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The tmRNA-tagging mechanism

and the control of gene expression:

a review
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The tmRNA-mediated trans-translation system is a unique quality control system
in eubacteria that combines translational surveillance with the rescue of stalled
ribosomes. During trans-translation, the chimeric tmRNA molecule—which acts as
both tRNA and mRNA—is delivered to the ribosomal A site by a ribonucleoprotein
complex of SmpB and EF-Tu-GTP, allowing the stalled ribosome to switch template
and resume translation on a small coding sequence inside the tmRNA molecule.
As a result, the aberrant protein becomes tagged by a sequence that is a target for
proteolytic degradation. Thus, the system elegantly combines ribosome recycling
with a clean-up function when triggered by truncated transcripts or rare codons.
In addition, recent observations point to a specific regulation of the translation of
a small number of genes by tmRNA-mediated inhibition or stimulation. In this
review, we discuss the most prominent biochemical and structural aspects of trans-
translation and then focus on the specific role of tmRNA in stress management
and cell-cycle control of morphologically complex bacteria. ©2010John Wiley & Sons,

Ltd. WIREs RNA 2011 2 233-246 DOI: 10.1002/wrna.48

INTRODUCTION

Research activities on the structure and function of
transfer-messenger RNA (tmRNA) started with
its discovery in Escherichia coliin 1979 as 10Sa RNA,
a small stable RNA of 363 nucleotides encoded by the
ssrA gene.! It was postulated to have an open reading
frame for a peptide of 25 residues.> A few years later it
was found to have alanyl-tRNA-like properties in the
stem-loop structures formed by its 5’ and 3’ ends.>*
Deletion of ssrA caused a phenotype of retarded
cell growth and defective phage growth, although
the molecular mechanisms remained unsolved for
yet some time.> Studies with electrophoretic-mobility-
shift assays showed interactions between tmRNA and
transcriptional regulators such as the Lacl, LexA, Acl,
and P22-C1 proteins.®

A break-through was achieved through two
crucial findings. First, the group of Simpson observed a
nested set of truncated recombinant proteins in E. coli
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that were fused to the C-terminal part of the putative
10Sa RNA-translation product, with an additional Ala
residue inserted at the fusion site.” Second, the Sauer
group recognized the 10Sa RNA-encoded tail peptide
as a signal tag for degradation by cytoplasmic and
periplasmic tail-specific proteases such as Tsp.® They
drew the ground-breaking conclusion that 10Sa RNA
functions as a tagging system for the degradation
of proteins synthesized by ribosomes when stalled
on mRNAs without stop codon (nonstop mRNA).
By a mechanism called trans-translation, the stalled
ribosome switches its decoding center from the
truncated 3’ end of the mRNA to a specific internal
site of alanyl-10Sa RNA at the ribosomal A site. After
trans-peptidation to alanyl-10Sa RNA, translation
is resumed and properly terminated on the reading
frame. The rescue mechanism results in the release of
stalled ribosomes and subsequent quality control by
degradation of both truncated protein and damaged
mRNA. The mechanism is illustrated in Figure 1.
Because of its hybrid properties, 10Sa RNA became
known as transfer-messenger RNA or tmRNA.”
tmRNA-mediated trans-translation has now
become a standard subject in RNA biology and
features in the modern text books. The impact of
the subject is illustrated by the steady increase in
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mRNA degradation
targeted proteolysis
ribosome recycling

FIGURE 1| The tmRNA-tagging mechanism. By virtue of the
trans-translation mechanism’s duality (ribosome release and protein
tagging) nonfinished proteins become cotranslationally marked for
destruction. The red line is the end of the reading frame of tmRNA, and
represents the stop codon, to be recognized by the release factor (RF).
For further explanation see text.

publications and citations from the discovery in 1979
via the second publication 10 years later, to reach a
steady flow of around 50 publications per year in the
last decade, which underlines the maturation of the
field. Since this indicates the popularity of the subject,
we have presented it graphically in Figure 2.

