed from an independent promoter
(Neumann et al., 1983; Kjems and Garrett,
1987; Kjems et al., 1990). Additional unlinked
5S genes have been observed in Sulfobbus
strain B12 (Reiter et al., 1987; strain B12 has
been described recently as a new species Sulfobbus shibatae; Grogan et al., 1990), Thermococcus

(Neumann et al., 1983), and Methanococcus
(Jarsch et al., 1983; Wich et al., 1987b). The
additional 5S 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
5S rRNA are physically separated by 1.5 to 7.5
kb (Tu and Zillig, 1982) and transcribed from
independent promoters (Ree and Zimmermann, 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 r R N A genes. Sequences encoding mature r R N A
species are boxed. Dots indicate that distance of u n l i n k e d 5S gene to r R N A operon has not been precisely
determined. Transcription start sites are indicated by ( j ). Indices show number of m a p p e d initiation sites;
in Xenopus, Index n indicates multiple sites. Distance between 16S and 23S r R N A derived from m a p p i n g data
has been corrected using D N A sequencing data p r o v i d e d by Achenbach-Richter and Woese (1988). Location
of intron i n 23S R N A of Desulfurococcus mobilis is indicated by black box.
*The organization of the second operon i n Methanobacterium thermoautotrophicum has not yet been investigated, and interpretation of the m a p p i n g experiments for transcription start sites is difficult (see discussion
in text).

vered in Mycoplasma (Taschke et al., 1986; Figure 3.1). Eucaryotic 18S, 5.8S, and 28S rRNA
genes are cotranscribed as a large 40S or 45S
precursor in lower and higher Eucarya, respectively. The 5.8S rRNA of Eucarya is homologous
to the 5' end of the 23S rRNA of Bacteria and

molecular feature of stable RNAs has yet been
detected that is absolutely specific for one of the
two archaeal kingdoms, and thus far, no phenotypic properties can be defined that clearly
indicate a closer relationship of one of the two
kingdoms of Archaea to Eucarya (see followArchaea.
ing). Also, almost all data accumulated thus far
Desulfurococcus mobilis shares with some low- argue for the monophyletic nature of Archaea.
Some tRNA genes from Sulfolobus solfataricus
er Eucarya the presence of an intron within
the 23S rRNA gene (Kjems and Garrett, 1985). (Kaine et al., 1983), Haloferax volcanii (Daniels et
The splicing process is similar to that of the al., 1985), Thermoproteus tenax (Wich et al.,
class III introns of eucaryotic tRNAs. However, 1987a), and Thermofilum pendens (Kjems et al.,
in contrast to these introns, which are linear 1989) contain an intron. Most archaeal tRNA
and rapidly degraded after the splicing event, introns are located in the anticodon loop, as
the excised Desulfurococcus intron circularizes in they are in eucaryotic nuclear tRNAs. The
a manner similar to that of self-splicing introns tRNA intron of T. pendens is located in the vari(Kjems and Garrett, 1988). Because the Desul- able loop of the tRNA precursor. No intron has
furococcus intron is located in a "hot spot" in- ever been detected at this position of the tRNA
tron site of eucaryotic rRNAs and is spliced by molecule. A tRNA P intron endonuclease has
a mechanism similar to that of eucaryotic tRNA been purified from Haloferax volcanii (Thompintrons, both rRNA and tRNA introns of son and Daniels, 1988). Unlike eucaryotic inEucarya may have a common origin in the in- tron endonucleases, this enzyme appears to be
sequence specific and does not require a comtrons of Archaea.
Transfer RNA genes in Archaea are organized plete mature tRNA structure for substrate recin Operons or single genes and may be located ognition. In stable RNA genes of bacteria, no
within rRNA Operons, in the spacer region be- introns have yet been detected.
tween 16S and 23S RNA and as trailers downMost tRNA genes of Archaea lack the 3' terstream from the 5S gene. This is the typical minal C C A sequence, which must be added
situation encountered in Bacteria. In Eucarya, posttranscriptionally. These two features pretRNA genes are clustered, but neighboring viously have been seen in eucaryotic tRNA
genes are rarely cotranscribed into multimeric genes (Melton et al., 1980), some tRNA genes
precursors. Transfer RNA genes hitherto have of E. coli bacteriophages, and in some chromonot been observed within an rRNA operon in somal tRNA genes of Bacillus (King et al., 1986).
Eucarya. The absence of a tRNA gene in the
A striking similarity to eucaryotes is the pres16S/23S RNA spacer region of extreme thermo- ence, in Archaea, of a gene encoding a stable
philes has been discussed as an important RNA of about 300 nucleotides. This 7S RNA
argument supporting the phylogenetic tree of gene has been found in all Archaea examined
Lake (1989). According to this proposal, these (Moritz and Goebel, 1985; Haas et al., 1990;
organisms (called eocytes by Lake) are more Kaine, 1990). The 7S RNAs of Archaea and
closely related to Eucarya than methanogens Eucarya share a very similar secondary strucand halophiles, which cluster together with ture. However, the homology in the primary
(eu)bacteria (Lake, 1988). However, the 16S/23S sequence is limited to a hairpin structure. This
RNA spacer region of Mycobacterium (Suzuki specific domain of about 40 nucleotides is
et al., 1988a) and Streptomyces (Suzuki et al., also conserved in the 4.5S RNA (114 nu1988b) also does not contain a tRNA gene. Be- cleotides) of E. coli and the small cytoplasmacause this feature is also a common property of tic RNA (271 nucleotides) of Bacillus subtilis
the Actinomycetes, an important group in the (Struck et al., 1988; Kaine and Merkel, 1989;
domain Bacteria, the presence or absence of a Haas et al., 1990). Thus, these small bacterial
tRNA gene does not argue for a specific re- RNAs and 7S RNAs might be evolutionary
lationship of Crenarchaeota to Eucarya. No homologs. However, their size and secondary
Tr

