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ABSTRACT

Minimal secondary structures of the bacterial and plastid
tmRNAs were derived by comparative analyses of
50 aligned tmRNA sequences. The structures include
12 helices and four pseudoknots and are refinements
of earlier versions, but include only those base pairs
for which there is comparative evidence. Described are
the conserved and variable features of the tmRNAs
from a wide phylogenetic spectrum, the structural
properties specific to the bacterial subgroups and
preliminary 3-dimensional models from the pseudo-
knotted regions.

INTRODUCTION

tmRNA, previously named 10S RNA (1,2), is a small stable RNA
with properties of tRNA and mRNA combined in a single
molecule. tmRNA was first identified in Escherichia coli and has
been found in numerous bacteria, including the genomes of
plastids. There is significant evidence for the involvement of
tmRNA in translation where tmRNA is believed to rescue
arrested ribosomes that have reached the 3′-end of an mRNA
lacking a stop codon. In this situation, the ribosome appears to
bind alanine-charged tmRNA and resumes translation by deco-
ding a region near the center of the tmRNA molecule. The
C-terminus of the mRNA-encoded polypeptide is tagged with a
peptide also specified by tmRNA. Presumably, this tagging
mechanism signals the proteolytic destruction of an abnormal
potentially harmful protein (3–7). Furthermore, the tmRNA
provides the missing stop codon for the ribosome to terminate
translation. In addition to its participation in protein tagging,
tmRNA may play a role in modulating the activity of DNA-
binding proteins (8).

Particularly fascinating aspects of tmRNA research are the
overall degree of tmRNA sequence conservation, the level of its
relationship to tRNA and the potential interactions of tmRNA
with other cellular components. Understanding the functional
role of tmRNA in these elaborate, yet unknown, processes
requires a detailed knowledge of its structure. In numerous other
large and small RNAs, the method of comparative sequence
analysis has proven to be useful to determine structure and thus
gain insights into the potential functions of the respective
molecules (9–11). Here, we apply this approach to the secondary

structure of tmRNA, for which many sequences from a wide
phylogenetic spectrum of bacteria have become available recently
(12). By using 50 tmRNA sequences, we refine the secondary
structure models derived previously (13), include only those base
pairs for which support from comparative analysis is available
and thus present reliable minimal tmRNA secondary structure
models. For E.coli tmRNA, despite some differences in the
tRNA-like part, the agreement between the phylogenetically
derived secondary structure and the structures derived by
enzymatic and chemical probes (14,15) is relatively good.

tmRNA SEQUENCES

Table 1 shows the full species names of the 50 tmRNA sequences
that were used in our analysis (catalogued on January 5, 1999).
Abbreviated species names refer to the compilation of the
sequences that are available from the tmRDB (12) at the internet
address http://psyche.uthct.edu/dbs/tmRDB/tmRDB.html . If
possible, referral to the primary sources of the sequences is
provided at the tmRDB. Additional information about tmRNA
function and the tmRNA sequences is available at the tmRNA
web site (16). Table 1 also shows which methods were used in the
determination of sequences and indicates that most tmRNAs
(34 sequences) were extracted from completely sequenced
genomes. Seven sequences were obtained by amplification with
primers directed to the conserved tRNA-like portions of tmRNA
and thus lack precision in regions near the termini of the tmRNA.
The tmRNA sequence of Clostridium acetobutylicum is incom-
plete as it is lacking the 5′-portion of the tRNA-like region and the
peptide tag-encoding part, but provides information about the
3′-portion. Of all known tmRNAs, only those from Bacillus
subtilis, Mycoplasma capricolum and E.coli have been isolated
and tested for their ability to participate in aminoacylation
reactions and ribosome binding (17). Moreover, only the
structure of the E.coli tmRNA has been studied in depth using
chemical and enzymatic approaches (15,18).