Publications

wires.wiley.com/ma

tmRNA AND TRANS-TRANSLATION

Universal Occurrence and Functionality

of tmRNA in Eubacteria

The tRNA-like structure (TLS) of tmRNA (Figure 3)
is conserved in all known eubacterial genomes, occa-
sionally even as a two-piece complex, such as in
a-proteobacteria like Caulobacter crescentus'® and
in some cyanobacteria, as a result of gene permu-
tation and rearrangement.!! The ssrA transcript is
processed by tRNA maturation enzymes like RNase
P, and is modified in the T loop for the display of
5-methyl-uridine and pseudo-uridine at the conserved
tRNA positions.!?> Based on phylogenetic evidence
and mutational analysis, interactions between its D-
and T-loop could be demonstrated.!? The latter inter-
actions are conserved and important, not primarily
for tmRNA alanylation and binding to EF-Tu, but
rather for the proper functioning of the protein SmpB
(small protein B).

The ribosome-rescue system usually operates
well below capacity: the synthesis of about 0.4%
of all proteins terminates with tagging during nor-
mal exponential growth of E. coli.'* This tagging
frequency increases substantially by nonstop mRNA
overproduction, whereas the tmRNA concentration
remains the same. Inactivation of ssrA diminishes the
viability of cells under stress conditions. Interestingly,
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FIGURE 2| Trend of the number of publications (blue bars) and citations (light blue zig-zag line) of papers on tmRNA and trans-translation. Note
that it took 10 years since the first publication in 1979 before the publications truly took off. Search terms were ‘tmRNA', ‘ssrA” or ‘10Sa’. Data

based on ISI Web of Science (year 2010 is not included).
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FIGURE 3| Structure of tmRNA (10Sa RNA) from E. coli (363 nt).
The TLS is given in purple, the pseudoknot structures PK1-4 in orange,
cyan, red, and blue, respectively. Helix H2 (with section H2a, also called
P2a) is the connection between the tRNA- and mRNA-like domains of
tmRNA. The tag sequence with underlined resume and stop codon
encodes the amino acid sequence ANDENYALAA.

AssrA mutants are sensitive to subinhibitory con-
centrations of protein-synthesis inhibitors, whereas
no increased sensitivity was measured to antibiotics
unrelated to protein synthesis.!> Further, in Bacil-
lus tagging is strongly increased during growth at
enhanced termperatures, strongly suggesting a rela-
tionship between heat shock and the activation of the
trans-translation system. !

The Essential Protein SmpB and Ribosomal
Protein S1 for tmRNA Scaffolding

In E. coli, the gene for tmRNA is preceded by
smpB, encoding SmpB. The latter turned out to

Volume 2, March/April 2011
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be essential for the tagging activity of tmRNA!”
and is also present in all known bacterial genomes.
Formation of a tight complex between the two is
indispensable for their stable association to a stalled
ribosome and SmpB-defective bacteria have the same
phenotype as tmRNA-defective ones. The conserved
C-terminal tail of SmpB is essential for productive
tmRNA accommodation in the ribosomal A site.!’
Crystallographic studies of SmpB in complex with
the entire tRNA-like domain of tmRNA showed that
SmpB mimics the anticodon arm (absent in tmRNA)
of canonical tRNAs. The linker helix P2a (also called
H2A) between tRNA- and mRNA-like domains of
tmRNA mimics the long variable arm of bacterial class
II tRNAs." In addition, ribosomal protein S1 was
reported to have a special affinity for tmRNA. It was
found bound and cross-linked to the latter’s mRNA
domain and pseudoknot regions of pk2, pk3, and
pk4." In vitro studies with S1-free cell-free translation
systems reported, that S1 is not essential for trans-
translation.?%?! I vitro and in vivo studies by others,
however, led to a somewhat different conclusion. S1
is indeed dispensable for trans-peptidation of stalled
peptidyl-tRNA to ribosome-bound Ala-tmRNA, but
possibly required for switching the reading frame
from the original mRNA to the mRNA domain
of tmRNA.??> Cryo-electron microscopy (cryo-EM)
studies proposed a scaffolding role for SmpB and S1
in the binding of tmRNA at the 30S decoding center
during the initial phase of trans-translation.?3-2*

A search for other protein factors associated
with the tmRNA-SmpB complex yielded candidates
like RNase R, PrsA, and SAF. Later, it was found
that tmRNA levels are cell-cycle regulated by RNase
R mediated degradation after proteolysis of SmpB.
Intact SmpB functions as a protector of tmRNA %526

