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Abstract

The bacterial tmRNA quality control system monitors protein synthesis and recycles stalled
translation complexes in a process termed “ribosome rescue”. During rescue, tmRNA acts first as
a transfer RNA to bind stalled ribosomes, then as a messenger RNA to add the ssrA peptide tag to
the C-terminus of the nascent polypeptide chain. The ssrA peptide targets tagged peptides for
proteolysis, ensuring rapid degradation of potentially deleterious truncated polypeptides.
Ribosome rescue also facilitates turnover of the damaged messages responsible for translational
arrest. Thus, tmRNA increases the fidelity of gene expression by promoting the synthesis of full-
length proteins. In addition to serving as a global quality control system, tmRNA also plays
important roles in bacterial development, pathogenesis and environmental stress responses. This
review focuses on the mechanism of tmRNA-mediated ribosome rescue and the role of tmRNA in
bacterial physiology.
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[. Introduction

Quality control during protein synthesis is important to maintain both the speed and fidelity
of gene expression. It has long been recognized that translation rates vary and that ribosomes
pause at specific sites along messenger RNAS. In some instances, ribosome pausing is
exploited to regulate protein synthesis through programmed frameshifting and other
recoding events. However, paused ribosomes are often the manifestation of defective protein
synthesis. Such a problem occurs during the translation of non-stop mRNAs, which are
truncated transcripts lacking in-frame stop codons. Non-stop messages are produced by
premature transcription termination, ribonuclease activity and chemical/physical damage
due to environmental stresses. Ribosomes translate to the 3"-end of non-stop mRNA and
then arrest with an incomplete codon in the aminoacyl-tRNA acceptor site (A site). Because
release factor (RF) mediated translation termination depends upon an intact A-site stop
codon, specialized systems are required to recycle these stalled ribosomes. Additionally,
cells must also dispose of the truncated polypeptide chains produced from non-stop
translation. All eubacteria deploy tmRNA, a specialized RNA that functions as both a tRNA
and an mRNA, to recycle stalled ribosomes and tag incomplete nascent chains for
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degradation. Although tmRNA is only found in the eubacteria and some plastids, non-stop
mMRNA is a universal problem and all organisms have systems dedicated to the recycling of
stalled ribosomes (Doma and Parker, 2007; Shoemaker et al., 2010; Pisareva et al., 2011).

tmRNA was first identified as 10S RNA by David Apirion and colleagues, who used a
radiolabeling approach to discover stable RNAS in Escherichia coli (Ray and Apirion,
1979). Subsequently, it was found that 10S RNA is comprised of two species: 10Sa RNA
representing tmRNA, and 10Sb RNA, which is the catalytic subunit of RNase P (Jain et al.,
1982; Ray and Apirion, 1979). Apirion’s group also identified the gene encoding 10Sa RNA
and named it ssrA for small stable RNA (Chauhan and Apirion, 1989; Oh et al., 1990). Slow
growth and carbon starvation phenotypes were observed in £. coli ssrA disruption mutants
(Oh and Apirion, 1991), but the function of 10Sa RNA remained unknown for several years.
Two key papers published in 1994 and 1995 by Hachiro Inokuchi and Richard Simpson
(respectively) led to the discovery of tmRNA function. Inokuchi and colleagues recognized
that 10Sa RNA had the potential to form a tRNA-like structure and demonstrated that the
RNA could be aminoacylated by alanine tRNA synthetase (Komine et al., 1994). Simpson
and colleagues discovered that 10Sa RNA mediated a novel process in which truncated
proteins were tagged at their C-termini with the AANDENYALAA peptide sequence (Tu et
al., 1995). The last ten residues of this peptide tag are encoded by the ssrA gene, and Tu et
al. demonstrated that tagging was abolished in an ssrA mutant (Tu et al., 1995). Although
this latter paper clearly showed the ssrA gene encodes a peptide, the authors did not propose
a messenger RNA function for 10Sa RNA because prior work had concluded that 10Sa
RNA did not associate with ribosomes (Ray and Apirion, 1979).