All known tmRNAs are of bacterial origin and no tmRNA
genes have been identified in the archaebacteria. Within the
bacterial domain, the tmRNA sequences belong to a wide variety
of phylogenetic subgroups, with some species being deeply
rooted (12). Genes for tmRNA have also been identified in the
cyanelle genome of Cyanophora paradoxa and the chloroplast
genomes of Odontella sinensis, Porphyra purpurea, Guillardia
theta and Thalassiosira weissflogii. We were unable to find the
gene for tmRNA in the recently completed genomic sequence of
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Table 1. Catalog of the tmRNA sequences used in this survey

Species are grouped as described by the Ribosomal Database Project (32) with the full species name given on the left column of each panel followed
by the abbreviated code of the tmRDB (12). Sources of the isolates appear in parentheses in the third column of each panel and indicate if the sequence
was obtained from DNA (D), from genomic sequencing (G), by PCR amplification (A), cDNA cloning (cD) or from RNA (R). References containing
the sequence information appear in the last column of each panel.

the mitochondria-related α-proteobacterium Rickettsia prowazekii,
which challenges the previous conjecture that tmRNAs are
present in all bacteria.

SEQUENCE ALIGNMENT

Details of the alignment procedure have been described previously
(11). Briefly, sequences from close relatives were aligned first by
using primary structure similarities. Groups of aligned sequences
were then aligned with each other to identify the conserved
residues. Conserved positions were used as signposts to align the
sequences of the more distant relatives. Unique to tmRNA, the
tmRNA-encoded open reading frame assisted in aligning this
portion of the molecule, including the conserved ‘resume’ and
stop codons. Finally, common secondary structural elements
were used as additional markers.

To determine the secondary structure and prove or disprove the
existence of a particular base pair, we observed covariances
between the nucleotide residues at two corresponding alignment
positions. As a guideline, we considered compensating base
changes (CBCs) first. (A CBC is a covariance of the Watson–Crick
type, including G-U pairings that are commonly found in RNA.)
For the conserved alignment positions, which by their nature lack

any covariation, no argument for the existence of a base pair could
be made. Thus, a conserved base pair was included only when
there was substantial support for its existence from biochemical
experiments or rigid structural analysis or when the conserved
pair was adjacent to a well-supported interaction.

The recent alignment of the tmRNA sequences is available
from psyche.uthct.edu/dbs/tmRDB/ in a variety of formats. The
sequences are grouped phylogenetically with the abbreviated
species names corresponding to those listed in Table 1. In the
tmRNA alignment (available from the tmRDB web site) helices
supported by CBCs are shown highlighted by upper case letters
and are numbered from 1 to 12 (starting from the 5′-end) in lines
labeled ‘hel-10’, ‘hel-1’ and ‘hel-x’. Helical sections are named
with lower case letter extensions as described below. Near the top
of the aligned sequences, the locations of pseudoknots 1–4 and the
‘resume’ and stop codons, respectively, are indicated. Furthermore,
the degree of covariational support for Watson–Crick and G-U base
pairs is shown on a scale from 1 to 9, with 1 indicating low support
and 9 indicating the highest level of support as determined with
the program Covariation (19). Finally, highly conserved positions
with low covariation scores, but which nevertheless are included
as being paired, are labeled with stars and positions which
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correspond to invariant nucleotide residues are indicated. The
alignment was created using the sequence editor provided by the
program Seqpup (20).

SECONDARY STRUCTURES

Secondary structure diagrams derived from comparative sequence
analyses are presented in Figure 1 for E.coli (Fig. 1A), Thermotoga
maritima (Fig. 1B), Neisseria gonorrhoeae (Fig. 1C), Synechocystis
spp. (Fig. 1D), Mycoplasma pneumoniae (Fig. 1E) and the
cyanelle of C.paradoxa (Fig. 1F). Supported Watson–Crick base
pairs are juxtaposed as indicated by a line, while G-U pairs are
indicated by circles. Below, we review the 12 tmRNA helices,
numbered from 1 to 12 starting at the 5′-end. We consider the
characteristics of each helix, including the connecting bulges and
loops, as well as properties peculiar to the bacterial subgroups.

