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ABSTRACT
The 3'termini of transcripts originating from genes organized in a highly

expressed transcription unit were analyzed in the archaebacterium Methano-
coccus voltae. The putative termination signals were found in an AT-rich in-
tergenic region following the 3'-terminal gene. The two detected signals both
contain oligo(T) sequences. A possible stem/loop structure immediately pre-
cedes one of the oligo(T) tracts. This secondary structure is considered to
have an additional function in stabilizing the transcripts.

INTRODUCTION
Methanogenic bacteria are the largest known subgroup of archaebacteria,

a procaryotic division of organisms, which, on the basis of 16S rRNA catalo-
guing has been considered a seperate kingdom beside the eubacteria and the
eucaryotes. This view has been substantiated by numerous investigations
showing many different traits which are typical for archaebacteria (see (1)
for review).

We have been interested in mechanisms of gene expression of methanogenic
bacteria on both levels, transcription and translation. The genetic code
(2, 3) as well as the translation signals (i.e. ribosome binding sites)
appear to be identical to those used in eubacteria (2, 3, 4). The same situa-
tion cannot be expected for transcription, since it has been shown that the
DNA-dependent RNA polymerases of archaebacteria differ in their compositions
from their eucaryotic und eubacterial counterparts. Still, immunological ana-
lysis indicates that they might be of monophyletic origin (5).

We have previously shown that transcription starts occur in AT-rich inter-
genic regions on the genome of the methanogenic bacterium Methanococcus vol-
tae (4). Such AT-rich sequences are commonly found flanking structural genes
in methanococci (2, 4). Promoter structures have not yet been identified in
these regions even though attempts were made to define consensus sequences
(6, 7).
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Recently a polycistronic message was detected in Mc. voltae. It is the

transcript of the strongly expressed structural genes of methyl CoM reductase

component C (8). Strongly expressed transcription units usually end in strong

terminators. We therefore expected to be able to detect termination signals

in the region following the reductase genes. The 3'terminal gene encodes the

subunit oC of the reductase complex. We have concentrated on the region fol-

lowing this gene to look for the area of transcription termination. We de-

scribe here the sites and the apparent signals used in termination of the

transcript and discuss their relationships to known eubacterial and eucaryo-

tic terminators.

MATERIALS AND METHODS

Bacteria.
Mc. voltae (DSM 1537) was obtained from the German Collection of Micro-

organisms, Gottingen, and grown as described previously (9). Escherichia coli

HB101 (10) was a gift from F. Zinoni (Munich).
Plasmids.

Plasmids pNPT20 (8) or pACYC184 (11) were used for cloning the HindIII

or HindIII/BamHI fragments, respectively, both carrying the 3 end of the

methyl CoM reductase gene oc (8, compare also Figure 1).
Enzymes.

Restriction endonucleases were purchased from Boehringer (Mannheim, FRG)
or PL Biochemicals (Freiburg, FRG), T4 polynucleotide kinase and DNA poly-
merase, large fragment were purchased from PL Biochemicals.

Radiochemical s.

32P-nucleotides were purchased from Amersham Buchler GmbH (Braunschweig,
FRG), 32P-ATP was a gift from J. Schallenberg (Marburg).
Isolation of RNA from Mc. voltae.

The cells were harvested anaerobically at a cell density of 2 x 108 cells/
ml by centrifugation at 12,000 x g for 5 min at 40C. The supernatant was di-

scarded and 1 x 1011 cells were resuspended in 10 ml of homogenization buffer

(4.5 M guanidinium thiocyanate, 50 mM Tris HC1 pH 7.6, 0.2% sodium lauryl-
sarcosinate, 0.14 M f-mercaptoethanol). The suspension was mixed with an

equal volume of phenol, equilibrated with 0.1 M Tris HCl pH 8, and gently
agitated at 650C. After 10 min 5 ml of acetate buffer (0.1 M sodium acetate

pH 5, 10 mM Tris HCl pH 7.4, 1 mM EDTA pH 8) was added and the mixture was

agitated for 10 min at 650C. Subsequently 10 ml of chloroform/isoamylalcohol,
24: 1 were added and the suspension was agitated for 10 min at 650C. The
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aqueous phase was separated by centrifugation and the organic phase reex-
tracted with 5 ml of homogenization buffer. The combined aqueous phases were
extracted with chloroform/isoamylalcohol. The nucleic acids were precipi-
tated by adding 0.1 volume 3 M sodium acetate pH 5.2 and 2.5 volumes ethanol
and cooling the sample for at least 4 h at -200C. The precipitate was col-
lected by centrifugation at 12,000 x g for 15 min at 40C and washed twice
with 80% ethanol.
Other methods.