Soon after the discovery of 10Sa RNA mediated tagging, Ken Keiler postulated that the ssrA
peptide targets tagged proteins for degradation. This hypothesis was partly based on the
hydrophobic nature of the ssrA tag, which is similar to the C-terminal WVAAA peptide
motif recognized by the £. coli Tsp protease (Keiler and Sauer, 1996; Silber et al., 1992).
Synthesizing the findings of Inokuchi and Simpson, Keiler et al. proposed that 10Sa RNA
acts as a hybrid tRNA-mRNA to recycle stalled ribosomes from truncated mMRNA and tag
the incomplete nascent chains for degradation (Keiler et al., 1996). This paper outlined the
biological rationale for ribosome rescue, and also proposed a mechanistic model for tagging.
According to the transfer-messenger RNA model (Fig. 1), tmRNA enters the A site of
stalled ribosomes by virtue of its alanine-charged tRNA-like domain and accepts the nascent
chain through ribosomal peptidyltransferase activity. After the nascent chain transfer to
tmRNA, the truncated transcript is released from the ribosome and translation resumes using
the small open reading frame (ORF) within tmRNA. The tmRNA ORF is terminated by a
stop codon, which allows translation termination and recycling of the 70S ribosome into 50S
and 30S subunits. In this manner, tmRNA provides the stop codon for truncated messages in
trans, and therefore this activity is often referred to as frans-translation in the literature
(Dulebohn et al., 2007; Keiler, 2008; Moore and Sauer, 2007).

II. tmMRNA«SmpB and the mechanism of trans-translation

1. tmRNA

The ssrA gene has been found in all eubacterial genomes sequenced to date, and is also
retained in some plastid chromosomes (Gueneau de Novoa and Williams, 2004; Oudot-Le
Secq et al., 2007). Most tmRNA molecules are between 325 and 400 nucleotides in length,
although reductive evolution has resulted in significantly shorter (~250 nucleotides) species
in plastids and cyanobacteria (Gueneau de Novoa and Williams, 2004). Other structural
variations occur in a-proteobacteria and some cyanaobacteria, whose functional tmRNAs are
comprised of two non-covalently linked RNA chains (Keiler et al., 2000; Sharkady and
Williams, 2004). tmRNA is synthesized initially as a precursor RNA, which is rapidly
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processed into the mature form by a variety of RNases. Like canonical tRNAs, the 5"-end of
mature tmRNA is generated by RNase P cleavage (Gimple and Schon, 2001; Komine et al.,
1994). Processing of the 3"-end has only been examined in £. coli, where RNase E and 3’-
to-5" exoribonuclease activity are required for tmRNA maturation (Li et al., 1998; Lin-Chao
etal., 1999).

The tmRNA from E. colihas been studied most extensively and serves as a structural and
biochemical model. £. co/itmRNA is composed of a tRNA-like domain (TLD), a short ORF
encoding the ssrA peptide, and four pseudoknot structures (Fig. 2). The TLD is comprised of
an aminoacyl acceptor stem, a T-loop and an open D-loop, but lacks an anticodon stem-loop.
The acceptor stem contains a G3*U357 (£. colinumbering) wobble base pair, which is the
recognition determinant for alanine tRNA synthetase (Komine et al., 1994; Nameki et al.,
1999b). Additionally, the T-loop contains the thymine and pseudouridine nucleotides found
in most tRNAs (Felden et al., 1998). Pseudoknot-1 is located upstream of the ORF and is
important for tmRNA function (Nameki et al., 1999a; Wower et al., 2009), though other
secondary structure elements in this position also support frans-translation (Tanner et al.,
2006). The remaining pseudoknots are arrayed downstream of the ORF and each can be
individually replaced with single-stranded RNA without abrogating tmRNA function
(Nameki et al., 2000). The ORF itself can also be modified without affecting frans-
translation. Several groups have developed tmRNA variants that encode various epitope tags
that are resistant to proteolysis (Fig. 2 and Section I11) (Barends et al., 2010; Fujihara et al.,
2002; Gottesman et al., 1998; Roche and Sauer, 2001; Thibonnier et al., 2008; Yang and
Glover, 2009). These tmRNA variants allow tagging activity to be assessed by immunoblot
and have facilitated the identification of several ssrA-tagged proteins in a variety of bacteria
(Barends et al., 2010; Collier et al., 2002; Fujihara et al., 2002; Roche and Sauer, 2001).