Helix 1

Helix 1 corresponds to the amino acid acceptor arm of tRNA. The
first four and the last of the 7 bp are conserved or invariant (Fig. 2).
Although the overall phylogenetic support for helix 1 is very weak,
there is substantial biochemical evidence of its existence, including
the ability to charge the B.subtilis, E.coli and M.capricolum
tmRNAs with alanine (17). The uridine at position 1 of
Alcaligenes eutrophus should be a guanine in order to form a
Watson–Crick pair with the cytosine near the 3′-terminus.
Similarly, the gap in the 3′-half of helix 1 in Anabaena spp. is
likely to be filled with a guanine residue to form a G-C pair. Both
inconsistencies may be due to sequencing errors.

There are 10–13 nt in the loop between helices 1 and 2. Two
invariant G residues are present near the center of this loop and
are also conserved in the dihydrouridine (DHU) loop of tRNA
(21). The 3′-part of the loop ends with an invariant GA
dinucleotide which is preceded by a pyrimidine, usually a
cytidine. Overall, the tmRNA loop differs substantially from the
DHU stem–loop region of tRNA, as its size is reduced and the
formation of an equivalent stem is unsupported by CBCs.

Helix 2

Helix 2 is composed of four helical sections, 2a–2d. Typically,
section 2a consists of variable residues that form eight base pairs;
however, the first pair is an invariant C-G. Because this pair is
located adjacent to a well-supported interaction with a high
covariation score, it is included as base paired. Sections 2b and 2c
form well-supported helices that, in most tmRNAs, are likely to be
continuously stacked onto each other (Fig. 1B and E). However,
non-conventional A-G and A-C ‘pairings’ might occur between the
helical sections (Fig. 1A, D and F). The number of residues (two to
nine) and the sequences of the internal loops between sections 2a and
2b are variable. There is the potential for base pairing, but no
conclusive proof or disproof by CBCs is provided.

In contrast to 2a and 2b, section 2d contains numerous
conserved residues (Fig. 2). The first base pair is always a C-G
pair, with one exception in the P.purpurea chloroplast, where it is
a U-G. Up to four residues may be present in the 5′-portion of the
loop between helical sections 2c and 2d, but this loop is absent in
many purple bacteria (Fig. 1A). The 3′-portion of the loop
between sections 2c and 2d consists of three to seven residues of
which U308, located adjacent to the invariant paired G307 of

helix 2d (E.coli tmRNA numbering; Fig. 1A), is the most
conserved. No single-stranded residues connect section 2d to
helix 3, indicating that section 2d and helix 3 might be stacked
continuously.

Helix 3

Helix 3 typically consists of five base pairs, lacks invariant
residues, but displays a similar degree of conservation to that of
section 2d. In most secondary structures, helix 3 is an integral part
of pseudoknot 1. However, this pseudoknot is not formed in two
Mycoplasma species in which helix 4 is absent (Fig. 1E).
Mycoplasma pneumoniae exhibits only 2 nt in the terminal loop
and there is strong support for the terminal base pair of helix 3.
Whether this is possible sterically will have to be verified
experimentally; however, a similar two base loop was encountered
in the 23S-like mitochondrial rRNAs of higher eukaryotes (22).

Helix 4

Helix 4 is variable in sequence and size (3–7 bp). Furthermore, it
is absent in two Mycoplasma species, as discussed in the previous
paragraph. Usually, the 5′-halves of helices 3 and 4 are joined by
an immediate transition of no more than three residues, although
one example of a six residue connection is found in the green
sulfur bacterium Chlorobium tepidum. A small number of loop
residues connect the 5′-half of helix 4 and the 3′-half of helix 3.