Kinetic Parameters for tmnRNA

Interactions

The interactions of tmRNA with alanyl-tRNA
synthetase, EF-Tu, SmpB, and S1 were studied
by analysis of the alanylation kinetics.”” EF-Tu
and SmpB bind simultaneously to the tRNA-like
domain and enhance alanylation, whereas S1 binds
independently to the mRNA-like domain and does
not influence alanylation. On the ribosome, the rate
of trans-peptidation of stalled peptidyl-tRNA to Ala-
tmRNA depends on the mRNA length downstream
of the P site. In wvitro analysis showed a rapid
decrease to about zero when this length exceeds five
codons, whereas the trans-peptidation was strongly
stimulated by RelE cleavage of the mRNA at its A-site
codon.?®

© 2010 John Wiley & Sons, Ltd. 235
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mRNA Cleavage in the A site of Pausing
Ribosomes

As stated above, ribosomes poised at 3’ ends of
damaged ‘nonstop” mRNAs are substrates for tmRNA
action. In addition, intact mRNAs that carry pausing
ribosomes at internal sites may become subject to
cleavage and eventual trans-translation.

The pausing on such intact ‘no-go’ mRNAs?’
may be caused by rare codons,>® by inefficient
translation termination (e.g., by a C-terminal proline
or a LESG motif), or by sterical hindrance from
adjacent or overlapping open reading frames.?!=33
Cleavage of ‘no-go’ mRNAs, in the ribosomal A
site or a bit further downstream, turns them into
nonstop mRNAs.>*-3¢ Indeed, in vitro experiments
indicate that trams-translation requires the 3’ end of
truncated mRNAs.?® Apparently, the onset of trans-
translation requires a codon-free ribosomal A site
in order to accommodate the tmRNA-SmpB-EF-Tu
complex. Cryo-EM analysis showed that the presence
of a codon in the A site prevents the binding of
SmpB.?? Thus, the idea of a competition between Ala-
tmRNA and regular aa-tRNA complexes or RFs for
binding to an A-site codon can be excluded.

The endonuclease RelE, normally present as
a toxin—antitoxin pair with RelB, was found to
be responsible for codon-specific mRNA-cleavage in
the A site.!37 RelE is activated during starvation
conditions by Lon-mediated degradation of RelB.
The ‘toxic’ effect of the cleavage is counteracted
by trans-translation and ribosome rescue.?® Actually,
the term ‘toxin’ is misleading: RelE functions by
lowering the global rate of translation in response
to a shortage of aa-tRNAs. Recent crystallographic
studies revealed why the ribosome is critical for
RelE activity: the conserved nucleotide C1054 of
16S rRNA (we use E. coli numbering unless stated
otherwise) is required for a correct orientation of
the A-site codon in the active site of RelE.>’ RelE
displays codon specificity, with UCG and CAG (for
serine and glutamine, respectively), being the most
rapidly cleaved sense codons.’” Interestingly, there
seems to be an evolutionary selection against tmRNA
tag sequences carrying UCG and CAG codons (data
not shown). This connects to a recent observation that
in tmRNA there is a bias against ACA triplets, which
is a target for the MazF toxin.*’

Additionally, the activity of 3’ — 5" exonucle-
ases may play a role. For example, RNase II perhaps
degrades mRNA to the downstream border of pausing
ribosomes, thus facilitating RelE-independent cleav-
age of the A-site codon by a yet unknown RNase.*!
Interestingly, perturbations to A-site structure and
decoding function, by mutations in ribosomal protein

236 © 2010 John Wiley & Sons, Ltd.
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S12 or by the use of streptomycin, reduce A-site codon
cleavage as well as tmRNA-SmpB activity.*>*3 The
resulting nonstop mRNAs are substrates for even-
tual frans-translation and RNase R then degrades
the defective nonstop mRNAs in an SmpB-tmRNA-
dependent manner.2

Emerging Pictures of tmRNA on a Stalled
Ribosome

Recent cryo-EM studies at 15-18 A resolution
provided further insight in the accommodation
of tmRNA-SmpB in the ribosomal A site, after
GTP hydrolysis on EF-Tu bound in the so-called
pre-accommodation complex. A full-length Ala-
tmRNA-SmpB complex was visualized at the A site
after the release of EF-Tu-GDP.** It shows that
SmpB mimics the anticodon- and D-stem of canonical
tRNAs, stems that are missing in the tRNA-like
domain of tmRNA. The transition from pre- to
postaccommodation complex looks very similar to
that of normal aa-tRNA, and results in a position of
the mRNA domain closer to the decoding centre.