Nucleotide sequence determination of DNA was performed using the chemical
cleavage method (12). DNA recombinant work was done according to methods de-
scribed by Maniatis et al. (13). Analysis of DNA/RNA hybrids using nuclease
Si has been described previously (8).

RESULTS
The 3'end of the continuous open reading frame comprising previously de-

fined gene sequences (8) is located in between two EcoRI sites as shown on
the restriction map in Figure 1. Figure 2 gives the sequence of the 3'end
of the gene and the region immediately downstream. This intergenic region is
very AT-rich (85% compared to approximately 60% of coding regions). Within
the noncoding sequence an inverted repeat exists, which can be drawn to form
a stem/loop structure (see Figure 4, below). This structure is followed by
two oligo(T) sequences spaced 5 nucleotide pairs apart.

In order to check whether the 3'end of the reductase transcript might be
located close to this area, the pACYC184 plasmid containing the Methanococcus
HindIII/BamHI-fragment (compare Methods and Figure 1) was cut with BstEII,
the 3'termini were 32P-labelled, and the BstEII/BamHI-fragment was isolated.
It was hybridized against Mc. voltae cellular RNA and the hybrid treated with
nuclease S1. The resulting material was electrophoretically analyzed on a de-
naturing polyacrylamide gel. The result is shown in Figure 3. The 3'ends of
the transcripts appear mainly in the oligo(T) tract following the hairpin

a --

H Bst E E B Pst H

57 159 197 -350 _1500 -3700

Figure 1. Restriction map of the 3'end of the Methanococcus voltae methyl
CoM reductase A gene and the adjacent region. The cleavage sites indicated
are B, BamHI; Bst, BstEII; H, HindIII; Pst, PstI. The 3'end of the i4 gene
is indicated on theTeft. The numbers indicate fragment lengths given in
base pairs.
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--- GCT AAA ATC TAA gttaattactaatttattattaatttattattagattgggcaaaata
CGA TTT TAG ATT caattaatgattaaataataattaaataataatctaacccgttttat

gtaaaagaaaactaaaggaaacctaatatggtttcctttttttatatatttttaaaaattgatt - --
cattttcttttgatttcctttqqattataccaaaggaaaaaaatatatadaaatttttaactaa - --

Figure 2. Partial sequence of the EcoRI fragment comprising the 3'end of the
o gene and part of the intergenic region downstream. Sequencing of both
strands was performed using the HindIII/PstI fragment (Figure 1) labelled at
the 5' or 3'ends of the opposite strands at the HindIII restriction site.The
coding sequence is given in triplets with the stop codon indicated in bold
type. The inverted repeats in the noncoding region are underlined.

structure and, to a lesser extent, in the oligo(T) region immediately down-
stream. An S1 signal is also seen in the loop region of the putative hairpin.
It is remarkable that S1 signals are absent from AT-rich sequences following
further downstream. This was confirmed by overexposure of the autoradiogram,
whereby faint bands became visible only upstream of the strong S1 signals,
whereas no such material was detectable downstream, up to the BamHI end of

the restriction fragment used (data not shown).