The loop between the 3′-halves of helices 3 and 4 contains four
to 13 residues, some of which are highly conserved (Fig. 2). This
loop is rich in adenosine residues, causing the alignment in this
region to be ambiguous. The adenine at the third position of the
loop appears to be invariant (A70 in E.coli; Fig. 1A); however,
one exception is found in the P.purpurea chloroplast. The first
residue of the loop (U68; Fig. 1A) is almost always a uridine, but
there are a few exceptions, as in Porphyromonas gingivalis,
Anabaena spp., Synechocystis spp. and the cyanelle of C.paradoxa.

Tag peptide coding region

Criteria for assigning a tag peptide coding region within the
tmRNA sequences were: first, the requirement for an open
reading frame between the ‘resume’ and the stop codon (no
frameshifting was allowed); second, a guanine as the first residue
of the ‘resume’ codon less than 25 nt from the end of helix 4; third,
a tendency for the stop codon to be located within the terminal
loop of helix 5. We emphasize that the assignment of these criteria
is arbitrary and, with the exception of the E.coli sequence, the
predicted tag peptide sequences are hypothetical and await
experimental verification. Furthermore, although there is proof
that the tag peptide serves as a relatively promiscuous signal for
proteolysis in E.coli (23) and B.subtilis (24), knowledge about
similar proteolyic systems in other bacteria is limited.

The base triplet preceding the ‘resume’ codon is relatively
conserved (84-AUA-86 in E.coli; Fig. 1A). Higher degrees of
conservation are also found in the first and second codon of the
tag sequence. We do not know to what degree these constraints
are related to requirements of the tag peptide. Although the RNA
of the tag peptide coding region can be folded using thermodynamic
rules (25), because of its variable length (30–87 residues) we were
unable to align this region and identify base pairs supported
sufficiently by CBCs.
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Helix 5

Helix 5 is composed of two sections with relatively weak support.
Some tmRNAs lack this helix (Fig. 1D and F). If helix 5 is
present, the stop codon is located within the terminal loop and

preceded by the sequence GCNU (where G is invariant, the C is
conserved but may be a uridine, N is any nucleotide and U is the
first residue of the stop codon). In many sequences the invariant
G (G117 in E.coli; Fig. 1A) is involved in forming the closing pair
of helix 5.
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Figure 1. (Opposite and above) tmRNA secondary structure diagrams of (A) E.coli (purple bacterium), (B) Thermotoga maritima (Thermotogales), (C) N.gonorrhoeae
(purple bacterium), (D) Synechococcus spp. (Cyanobacterium), (E) M.pneumonia (Gram-positive) and (F) the cyanelle of C.paradoxa. Perfect base pairs are connected
with a line and G-U pairs with open circles. Helices are highlighted in gray and numbered from 1 to 12 from the 5′-end. Helical sections are given extensions with
lower case letters. The sequences are labeled with a dot and numbered (if allowed by the available space) in increments of 10. The 5′→3′ direction of the RNA chain
is indicated by lines with open arrowheads. The location of two modified nucleotides in helix 12 of the E.coli structure (A) has been determined by Felden et al. (28).
The four pseudoknots are marked pk1–pk4 [pk4A and pk4B in (D)]. The solid star marks the beginning of the tmRNA coding region. In-frame stop codons are marked
by a solid arrowhead. The deduced tmRNA-encoded sequence of the tag peptide is shown at the bottom of each panel in the one letter amino acid code.

Helix 6

Helix 6 consists of four helical sections, 6a–6d, and, together with
helix 7, forms the second pseudoknot. With the exception of the
plastid sequences (which lack pseudoknots 2–4 altogether), 6a is
present in all tmRNAs and is well supported by CBCs. There are
indications (Fig. 1A and B) that a near-continuous stack forms
with sections 6b and 6c. In most Gram-positive bacteria, section
6b is absent (Fig. 1E). Interestingly, in three purple bacteria
(Neisseria gonorrhoeae, Neisseria meningitidis and A.eutrophus)
6b is replaced by a short hairpin (named section 6d) that is closed
by a tetranucleotide loop (tetraloop) of the GNRA-type (26; Figs
1C and 3B).