In 1999, Wali Karzai, Mimi Susskind and Bob Sauer reported that tmRNA-mediated
ribosome rescue requires a small protein called SmpB (Karzai et al., 1999). SmpB is a
tmRNA-binding protein and is encoded immediately upstream of ssrA in £. coli (Moore and
Sauer, 2005). SmpB stabilizes tmRNA, facilitates its charging by alanine tRNA synthetase,
and is required for tmRNA binding to the ribosome (Barends et al., 2001; Hanawa-Suetsugu
etal., 2002; Karzai et al., 1999). High-resolution structural studies show that SmpB adopts a
B-barrel oligonucleotide-binding (OB) fold and has a flexible C-terminal tail (Dong et al.,
2002; Someya et al., 2003). Co-crystal structures from Nenad Ban and colleagues show that
SmpB binds to the D-loop of the tmRNA TLD and holds it an open and extended
conformation (Fig. 2) (Gutmann et al., 2003). This binding site in the TLD elbow region
allows simultaneous binding of EF-Tu, which is also required for delivery of tmRNA to the
ribosome (Barends et al., 2001). SmpB binds tmRNA at other sites outside of the TLD, and
these contacts may be important for establishing the correct reading frame during ssrA
peptide translation (Konno et al., 2007; Metzinger et al., 2005, 2008; Watts et al., 2009;
Wower et al., 2002). SmpB can also bind both ribosomal subunits in a tmRNA-independent
manner, leading Brice Felden and colleagues to propose SmpB binds stalled ribosomes prior
to tmRNA recruitment (Hallier et al., 2006; Hallier et al., 2004). However, this model is
controversial; and work from Sundermeier & Karzai indicates that SmpB-ribosome
interactions require tmRNA (Sundermeier and Karzai, 2007). Finally, the flexible C-
terminal tail of SmpB is critical for frans-translation. SmpB variants lacking the C-terminal
tail are still able to bind and deliver tmRNA to the ribosome, but transfer of the nascent
chain to tmRNA is blocked (Jacob et al., 2005; Kurita et al., 2010; Sundermeier et al., 2005).
These observations indicate that the C-terminal tail is required for accommodation of
tmRNA into the ribosome, perhaps by promoting the GTPase activity of EF-Tu (Shimizu
and Ueda, 2006; Sundermeier et al., 2005). Accordingly, Brice Felden and colleagues have
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shown that SmpB interacts with residues in the decoding center and have suggested that the
C-terminal tail plays a role in mimicking the missing A-site codon during trans-translation
(Nonin-Lecomte et al., 2009).

3. Mechanism of trans-translation

The majority of protein chains are tagged by tmRNA when synthesized from non-stop
MRNA /n vivo, suggesting that ribosome stalling upon truncated mRNA is required for
tmRNASmpB recruitment. Mans Ehrenberg and colleagues have tested this model /i vitro
by measuring the rate of nascent peptide transfer to tmRNA as a function of transcript length
(lvanova et al., 2004). As expected, frans-translation occurs very rapidly when there is no
codon, or an incomplete codon, present in the ribosome A-site. However, transfer still
occurs when the transcript extends up to six nucleotides downstream of the A-site codon.
This latter activity appears to be significant /n vivo, because ssrA-tagging is often associated
with mRNA cleavage at the 3”-leading edge of paused ribosomes (Garza-Sanchez et al.,
2008; Garza-Sanchez et al., 2006; Garza-Sanchez et al., 2009; Li et al., 2006; Sunohara et
al., 2004a). Longer stretches of downstream mRNA do not support frans-translation in vitro,
demonstrating that tmMRNA<SmpB is not recruited if ribosomes are paused on full-length
MRNA (Asano et al., 2005; Ivanova et al., 2004). Thus, truncated mRNA greatly stimulates
trans-translation, but the 3”-end of transcript need not be positioned in the ribosome A-site
for tmMRNA«SmpB recruitment.