DISCUSSION
It could be argued that the 3'ends of the RNA molecules seen in our ex-

periment might be caused by processing of a primary transcript. As mentioned
in the results, however, protection of the labelled DNA fragment could not be
detected beyond the 3'ends seen,even at minor levels, although such bands
were detected in small amounts upstream of the terminus, indicating that deg-
radation products and/or nascent chains of RNA could be picked up by the as-

say. This does not absolutely rule out that the signal(s) detected are pro-
cessing signals but makes homology to eubacterial transcription terminators
much more likely. The structural resemblance discussed below adds to this ar-

gument.
Our results suggest that oligo(T) sequences serve as termination sites in

the methyl reductase gene transcription. The termination is likely to be in-
fluenced by secondary structure of the template and/or transcript close to
the termination site. The putative stem/loop structure described above is
probably sufficiently stable under in vivo conditions as are those found in
eubacterial cells, as discussed below. In fact, the high internal salt con-
centration in Methanococcus cells (14) would favor hydrogen bonding. Also,
the S1 signal found in the possible hairpin loop is most likely due to its
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Figure 3. Si mapping of the 3'termini of Methanococcus voltae cellular RNA
in the noncoding region following the o( gene. The HindIII7BamHI fragment
shown in Figurg2,l was subcloned in pACYC184. The BsVETTI/BamTF-subfragment
labelled with "P at the BstEII 3'end was used for-The h-ybridization against
the RNA. Si digestion andTeTectrophoretic analysis are described in the meth-
ods. Lanes: G, A + G, T + C, and C, sequence of the labelled noncoding strand
obtained by the chemical method; 1, control: Si digestion without added RNA;
2, Si digestion after DNA/RNA hybrid formation. Note that the sequencing
fragments move ahead approximately 1 nucleotide as compared to the Si frag-
ments due to the elimination of the modified bases. The alignment is indi-
cated by the double headed arrows.

formation under the hybridization conditions applied. The putative hairpin
structure strikingly resembles eubacterial terminators (15) as shown in Fig-
ure 4. Hyphenated inverted repeats are regular constituents of such factor
independent termination signals. Thus, in E. coli poly(U) tracts following
hairpins in the transcripts lead to termination, independent of the known
termination factor rho (16). This is interpreted in terms of the low stabili-
ty of dA : rU compared to dT : rA base pairs. This view is consistent with
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.AtRl Mc. voltae fd
methyl reductase

Figure 4. Comparison between putative secondary structures of the terminators
of the E. coli phages x, ( ,t ) and fd (both redrawn from Rosenberg and
Court (15)) and the Mc. voltae erminator described here. Note the lack of an
oligo(T) at the 3'enT6f the termination factor rho dependent terminator. The
maximal numbers of hydrogen bonds (hb) involved in stem formation are indi-
cated.

the observed weak termination between the two oligo(T) tracts in the d gene

termination region (compare Figure 3). One further characteristic feature

known from eubacterial terminators (15) can also be recognized in the se-

quence implicated in termination in our system: preceding the hairpin we see

4 contiguous GC pairs. This appears statistically significant in a region

containing an average of only 15% GC pairs.
How does the termination region described here compare to other termina-

tion regions in archaebacteria and to eucaryotic termination signals? A pu-

tative termination signal downstream of the Halobacterium halobium bacterio-

opsin gene exhibits an inverted repeat but lacks an oligo(T) tract (19).

Sequences capable of forming hairpin structures have been found at the end

of the rRNA transcription units in Mc. vannielii (7). The lower number of

hydrogen bonds involved would suggest the requirement for termination factors

at these signals, should they be implicated in transcription termination. In

eucaryotes RNA polymerase III (17) and possibly RNA polymerase I (18) recog-

nize oligo(T) tracts as termination signals. A possible stem/loop structure

has been described in the region downstream of the mouse 1-globin (major)
gene. Its large loop, however, would tend to destabilize the possible secon-

dary structure.
The relative importance of the elements found in the termination region

described here could best be evaluated in an in vitro transcription system.
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Recent initial work with such a system from Methanococcus thermolithotrophi-
cus (20) would appear promising in this respect.

The regulation mechanisms of gene expression include differential messen-

ger stabilities (see (16) for review). Therefore, we interpret the hairpin

structure at the end of the methyl CoM reductase transcript as a stabilizing
element in addition to its function as part of a termination signal. Analy-
sis of the relative stability of the reductase messenger compared to other
RNA species in M. voltae is in progress.
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