Helix 7

Absent in plastids, helix 7 is well supported by CBCs in all
sequences and preceded by a loop of at least six residues. This
number of residues seems to meet the steric requirement for
maintaining the pseudoknot (Fig. 3A and B). Usually, helix 7 is
connected to helix 8 by no more than five residues, except in
Desulfovibrio desulfuricans (15 residues) and Legionella
pneumophilia (28 residues).

Helix 8

Helix 8 is divided into two sections, 8a and 8b, part of pseudoknot
3, and is present in all sequences except the plastids. The helical
sections are likely to be continuously stacked, in some cases
containing non-Watson–Crick interactions (Fig. 1B), as demon-
strated by several instances where a single helix 8 is formed in
other organisms (Fig. 1D).

Helix 9

Helix 9 is part of pseudoknot 3 (absent in the plastids) and well
supported by CBCs. Most secondary structures display an
immediate transition between the 5′-half of helix 9 and the 3′-half
of helical section 8b. No more than three residues are inserted
between the 5′-half of helical section 8 and helix 9. Modeling
using ERNA-3D software (27) showed that a supported pairing
in the helical section 8b of Aquifex aeolicus is stericly unfavorable
(not shown). We prefer an equally well-supported structure which
can exist in three dimensions and where this potential pair is
replaced with a G-C located in helix 9. Six to 11 residues connect
helix 9 with the 3′-half of helix 8a. These extended connections
are found in all four pseudoknots and are usually rich in adenosine
residues. Preliminary 3-dimensional model building indicates
that the elongated single strands are required to maintain the
pseudoknot fold (Fig. 3).
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Figure 2. Secondary structure of helices 1–5 and helix 12 of E.coli with the
connecting region indicated by the dashed arrows. The region between helices
2 and 5 corresponds to pseudoknots 2–4 and has been omitted because it lacks
conserved residues. The overall sequence conservation between the corresponding
bases in the other tmRNA sequences is shown. Invariant bases are shown by
letters; dot diameters indicate the extent of conservation: large dots mark positions
that are conserved in >90% of sequences; medium size dots indicate conservation
in 75% of sequences; small dots indicate conservation in >50% of sequences. The
secondary structure is annotated as described in the legend to Figure 1.

Helix 10

Helix 10 forms pseudoknot 4 with helix 11 (pseudoknot 4 is
absent in plastids and Cyanobacteria) and is divided into three
sections. Sections 10a and 10b appear as a continuous stack with
up to 10 bp (e.g. M.pneumoniae; Fig. 1E). Some sequences
contain small insertions with up to four single-stranded residues
between sections 10b and 10c. An adenosine-rich strand of at
least eight residues connects the 3′-half of helix 10a with the
3′-half of helical section 11b (Fig. 3C).

Helix 11

Helix 11 is a part of pseudoknot 4 with two short helical sections,
11a (four pairs) and 11b (three pairs), which might form one
uninterrupted helix (e.g. N.gonorrhoeae; Fig. 1C). Three and
sometimes four residues connect helix section 11a with section
2d. With only two exceptions (C.tepidum and the chloroplast of
P.purpurea), the first residue of the triplet is a uridine. The second
residue is a conserved adenosine, which is replaced by a guanine
in T.maritima and C.acetobutylicum. The third residue is variable,
but never a guanine.

Helix 12

Helix 12 is located in the tRNA-like part of the tmRNA molecule
and is preceded by a triplet of conserved nucleotides. The first

residue is a guanine, with one exception in the C.paradoxa
cyanelle, where it is an adenine. The second residue is conserved
as an adenosine and the third residue is almost always a cytidine,
except in Mycoplasma genitalium and M.pneumoniae.