The transfer-messenger RNA model has been tested and verified independently by several
research groups. Although the model is fundamentally correct, the structural and
mechanistic details of #rans-translation continue to be the most important problems in the
field. The first structural model of tmRNA«SmpB bound to the ribosome was obtained in a
collaborative effort between Venki Ramakrishnan and Joachim Frank (Valle et al., 2003).
Their pre-accommodation model shows that the TLD and EF-Tu adopt conformations
similar to those found in canonical ternary complexes, and that pseudoknots 2, 3 and 4 are
draped over the beak of the 30S subunit in an arc (Valle et al., 2003). This model places
SmpB in close proximity to helices H69, H71 and H89 of the large ribosome subunit.
Subsequent structural and biochemical data suggest that two SmpB molecules are present
during the pre-accommodation step: one interacting with the large subunit GTPase
activating center and the other close to the 30S A-site (Cheng et al., 2010; lvanova et al.,
2005; Kaur et al., 2006). After accommodation of the TLD into the A-site, it appears that the
SmpB associated with the GTPase activating center of the 50S subunit is released (Bugaeva
et al., 2008; Cheng et al., 2010; Ivanova et al., 2005; Kaur et al., 2006), whereas the other
SmpB remains bound to the D-loop throughout #rans-translation (Bugaeva et al., 2008;
Ivanova et al., 2007). Cryo-EM analyses of the post-accommodation and resume stages of
trans-translation have been challenging due to ribosome heterogeneity and low
tmRNA+SmpB occupancy, but the resulting models show that SmpB continues mimic an
anticodon loop throughout the process (Cheng et al., 2010; Weis et al., 2010a; Weis et al.,
2010b). These models also show that the loop formed by pseudoknots 2, 3 and 4 remains
draped over the head of the 30S subunit after translocation of the TLD into the P site (Cheng
etal., 2010; Fu et al., 2010; Weis et al., 2010b). It is unclear how the pseudoknots traverse
the ribosome, and it has been suggested that these elements unfold during #rans-translation
(Wower et al., 2005). However, chemical protection and footprinting analyses indicate that
tmRNA secondary structure remains largely intact as the complex moves through the
ribosome (lvanova et al., 2007; Shpanchenko et al., 2005).

4. Ribosomal mutations influence tmRNA activity

A small number of mutations have been shown to modulate frans-translation. Holberger &
Hayes examined the effects of streptomycin-resistant spsL mutations on tmRNA activity
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(Holberger and Hayes, 2009). The rpsL gene encodes ribosomal protein S12, which is
located near the decoding center and has long been known to influence translational fidelity
(Kurland et al., 1996). Most mutations that alter S12 residues Lys42 and Pro90 result in
decreased tmRNA activity, but the Lys42Arg and Pro90Arg mutations actually increase the
efficiency of frans-translation relative to wild-type S12 (Holberger and Hayes, 2009).
Additionally, tmRNA activity in a subset of the S12 Pro90 mutants is restored to wild-type
levels when the cells are treated with streptomycin. Classical psL mutants usually exhibit
the error-restrictive phenotype, characterized by decreased ribosome affinity for aminoacyl-
tRNA and hyper-accurate decoding (Kurland et al., 1996). Error-restriction could explain
the observed defects in frans-translation if the rpsL mutations significantly reduce A-site
affinity for tmMRNA«SmpB. However, there is no correlation between error-restriction and
tmRNA activity in the examined mutants (Holberger and Hayes, 2009). Perhaps the unique
interaction between SmpB and the decoding center plays a role in these phenomena, such
that the S12 variants modulate tnRNA<SmpB binding to the ribosome in manner that is
distinct from the effects on tRNA binding.

Allen Buskirk and colleagues have also identified ribosome residues that are important for
tmRNA function. Using a clever genetic selection that links #rans-translation to cell death,
they screened ribosomal RNA libraries for mutations that inhibit tmRNA activity (Crandall
et al., 2010). Three mutations were identified in 16S rRNA (A1150G, AA1150, and
AU1123), all of which interfere with tmRNA activity. The affected residues map to helix 39
and are located in the 30S subunit head, close to where the tmRNA pseudoknots are
positioned during the early stages of #rans-translation. Two additional mutations (U846C
and C889U) were isolated in the 23S rRNA. These residues are within the A-site finger,
which makes contact with A-site tRNA and also forms part of intersubunit bridge Bla
(Yusupov et al., 2001). The position of the A-site finger and its conformational dynamics
during translocation are both suggestive of a role in ribosome pausing. Intriguingly, the
C889U mutation only affects tmRNA activity when ribosomes pause on full-length mRNA
(Crandall et al., 2010). This latter finding suggests that the C889U mutation interferes with
the MRNA processing events required for tmnRNA recruitment to the paused ribosome.