structure result i n a greater structural resemblance between archaeal and eucaryotic 7S
R N A molecules. In eucaryotic cells, 7S R N A is
a major constituent of the signal recognition
particle involved in translocation of secretory
proteins (Zwieb, 1989). The function of 7S R N A
in archaebacterial cell metabolism remains an
intriguing question.
There are so many excellent reviews and
original papers about the structural features
of archaeal stable R N A s and the phylogenetic
trees based o n these sequences (Böck 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 o n the following aspects of
the expression of stable R N A genes.

3.3 Transcription of Stable
RNA Genes
Transcription initiation sites
All living cells require specific mechanisms to
synthesize the tremendous amount of R N A required to constitute the R N A component of
ribosomes. In bacteria, three factors seem to
contribute to the high expression rate of r R N A
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 R N A polymerase shows a high affinity to
these promoters, most likely because they
show high homology to the eubacterial consensus sequence (Hawley and McClure, 1983).
Eucaryotic cells contain 50 to 500 identical repeat units of r R N A genes per haploid genome,
which are clustered at a distinct site of the
chromosome and separated by a nontransQibed spacer region. In Xenopus laevis and
Probably in other eucaryotes, the spacer is composed mainly of repeated D N A sequences,
some of which contain promoter-like structures. These reduplicated promoter sites are
hound by transcription factors and give rise to
short transcripts upstream from the true r R N A
Promoter (Moss, 1983). Because R N A poly-

merase I does not detach after transcription
of both the 40S r R N A precursor and the short
D N A sequences upstream from the gene, the
multiple promoter sites appear to deliver the
R N A polymerase to the primary promoter, thus
ensuring a high expression rate for r R N A genes
(Sollner-Webb et al., 1987).
A similar initiation, termination, and reinitiation mechanism has been demonstrated to
occur upstream from the 16S/23S operon of Desulfurococcus mobilis (Kjems and Garrett, 1987).
Four transcription initiation sites seem to direct
the R N A polymerase to the primary initiation
site located 134 bp upstream from the mature
16S r R N A .
Multiple transcription initiation sites have
also been mapped upstream from the R N A
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, i n contrast to Desulfurococcus, the transcripts initiating at distant sites
of halophiles do not terminate upstream from
the D N A region encoding the 16S r R N A . Thus,
this readthrough from several upstream promoters to the terminator of the operon resembles the mechanism encountered i n bacteria
(Boros et al., 1983). Multiple transcription initiation sites have also been observed upstream
from the r R N A operon of Halococcus morrhuae
(Larsen et al., 1986) and from one of the two
O p e r o n s of Halobacterium marismortui (Mevarech
et al., 1989). The three transcription start sites
mapped upstream of one of the two r R N A
Operons of Methanobacterium thermoautotrophicum have not yet been clearly established
(Ostergaard et al., 1987). The situation is further complicated by the presence of a 7S R N A
gene immediately upstream of this operon that
was only noticed later (Haas et al., 1990). O n l y
a single transcription start site exists upstream
from r R N A genes from Methanococcus vannielii
(Wich et al., 1986a), Sulfobbus shibatae (Reiter et
al., 1987), Thermofilum pendens (Kjems et al.,
1990), Thermoplasma acidophilum (Ree and Z i m mermann, 1990), and one operon of Halobacterium marismortui (Mevarech et al., 1989; see also
Figure 3.1). Therefore, multiple start sites u p -