The five base pairs and the seven residue loop formed by helix
12 are equivalent to the TΨC stem–loop of tRNA. Similarities
include an invariant G-C closing pair and the same distribution of
invariant residues in the loop (21). Furthermore, E.coli tmRNA
was shown to contain a 5-methylated uridine and a pseudouridine
at positions 341 and 342, respectively (28). As in tRNA, the
m5UΨ in the loop might pair to the conserved guanosines in the
DHU loop equivalent. However, this possible pairing cannot be
supported nor disproven by CBCs and will have to be investigated
experimentally. As in tRNA, helix 12 connects directly to helix
1, the amino acid acceptor stem, discussed above. Finally, an
invariant ACCA forms the 3′-end of all tmRNAs.

Helix 13

Together with helices 14–16, helix 13 is present only in the
Cyanobacteria, where pseudoknot 4 is replaced by two smaller
pseudoknots, 4A and 4B (Fig. 1D). Because only three sequences
are available, the comparative sequence analysis support for these
pairings is weak and no covariation score was assigned to the
proposed helices. However, they are included here as they
provide the best preliminary explanation for the folding of the
tmRNA in this region. Of the four helices, the 5 bp forming helix
13 are supported by one C-G→U-G change. The 5′-half of helix
13 connects to the 5′-half of helix 14 with one or two residues.

Helix 14

Helices 13 and 14 form pseudoknot 4A in the Cyanobacteria.
Considering the small number of sequences, there is good
phylogenetic support for three of the five proposed base pairs.
The 5′-half of helix 14 and the 3′-half of helix 13 are in immediate
transition, whereas three to four residues connect the 3′-halves of
helices 13 and 14. No nucleotides are inserted between helices 14
and 15.

Helix 15

Helices 15 and 16 form pseudoknot 4B in the Cyanobacteria.
Helix 15 is supported only by one G-U→A-U change and even
contains a U-C mismatch in Synechocystis (Fig. 1D). Two
cytosine residues connect the 5′-half of helix 15 to helix 16.

Helix 16

Helix 16 contains 4 or 5 bp of which three pairs are supported by
CBCs. The 5′-half of this helix uses two or three residues to
connect to the 3′-half of helix 15. Three to four residues are
present between the 3′-halves of helices 15 and 16.

Plastid tmRNA secondary structure

Thermodynamic calculation (25) of the plastid sequences in the
region between helices 2 and 4 suggest the potential to form two
to four helices. However, because this region is unusually AU-rich
and of variable length, it is difficult to align unambiguously for the
identification of covariations. The comparative sequence analysis
approach may become feasible when more plastid sequences
become available. Experimental evidence will be required to
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Figure 3. Stereodiagrams of representative tmRNA pseudoknots. (A) Pseudoknot 2 of E.coli; (B) pseudoknot 2 of N.gonorrhoea; (C) pseudoknot 4 of E.coli;
(D) pseudoknot 4 of Synechococcus spp. Helices are indicated by blue cylinders of a diameter of 5 Å and are labeled according to the nomenclature shown in the
respective secondary structures (see Sequence alignment and Fig. 1). The sugar–phosphate backbone is displayed as a tube (diameter 2 Å) where the helical regions
are colored purple and the single-stranded regions are colored blue–green. The termini of the RNA chains are numbered to correspond to the nucleotide positions of
the respective sequences. The models were generated with the program ERNA-3D (27) on a Silicon Graphics Indigo 2 Extreme workstation; the PDB coordinates
of the models are available from the tmRDB at the internet address psyche.uthct.edu/dbs/tmRDB/

show which base pairings occur in this region or if, in fact, it lacks
secondary interactions.