lll. Degradation of ssrA-tagged proteins and truncated mRNA

In addition to facilitating ribosome recycling, tmRNA also plays an important role in the
degradation of incomplete protein chains. Simpson and colleagues were able to isolate and
characterize ssrA-tagged proteins because the chains in their study formed protease-resistant
inclusion bodies (Tu et al., 1995). Keiler et a/. first demonstrated that ssrA-tagged proteins
are rapidly degraded, and discovered that Tsp (tail specific protease) is responsible for the
turnover of tagged proteins in the periplasm (Keiler et al., 1996). Tsp recognizes
hydrophaobic residues at the C-termini of its substrates, and replacement of the C-terminal
alanine residues in ssrA with aspartate prevents Tsp-dependent degradation (Keiler and
Sauer, 1996; Silber et al., 1992). This ssrA(DD) peptide tag is also resistant to degradation
in the cytoplasm (Keiler et al., 1996), and several studies have shown that the hydrophobic
C-terminus of ssrA is critical for degradation by cytoplasmic proteases (Flynn et al., 2001;
Gottesman et al., 1998; Herman et al., 1998). This recognition mode is highly conserved
throughout eubacteria and tmRNA variants encoding charged C-terminal residues have been
used to stabilize tagged proteins in a variety of species (Fujihara et al., 2002; Hong et al.,
2007; Keiler and Shapiro, 2003b; Thibonnier et al., 2008; Wiegert and Schumann, 2001;
Yang and Glover, 2009).

Tagged proteins in the cytoplasm are degraded by a number of proteases belonging to the
AAA+ ATPase family. In general, these enzymes use the free energy of ATP hydrolysis to
unfold and translocate substrates into an enclosed proteolytic compartment (Sauer and
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Baker, 2010; Sauer et al., 2004). The ClpXP protease degrades most ssrA-tagged proteins in
the cytoplasm of E£. coliand B. subtilis (Gottesman et al., 1998; Wiegert and Schumann,
2001). CIpXP is a compound protease built from ClpX ATPase and CIpP protease subunits
(Wojtkowiak et al., 1993). ClpX binds the ssrA peptide and translocates tagged proteins into
the lumen of the ClpP protease (Sauer and Baker, 2010). CIpP can also degrade ssrA-tagged
proteins in conjunction with the ClpA ATPase, but does so less efficiently than ClpXP in
vivo (Gottesman et al., 1998). ClpX and CIpA recognize partially overlapping determinants
within the ssrA peptide; ClpX binds the C-terminal residues (AANDENYALAA), whereas
ClpA also makes additional contacts with the N-terminal portion of the ssrA peptide
(AANDENYALAA) (Flynn et al., 2001). Degradation is also influenced by the adaptor
protein SspB, which delivers ssrA-tagged proteins to ClpXP (Levchenko et al., 2000; Wah
et al., 2002). SspB binds to the N-terminal portion of the ssrA peptide (AANDENYALAA)
and thus blocks recognition of tagged proteins by CIpAP (Flynn et al., 2001).

Although ClpXP is critical for the degradation of ssrA-tagged proteins in many species, it is
not found some bacteria. Two other AAA+ proteases, FtsH (HfIB) and Lon, are more highly
conserved in eubacteria and are known to degrade ssrA-tagged proteins in £. coli (Choy et
al., 2007; Herman et al., 1998). FtsH is an integral membrane protein found in all eubacteria
and is probably responsible for degradation of all ssrA-tagged membrane proteins.
Mycoplasma species have lost the Clp proteases through reductive evolution and instead
rely upon Lon for degradation of ssrA-tagged proteins (Karzai et al., 2000). Accordingly, the
SSrA tags in Mycoplasma species have acquired distinct features that facilitate recognition
by Lon protease (Ge and Karzai, 2009; Gur and Sauer, 2008). The evolution of Mycoplasma
ssrA tags highlights the selective advantage of coupling proteolysis to ribosome rescue.

Non-stop mMRNA is also degraded rapidly as a consequence of ribosome rescue by
tmRNA+SmpB (Fig. 1). Yamamoto et a/ showed that truncated mRNA is stabilized in
AssrA cells, presumably because stalled ribosomes protect the 3”-ends of these messages
from 3’-to-5" exoribonuclease activity (Yamamoto et al., 2003). Subsequent work from
Wali Karzai’s group has shown that RNase R specifically mediates turnover of non-stop
mMRNA (Richards et al., 2006). RNase R is transiently associated with ribosomes and is able
to rapidly bind and degrade non-stop messages released by tmRNA«SmpB during ribosome
rescue (Ge et al., 2010). Thus, tmRNA activity serves to rid the cell of damaged messages
that cause translational arrest.