In Ref 45, the accommodation process was
studied with a shortened Ala-tmRNA (tRNA-like
domain with extended helix H2, no mRNA domain) in
complex with two SmpB molecules and EF-Tu-GTP.
Incubation with kirromycin kept the complex in the
pre-accommodated state, without kirromycin it was
found accommodated. While two SmpBs were bound
per ribosome with kirromycin, only one remained
in the accommodated state. The SmpB at the 30S
decoding site remained in place after the dissociation
of EF-Tu-GDP, whereas the one in interaction with
the 50S subunit had disappeared. Relative to canonical
translation, an additional movement was observed
due to the rotation of H2. Perhaps such a movement
would prepare the shift of the resume codon into the
decoding center. Computer modeling studies*® of the
movement of tmRNA-SmpB in the ribosome during
translocation of its tRNA-like domain from A to P site
propose a rotational movement by which a structural
element composed of SmpB with pseudoknot pk1 and
loop A79-G87 of tmRNA moves from the ribosomal
A site to the E site, around the tRNA-like domain in
the P site. As a result, the resume codon (starting with
G90) becomes precisely positioned at the A site.

RNA Context of the Resume Codon of the
Tag Reading Frame

Since the discovery of the reading frame for trans-
translation, the question has been asked which
determinants would define the exact location of the
resume codon. A Shine-Dalgarno motif as used for

Volume 2, March/April 2011
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translational initiation of most mRNAs is absent.
Phylogenetic studies showed a strong preference for
AUAG or AUAA at two nucleotides distance upstream
of the resume codon GCN.#” Mutations in this limited
region could lead to —1 or +1 frame-shifts.*8-50 A
mutant SmpB could restore a +1 shift.’! Indeed,
SmpB can interact with three conserved bases in
the decoding center’? and its flexible C-terminal tail
is supposed to be close to U85 and the resume
codon after accommodation in the A site.”> Also
ribosomal protein S1 could be close when bound to
the A-rich region upstream of the resume codon, as
appears from its UV-induced cross-link to U85.22 S1
is known to form an essential part of the mRNA-
binding track during translation initiation.>* Further
molecular details for the recognition of the resume
frame are not yet available.

Degradation Pathways of tmRNA-tagged
Proteins

After replacement of the nonstop mRNA by the
messenger region of tmRNA in the ribosomal
decoding center, a proper termination of translation
can occur, followed by ribosome release. Protein
products with C-terminal tmRNA-tags are degraded
by tail-specific proteases such as Tsp, FtsH,>®
ClpXP and CIpAP,’® and Lon.’”*® The ribosome-
associated SspB (discovered as a stringent starvation
protein) markedly stimulates the ClpPX action®%¢" by
recognition of tag residues 1-4 and 7.°! It functions
as a specificity enhancing adaptor between tag and
ClpXP,*%%3 which is the major degradation protease
for tmRNA-tagged proteins.®* This may explain why
mutant tags with a C-terminal Asp-Asp or (His)g
substitution still induce some degradation of the
tagged substrates, %6366

tmRNA and the Regulation of Transcription
and Translation

Originally, tmRNA-mediated trans-translation has
been discovered as a clean-up system for ribosomes
jammed on damaged mRNAs. Soon thereafter the idea
emerged that the trans-translation mechanism serves
mainly as a release or a push for stuck ribosomes,
from both truncated as well as intact mRNAs, rather
than tagging truncated proteins.®” A few examples
where tmRNA exceeds its function as clean-up tool
are discussed below.

The canonical trans-translation model dictates
that ribosomes poised at 3’ ends of (truncated) mRNAs
are substrates for tmRNA action. Otherwise, intact
mRNAs that carry stalled ribosomes are cleaved
prior to trans-translation. Thus, tmRNA action likely

Volume 2, March/April 2011
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requires an empty ribosomal A site.®® Indeed, in vitro
experiments indicate that truncated mRNAs are better
substrates for trams-translation,”® whereas it is not
yet possible to extrapolate these findings to the
cellular situation. Interestingly, mRNA cleavage by so-
called sequence-specific ‘mRNA interferases’3”-¢%~"1
and interferase-independent A-site cleavage’? seem to
operate in parallel to, and independent of, tmRNA
tagging. Apparently, more than one mechanism is
active for the release of stalled ribosomes, and it is a
challenge to differentiate between them.