PSEUDOKNOTS

Four pseudoknots (labeled pk1–pk4 in Fig. 1) are present in most
tmRNAs. Pseudoknot 1 precedes the tag peptide-encoding region
and three pseudoknots flank the 3′-part of the same region.
Sequence comparison shows that the pseudoknots lack conserved
residues, thus emphasizing the requirement for RNA folding. In
some bacteria, certain pseudoknots appear to be a dispensable
feature of the tmRNAs, as shown in the case of M.genitalium and
M.pneumonia, where pseudoknot 1 is absent. The plastid tmRNA
may lack pseudoknots 2–4 altogether (Fig. 1F). However, further
analysis, both comparative and experimental, will be required to
demonstrate base pairing in this region. Particularly interesting is
the case of the Cyanobacteria, where pseudoknot 4 is replaced by
two smaller pseudoknots, again indicating that the RNA must be
folded somehow, but there is no need for maintaining a particular
pseudoknot fold. Preliminary model building indicates 3-
dimensional similarities between a typical single pseudoknot 4

and the tandem pseudoknots 4A and 4B (Fig. 3). An argument for
preservation of RNA folding without the need for sequence
conservation can also be made for three relatives of the purple
bacteria (N.gonorrhoeae, N.meningitidis and A.eutrophus) which
replace helical section 6b with 6d (see above).

HIGHER ORDER INTERACTIONS

The similarity of tmRNA to the amino acceptor stem–loop and
TΨC stem–loop of tRNA is supported not only by comparative
sequence analysis but also by the biochemical reactions for which
tmRNA is a substrate (17,29,30). Moreover, the 3′ maturation of
tmRNA closely resembles that of tRNA in that multiple
exoribonucleases can participate in 3′ trimming reactions and
nucleotidyl transferase can rebuild its CCA terminus (17,31).
However, our data indicate that the tmRNA region which is
equivalent to the DHU stem–loop of tRNA, is significantly
different, as is the region corresponding to the anticodon stem and
loop. More detailed biophysical studies of tmRNA structure and
of the interactions of tmRNA with the ribosome will be required
to resolve the degree of structural and functional similarity between
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tRNA and tmRNA. Besides the base pairings shown in Figure 1, we
were unable to identify additional, so-called higher order, tertiary
interactions within the tmRNA molecule. This may be due to the
limitations of the comparative sequence analysis approach when
only a relatively small number of sequences is available.

As tmRNA is involved in translation, we also searched for
covariations between tmRNA and the RNAs of the small and
large ribosomal subunits with rRNA alignments provided by the
Ribosomal Database Project (32). Most likely due to the limited
number of organisms for which both the rRNA and tmRNA
sequences are known, we found no firm evidence for RNA–RNA
interactions between tmRNA and rRNA. The earlier proposed
pairing of tmRNA with a region in the 3′-domain of E.coli 16S
rRNA (33) was unsupported by phylogenetic criteria (data not
shown). Because of common structural features, interactions
between tmRNA and the ribosome may involve rRNA regions
that have been shown to facilitate binding of tRNA and mRNA
by zero length cross-linking (34,35) and footprinting (36).
However, these potential interactions may not be detectable
within the limitations of the comparative sequence analysis
method because of the involvement of conserved residues.

OUTLOOK

The phylogenetic approach provides a rational basis from which
to infer minimal secondary structure models of tmRNA for all
organisms in which this molecule is present. The database is
sufficiently large to identify interesting structural features, some
of which are specific to certain bacterial subgroups. Currently, the
number of available sequences is too small to prove or disprove
possible higher order interactions conclusively within tmRNA or
between tmRNA and rRNA. This limitation is expected to
disappear in the future when sequence data are more complete.

In the current early stage of tmRNA research the present
sequence alignment and secondary structure analyses will assist
in the design and interpretation of biochemical experiments such
as enzymatic and chemical modification, site-directed mutagenesis
and cross-linking. Furthermore, present results will be useful in
comparative molecular modeling analyses (37) aimed to resolve
the 3-dimensional structures of a wide variety of tmRNA
molecules. Ultimately, these studies are expected to provide
insight into which components of the cell might associate with the
tmRNA and, in particular, how tmRNA interacts with other
elements of the translation machinery.

DATA DISTRIBUTION

The sequence alignment is available at http://psyche.uthct.edu/
dbs/tmRDB/tmRDB.html in several formats including printable
PostScript and PDF versions or by writing to the first author
(Email: zwieb@uthct.edu).
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