IV. tmRNA-independent ribosome rescue pathways

The tmRNA system is essential for the viability of several bacterial species including
Haemophilus influenzae, Neisseria gonorrhoeae, Mycoplasma genitalium, Mycoplasma
pulmonis, and Helicobacter pylori (Akerley et al., 2002; French et al., 2008; Glass et al.,
2006; Huang et al., 2000; Thibonnier et al., 2008). In contrast, the ssrA and/or smpB genes
can be deleted from E. coli, Bacillus subtilis and Caulobacter crescentus (Keiler and
Shapiro, 2003b; Oh and Apirion, 1991; Wiegert and Schumann, 2001). These observations
suggest that some bacteria possess a tmRNA-independent ribosome rescue system(s),
whereas others rely solely upon the tmRNA pathway. Several reports have shown that
proteins can be overproduced to very high levels when synthesized from non-stop mRNA in
E. coli AssrA mutants (Janssen and Hayes, 2009; Karzai et al., 1999; Keiler et al., 1996;
Roche and Sauer, 1999; Yamamoto et al., 2003), indicating that £. co/i contains a tnRNA-
independent system capable of releasing nascent chains from stalled ribosomes. A humber
of known translation factors have been proposed to mediate tmRNA-independent recycling
(Heurgue-Hamard et al., 1998; Karimi et al., 1998; Singh and Varshney, 2004), but it has
been difficult to define specific roles in ribosome rescue because these proteins are also
required for normal recycling.
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Tatsuhiko Abo and colleagues recently identified a novel factor that appears dedicated to
tmRNA-independent ribosome rescue (Chadani et al., 2010). Reasoning that the tmRNA-
independent ribosome rescue factor would be essential in cells lacking tmRNA, Abo and
colleagues identified the yAdL gene in a genetic screen for mutations that are synthetically
lethal in AssrA mutants. The y/hdL gene has subsequently been renamed ar7A for alternative
ribosome-rescue factor A. ArfA competes with tmRNA«SmpB for the release of nascent
chains, and deletion of arfA increases the efficiency of ssrA tagging. Although ArfA is
required for tmRNA-independent rescue, it is not sufficient to release nascent chains in
purified translation reactions (Chadani et al., 2011). These latter results indicate that ArfA
activity requires another unidentified factor. Genetic screens have failed to identify this
factor, and it has been proposed that class | release factors or peptidyl-tRNA hydrolase
collaborate with ArfA to release nascent chains (Chadani et al., 2011; Garza-Sanchez et al.,
2011).

Intriguingly, ArfA is synthesized from a non-stop mRNA and is therefore regulated by
tmRNA-mediated ssrA tagging and proteolysis (Fig. 3) (Garza-Sanchez et al., 2011). The
arfA message contains a hairpin structure that is efficiently cleaved by RNase Il to generate
non-stop MRNA. In ssrA* cells, virtually all ArfA is ssrA-tagged and degraded, whereas C-
terminal truncated forms of ArfA are produced in AssrA cells. Truncated ArfA is fully
functional in nascent chain release and supports the viability of A ssrA mutants. These
results indicate that ArfA is only deployed under conditions in which the tmnRNA system is
overwhelmed or otherwise incapacitated, suggesting that ArfA functions as a fail-safe
ribosome rescue system. The arfA genes in other -y-proteobacteria also encode hairpin
structures. The arfA transcripts from Salmonella typhimurium LT2, Proteus mirabilis,
Yersinia pestis, Mannheimia haemolytica, Haemophilus influenzae, and Dickeya dadantii
3937 are all cleaved by RNase Il /n vitro (F. Garza-Sanchez, R. Schaub and C.S.H.,
unpublished results) (Garza-Sanchez et al., 2011). In contrast, the hairpin found within the
Neisseria gonorrhoeae arfA transcript is not cleaved by RNase 111 and instead functions as
an intrinsic transcription terminator to generate non-stop mRNA (R. Schaub and C.S.H.,
unpublished results). Taken together, these observations strongly suggest that ArfA
synthesis is regulated by tmRNA activity in many different bacteria.