A well-studied example of tmRNA tagging
serving the purpose of regulating gene expression
is that concerning the lactose (lac) operon.”? In
the autoregulatory expression system for controlling
levels of the transcriptional repressor Lacl, high
concentrations of Lacl result in binding of Lacl
tetramers to two lac operators. One of the operators
lies within the lacl coding region and binding of
Lacl to that site prevents transcription elongation,
resulting in a nonstop lacl mRNA. In a tmRNA
mutant, truncated forms of the Lacl protein are
produced and these incomplete Lacl variants exhibit a
dominant uninducible effect that results in a response
delay once the inducer becomes available.”> The Lacl
control mechanism where tmRNA deletion results
in misregulation of a regulator might also apply to
tmRNA-dependent development of bacteriophages.”*

CELL-CYCLE CONTROL BY tmRNA

The role of tmRNA in the control of the
Caulobacter cell-cycle

The first clear example of more specific involve-
ment of tmRNA in cell-cycle control came from
C. crescentus,”>’® a rare example of a bacterium
with a split gene for tmRNA, resulting in a two-
piece complex. Caulobacter is a Gram-negative
a-proteobacterium with two distinct cell types, a non-
replicating ‘swarmer’ cell that uses a flagellum for
movement and is suited for searching for nutrients,
and a replicating ‘stalked’ cell that produces a long
tubular stalk-like structure protruding from one pole.
This dimorphic life cycle presents a selective advan-
tage for growth in aqueous environments. The global
response regulator CtrA coordinates DNA replication
and cell division by repressing DNA replication initi-
ation and transcription of the cell division gene fisZ
in swarmer cells.”” In addition, CtrA mediates a DNA
replication checkpoint of cell division by regulating
the cell division genes ftsO and ftsA.”® The replication
block during the Gy cell-cycle phase coincides with the
swarmer stage and when swarmer cells finally mature
into a stalked cell, it is coordinated with a Gq-to-S

© 2010 John Wiley & Sons, Ltd. 237
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transition. CtrA is then degraded allowing for DNA
replication to commence.”” Concomitantly, tmRNA
and SmpB levels increase, and decrease rapidly again
early in the S phase.?>”° This suggests that CtrA degra-
dation and tmRNA tagging are coupled. However, in
a tmRNA mutant there is still timely degradation of
CtrA, but replication initiation is delayed. The start
of replication involves most likely the proteolysis of
other tagged proteins, since tmRNA variants where
the tag has been mutated (resulting in a tag ending
with a twin-aspartate (‘tmRNA-DD’) or a His-tag
(‘tmRNA-His’) do not complement the phenotype,
and even worsen the delay.”>8" Recently, DnaA has
been indicated as a possible mediator of the cell-cycle
delay phenotype in a tmRNA mutant.’!

From a wild-type strain expressing tmRNA-His,
proteins tagged by tmRNA were purified and analyzed
by proteomics. Of the 72 identified substrates only one
target was tagged at a rare codon, and five targets
seem to originate from problematic termination.
Interestingly, some 70% of the tmRNA target genes
in C. crescentus contain a nucleotide motif with the
consensus CGACAAGATCGTCGTG located 3-60
codons upstream of the tagging site. The specificity of
the element is underlined by the altered tagging pattern
observed when the motif is moved to a different
position in the gene. In further support, placing the
motif in the green fluorescent protein (GFP)-encoding
gene turned the otherwise intact GFP into a substrate
for tmRNA tagging. The motif apparently dictates
tagging at a remote site, and it is unclear whether
it is preceded by mRNA cleavage.®’ It would be
very interesting to see whether the tagged proteome
and contributory nucleotide consensus motif differ
between the stalked and swarmer stages of C.
crescentus. Intriguingly, tmRNA localizes specifically
at a specific stage of the C. crescentus life cycle.®?
As shown by insitu hybridization, tmRNA and
SmpB colocalize to produce helical patterns in G1-
phase cells, only to disappear at the onset of DNA
replication. RNase R also forms spirals, but these are
distinct from those of tmRNA-SmpB. It remains to be
elucidated how wide-spread this specific localization
is in bacteria, and what its contribution is to the
function of #rans-translation.

tmRNA and the control of sporulation

With the intriguing example of Caulobacter, it is
clear that besides its canonical clean-up function
tmRNA can play an important role in specific cell-
cycle control. Another example of cell-cycle control
was found recently in Bacillus, where tmRNA plays
a role in the control of sporulation. Deletion of ssrA
leads to a developmental arrest at the stage after the

238 © 2010 John Wiley & Sons, Ltd.
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formation of the forespore, which is primarily due to a
block of sigK expression.®? sigK is a gene that consists
of two parts, spolIIC and spol VCB, separated by the
so-called skin element. Removal of this element by
the SpolVCA recombinase results in joining of the
two parts to generate full-length sigK.%* It turns out
that in the absence of tmRNA the level of SpolVCA
is reduced to about 10% of wild-type levels, leading
to strongly reduced SigK activity, which results in a
block in sporulation.®3 Thus Bacillus provides another
exciting example of the role of tmRNA in the control
of the bacterial cell cycle, although it must be noted
that many proteins are tagged by tmRNA in this
organism,'® and therefore also here a major role for
tmRNA lies in general surveillance.