stream from r R N A Operons cannot be considered a general archaeal mechanism.
A n additional putative transcription start site
has been located in the spacer region upstream
for the 23S R N A of Halobacterium salinarium by
SI nuclease mapping experiments (Mankin and
Kagramanova, 1988). A consensus promoter
sequence is located at the correct distance upstream from this nucleotide, suggesting that
this SI signal is caused by initiation of transcription and not by processing of the r R N A
precursor. This additional promoter may help
to adjust cellular levels of R N A s that are located
far downstream of the primary promoter.
These R N A s 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 t R N A 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, t R N A
genes can be expressed both from a single and
from tandem promoters (Caillet et al., 1985).
The transcription of eucaryotic t R N A and 5S
r R N A genes is controlled by an intragenic
promoter (see following).

Promoter sequences
The transcription initiation sites upstream from
archaeal stable R N A genes have been located
by SI mapping or primer-extension experiments. A major disadvantage of the protocols
used by most investigators was that they did
not allow a distinctive c ü s m m i n a t i o n between
initiation start sites and processing sites (especially when applied to stable R N A genes). To
determine the 5' end of a primary transcript, it
is important to demonstrate that: (1) the R N A
initiates with a ribonucleoside triphosphate;
and (2) the same initiation site is used when the
R N A 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 r R N A operon using a
guanosyl transferase capping experiment. They
proposed two conserved D N A sequences as

possible promoter signals for stable R N A genes
of Methanococcus: the "box A " sequence
A C C G A A A - T T T A T A T A - T A , extending from
position 20-40 upstream from the 5' end of the
primary transcript, and the "box B" motif
T G C A A G T , at the transcription start site. The
footprint of the Methanococcus R N A polymerase
extends from position - 3 0 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 T T T A T / A
A T A , is located within the R N A polymerasebinding site. This octanucleotide shows striking
homology to the T A T A box of eucaryotic promoters of protein-encoding genes in both location 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 D N A sequences
upstream from transcription initiation sites
appear highly conserved among phylogenetically distant Archaea. Sequence analyses of the
D N A region upstream from stable R N A genes
of a variety of further genera from both phylogenetic kingdoms of Archaea confirm this conclusion (Figures 3.2-3.4). However, although
this strict conservation argues for the importance of these sequences in evolution, their
function as promoter signals has not yet been
demonstrated.
One way to investigate the significance of a
conserved D N A sequence is to alter it in vitro
and determine the effect of the mutation on the
biological function. We used a cell-free transcription system (Frey et al., 1990) to define
archaeal promoter sequences in a functional
assay. A s template for these experiments, we
used the t R N A
gene of M. vannielii, which
has a - 2 5 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 potential terminator signal (Figure 3.5). Analysis of
D N A deletion clones showed that the expression rate of this t R N A is not dramatically reduced after the D N A region from -590 to - 3 5
is removed (Thomm et al., 1990; Hausner et
al., 1991). However, removal of nucleotides extending into the T A T A box or beyond leads to a
complete inactivation of this template (Hausner
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FIGURES 3.2 to 3.4

The promoter sequences i n Archaea are highly con-

served. Figure 3.2 shows the results for methanogens and euryarchaeota
excepting halophiles, Figure 3.3 for halophiles, a n d Figure 3.4 for the
Crenarchaeota. (A) D N A sequences upstream from archaeal t R N A / r R N A
and 7S genes have been aligned to yield maximal homology, w i t h T A T A
box at - 2 5 . This promoter element has been identified by footprinting
and cell-free transcription experiments using purified components from
Methanococcus (Thomm a n d W i c h , 1988; T h o m m et a l . , 1990; Hausner et
al., 1991). The consensus octanucleotide (methanogens a n d halophiles)
and hexanucleotide (Crenarchaeota) are boxed. Lowercase letters indicate
transcription start sites. Euryarchaeota Archaeoglobus, Thermococcus, a n d

GO

Thermoplasma are listed together w i t h methanogens i n Figure 3.2. In F i gure 3.3, Pi indicates putative promoter i n spacer region between 16S
and 23S R N A i n Halobacterium salinarium. (B) Conserved nucleotides i n
- 2 5 region of archaeal promoters. Subscripts indicate base frequency at
each position. Consensus derived is s h o w n at bottom. D N A region that
has been identified as being most important for cell-free transcription i n
Methanococcus is boxed (Figure 3.2). C o r r e s p o n d i n g D N A region i n
halophiles (Figure 3.3) a n d Crenarchaeota (Figure 3.4) is also boxed. Note
modification of consensus sequence i n halophiles, w h i c h can be correlated w i t h their h i g h G C content. (From T h o m m et a l . , 1989.)
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