A specific role for tmRNA in the control

of Streptomyces development

The selectivity of tmRNA may be even more striking
in streptomycetes, which are soil-dwelling antibiotic-
producing filamentous bacteria with a life cycle not
dissimilar from filamentous fungi.®>#¢ Upon nutrient
depletion the vegetative mycelium of streptomycetes
initiates a complex development with an aerial
mycelium that eventually produces chains of spores.
The soil is a competitive habitat and organisms
face stresses such as heat, desiccation, competing
organisms and famine, and the latter is an important
trigger for development and antibiotic production.®”
Possible involvement of tmRNA in stress management
was highlighted by the direct dependence of ssrA
transcription on the oxidative stress sigma factor
o k.88 and later tmRNA was shown to play a role in
antibiotic resistance.®>%°-?1 While initial mutational
analysis of Streptomyces lividans revealed few changes
to growth and development,?’ it soon turned out
that the lack of tmRNA severely compromised
stress resistance of streptomycetes, with enhanced
sensitivity to, for example, heat shock and antibiotic
resistance.®>?2 Growth is also compromised, and
ssrA null mutants of Streptomyces coelicolor—a
close relative of S. lividans and the best studied
streptomycete—produce much smaller colonies®’
(Figure 4). While trans-translation is restored to ssrA
mutants by the expression of wild-type tmRNA
or tmRNA-His, the growth defects are not (see
‘Conclusion’ section at the end). Deletion of ssrA also
has its repercussions for sporulation, which is almost
completely abolished, indicating the importance of
tmRNA for development®5-?? (Figure 5).

The control of Streptomyces development is
complex, and while many regulatory networks
have been uncovered at the transcriptional level,”3
little is known of mechanisms that effect control
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FIGURE 4| Colony morphology of ssrA mutants (AssrA) of S. coelicolor M145 and complementation by ssrA in trans. Deletion of ssrA leads to
strongly reduced growth rate and colony size, and while trans-translation is restored by the introduction of both wild-type ssrA and recombinant
ssrA-His, growth rate is not. However, sporulation (visible as gray pigmentation) is restored. Transformants: pHJL401, control plasmid without ssrA;
ssrA-wt, pHJL401 harboring wild-type ssrA; ssrA-His, pHJL401 harboring recombinant ssrA specifying tmRNA-His. Images were taken by stereo

microscopy, and shown at two magnifications as indicated by the mm bars.

development at the translational level. However, one
very interesting example relevant for this review is
that of a rare tRNA for the leucine codon UUA.
The codon usage of the high G + C streptomycetes
(around 72%) has evolved such that this codon
only occurs around 150 times in the genome of the
model streptomycete S. coelicolor®® and in particular
in genes involved in development and secondary

metabolism (notably antibiotic production). As a
result, tRNAUVA is not essential, but inactivation
results in developmental arrest and block of antibiotic
production.”>?¢ Considering the role of tmRNA in
rescuing ribosomes stalled at rare codons,?’ one would
expect proteins produced from genes containing UUA
codons to be a prime target for trans-translation.
However, the latter group was not found tagged

M145 (wt)

ASsrA (wt)

FIGURE 5| Scanning electron micrographs demonstrating the sporulation defect of the ssrA mutant of S. coelicolor. Top row, wild-type strain
M145; Bottom row, ssrA mutant. Note that many aerial hyphae of the ssrA mutant produce branches, which is never seen in wild-type hyphae. Inset:

rare example of a spore chain.
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by tmRNA, which rather surprisingly implies that
either ribosomes do not pause long at UUA codons
or pausing at UUA is not sufficient to trigger the
tmRNA-mediated rescue system. This was the first
indication that, despite its role in stress management,
tmRNA may not function in a canonical fashion in
streptomycetes.®-8%92

The big surprise came when the tmRNA-tagged
proteome of S. coelicolor was analyzed using a recom-
binant tmRNA that results in Hisg-tagged proteins;
this revealed no more than 10 specific tmRNA targets
(mostly tagged at or near the C-terminal end) on a
predicted total proteome of around 7800 proteins.®
Despite this specificity, proteins tagged by tmRNA
in Streptomyces are also degraded rapidly. Almost
all of the identified tmRNA targets are known cell-
cycle or stress-related proteins: the pleiotropic nutri-
ent sensor DasR,”” the stress-inducible alternative
elongation factor EF-Tu3,’%%’ the major chaperone
DnaK (Hsp70),190:191 the antibiotic-inducible protein
TipA'%2 and the cell-cycle regulators SsgA, SsgR, and
SsgF.103-105 In S Jividans, the tagging pattern was
very similar to that in S. coelicolor, corroborating
the target-specificity. Interestingly however, tagging
was massively enhanced in S. lividans TK24, whose
ribosomes display hyper-accuracy due to the pres-
ence of a streptomycin-resistant variant of ribosomal
protein $S12.19 This strongly suggests that in strep-
tomycetes slow ribosomes induce the tmRNA tagging
system (S.B. and G.V.W., unpublished data). Intrigu-
ingly, and in contrast to this observation, E. coli
strains carrying streptomycin-resistant S12 variants
show reduced tagging capacity that could partially
be alleviated by streptomycin,*? highlighting another
obvious difference between the two bacterial systems.

Western analysis showed that the expression
of the critical stress and cell-cycle proteins DnaK
and DasR depends on tmRNA, with the proteins
almost completely absent in ssrA null mutants.
Since no difference was observed between wild-
type and mutant cells at the transcriptional level,
this dependence apparently occurs exclusively at
the translational level. Additionally, only a small
percentage of the total cellular DasR or DnaK
becomes tagged. This implies that the tagging of
a few proteins is required for the accumulation
of the total pool. This reveals an entirely new
role for tmRNA, namely as a positive regulator
of translation. Excitingly, translation of eGFP also
becomes dependent on tmRNA when its stop codon is
replaced by the 3’ UTR (including the last 60 codons)
of dasR, strongly suggesting that the ‘signal’ for
tmRNA tagging is embedded in that specific UTR.®
How to explain these observations? It is known
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that the tmRNA mechanism requires a truncated
mRNA for the accommodation of tmRNA-SmpB
in an empty ribosomal A site. Hence, if the 3’
UTR forces ribosome stalling, this must result in
mRNA cleavage downstream of the dasR stop codon,
as indicated by the observed tagging. The 3’ UTR
might be somehow involved in an interaction that
causes ribosome stalling on a downstream reading
frame located close to dasR, with its RBS and start
codon included in the 3" UTR that is sufficient to
trigger tagging when fused to the gene for GFP.
By translational coupling, efficient termination at the
dasR stop codon would become hampered, leading
to DasR tagging. Ribosome rescue at the downstream
reading frame and degradation of the impeding RNA
interaction would result in efficient termination and a
rapid burst of protein production from the upstream
dasR cistron. The advantage of such a mechanism
would be that preloaded dasR polysomes are created,
allowing a rapid burst of protein expression from
translation-committed mRNAs. The model awaits
further experimental support and other explanations
may also be envisaged.

Specific recruitment of tmRNA

Recently, yet another interesting trigger for tmRNA
tagging has been postulated.*? In this model,
cotranslationally misfolded proteins enforce ribosome
pausing and thus tmRNA tagging. Accordingly,
tagging is significantly increased during heat shock and
upon deletion of the ribosome-associated chaperone
DnaK. Cotranslational misfolding and consequent
tagging by tmRNA would specifically apply to multi-
domain proteins. Suggestively, DnaK translation is
controlled specifically by tmRNA in both S. coelicolor
and S. crescentus.®>%° During stress, such as heat
shock, tmRNA is induced while high concentrations of
DnaK are needed in order to deal with increased levels
of misfolded proteins. While tmRNA aids in an instant
burst of DnaK expression,®> tmRNA and DnaK
together tackle stalled ribosomes that emerge during
stress; DnaK acts as a chaperone and diminishes
misfolding of emerging nascent polypeptide chains
while tmRNA frees stalled ribosomes and tags
misfolded proteins that are beyond remedy (Figure 6).

CONCLUSION

The tmRNA-mediated trans-translation system plays
a crucial role as a clean-up system in bacteria,
which must have evolved as a means to recycle
ribosomes stalled on the mRNA and at the same
time remove the aberrantly synthesized (truncated)
proteins, a mechanism that is particularly important
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FIGURE 6 | tmRNA tagging controls misfolded protein levels. Upon
stress, tmRNA (1) and, via RpoH, dnaK levels (2) are increased.?2107.108
In turn, tmRNA stimulates DnaK translation (3)% and frees stalled
ribosomes (5).8 Misfolded proteins may force ribosome stalling,*? and
DnaK aids in the cotranslational (re-)folding of nascent peptide chains,
allowing the process to continue normally (4).

under conditions of stress. Evidence is accumulating
that tmRNA is also used to control the expression
of specific genes, such as the control of the lactose
operon in E. coli, and more generally in the control
of development of Caulobacter and Streptomyces.
Development may be seen as a continuous stress
condition, and this is most obvious in streptomycetes.
During sporulation of this complex microorganism,
the vegetative mycelium is degraded in an autolytic
process known as programmed cell death, releasing
building blocks required for the build-up of the spore-
forming aerial mycelium.?”-19° The strong increase in
degraded RNA may already be sufficient to trigger
the tmRNA system. However, the growth-phase
dependent activity of tmRNA is probably a much more
common phenomenon, illustrated by the involvement
of tmRNA in ensuring sufficient expression of the
stationary-phase sigma factor o (RpoS) in E. coli.'1?
The condition of famine—a major and common
trigger of microbial development—Ileads to a decline in
ribosomal fidelity at this stage of the life cycle, which
contributes to the accumulation of the stress-response
regulator %111 So the involvement of tmRNA in
developmental control in some more complex bacteria
may not be so surprising as it may seem at first
sight. Perhaps more intriguing is that in the specific
examples of Caulobacter and Streptomyces, tmRNA
displays rather strong target selectivity. The molecular
basis for this is still largely unclear and needs to be
investigated in more detail.
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For a better understanding of the duality of
the tmRNA tagging system, more targets need to
be discovered. A possible new function for tmRNA
might be related to bacterial fitness and defence against
phage infection. In the newly discovered bacterial and
archeal adaptive immunity system CRISPR (clustered
regularly interspaced short palindromic repeats), small
RNAs target invading viruses and foreign plasmid
DNA in a fashion reminiscent of the eukaryotic RNAi
system.' 127114 Both DNA and RNA seem to be target
of the small guide RNAs resulting in cleavage of the
target strand; a potential target for tmRNA tagging. It
would be interesting to investigate whether CRISPR-
mediated immunity and tmRNA tagging cooperate for
ameliorating bacterial fitness during phage infection.
Both CRISPR and tmRNA tagging are likely to
have evolutionary evolved separately, since tmRNA
is ubiquitously present in eubacteria, while CRISPR
has been found in most archaea and 40% of the
bacteria.

Finally, the function of the putative signaling
peptide! encoded by a conserved overlapping
reading frame—in opposite orientation—at the distal
end of ssrA merits further examination. This
observation has thus far received little or no attention,
but may be rather important. For example, trans-
translation is fully restored to ssrA deletion mutants by
providing ssr7A in trans, but only if the complementing
sequence contains the wild-type gene including some
flanking sequences. Wild-type tmRNA or tmRNA-His
restore trams-translation, but defects such as reduced
growth rate or higher susceptibility to antibiotics are
not restored by tmRNA-His, and in some cases also
not by wild-type tmRNA. Suggestively, in all cases
where tmRNA failed to complement, expression of the
putative divergently transcribed open reading frame
(ORF) has been destroyed.

With this review we have attempted to provide
a comprehensive overview of the biology of the
intriguing small RNA molecule tmRNA. After
its initial discovery and extensive structural and
functional analysis, attention has recently been drawn
toward more specific functions of tmRNA in the
control of gene expression, and most notably cell-
cycle control. Studies have been performed on tmRNA
function in Bacillus, Caulobacter, and Streptomyces,
but many other bacteria exist with complex life cycles,
such as Myxococcus (forms intriguing swarming
cells) or actinomycetes with a complex development
but significantly different from Streptomyces, such
as Kineococcus or Frankia. Study of such bacteria
will undoubtedly give further valuable insight into
the role of tmRNA in the specific control of gene
expression.

© 2010 John Wiley & Sons, Ltd. 241
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