The identification of ArfA has resolved the mystery of tmRNA-independent ribosome
rescue in £. coli. However, recognizable homologues of arfA are only found within a subset
of y- and pB-proteobacteria. If ribosome rescue is indeed an essential function, then other
species in which ssrA is dispensable (e.g. B. subtilisand C. crescentus) must possess
tmRNA-independent systems that are distinct from ArfA. A candidate for this activity has
been characterized independently by Nobukazu Nameki and Tatsuhiko Abo (Chadani et al.,
2011; Handa et al., 2011). These research groups showed that the £. coli YaeJ protein is able
to directly release nascent chains from stalled ribosomes. YaeJ contains the catalytic domain
of canonical protein release factors, but lacks the domains required for stop codon
recognition (Baranov et al., 2006; Hayes and Keiler, 2010). YaelJ is widely distributed
throughout the proteobacteria (a, B, -y and 8), bacteroidetes, actinobacteria, and
cyanobacteria, but is largely absent from the firmicutes. Remarkably, YaeJ homologs are
also found in most eukaryotes, where they are thought to function in mitochondrial protein
synthesis. ICT1, the human homolog of YaeJ, is an essential protein and an integral
component of the mitochondrial ribosome (Richter et al., 2010). Both YaeJ and ICT1 retain
stop-codon independent peptidyl-tRNA hydrolase activity and presumably function to
release nascent chains from stalled ribosome complexes (Chadani et al., 2011; Handa et al.,
2011; Richter et al., 2010). £. coli Yael is not essential in either ssrA* or AssrA genetic
backgrounds (Handa et al., 2011). In principle, YaeJ function could be redundant with that
of PrfH, which is another putative stop-codon independent release factor in £. coli (Baranov
et al., 2006). However, the £. coli AssrA AyaeJ AprfH triple mutant is viable and exhibits
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no growth phenotype compared to A ssrA cells under standard laboratory conditions (B.D.J.
and C.S.H., unpublished results). These observations suggest that YaeJ responds to
translational problems that are distinct from those resolved by tmRNA and ArfA.
Alternatively, YaeJ (and PrfH) mediated ribosome rescue may be critical under certain
growth conditions or in response to environmental stresses such as heat shock. Translating
ribosomes can dissociate during heat shock, producing isolated 50S subunits that carry
peptidyl-tRNA. Jiang et al. have proposed that YaeJ/PrfH collaborates with Hsp15 to release
nascent chains from these dissociated subunits (Jiang et al., 2009). Although the role of Yael
in ribosome rescue remains to be clarified, the wide distribution of this alternative
translation factor suggests that it mediates an important function.

V. Origins of non-stop mMRNA in bacteria

1. Natural non-stop messages and stop codon readthrough

There are a number of pathways that produce truncated mRNAS in bacteria. In the original
study that defined tmRNA activity, Keiler ef a/. fused an intrinsic transcription terminator
downstream of an ORF to generate an artificial transcript lacking in-frame stop codons
(Keiler et al., 1996). A similar type of non-stop mMRNA occurs naturally in an
undomesticated strain of Bacillus subtilis. The kinA gene in Bacillus subtilis ATCC 6051
has acquired a mutation that changes the ancestral stop codon to a Tyr codon (Kobayashi et
al., 2008). An intrinsic transcription terminator is encoded immediately downstream of the
kinA ORF, and therefore the missense mutation leads to non-stop mRNA production. KinA
is a histidine kinase that plays a role in entry into sporulation, and therefore the ssrA-tagging
and degradation of KinA partially accounts for the sporulation defect in this strain.
Decoding errors during translation termination can also convert a normal transcript into non-
stop mRNA if there is no in-frame stop codon in the 3’-untranslated region. This can occur
under physiological conditions if cells express suppressor tRNAs, which decode stop codons
as sense codons. Hiroji Aiba and colleagues have shown that suppressor tRNAs allow some
ribosomes to translate to the 3"-ends of transcripts and consequently induce tmRNA activity
(Abo et al., 2002). The same phenomenon occurs in cells treated with aminoglycoside
antibiotics, which induce stop codon readthrough by promoting decoding errors (Abo et al.,
2002; Holberger and Hayes, 2009). Not surprisingly, A ssrA mutants are more sensitive than
ssrA* cells to aminoglycosides and other antibiotics that target translation (Abo et al., 2002;
de la Cruz and Vioque, 2001).

2. Premature transcription termination and road-blocks to RNA polymerase

In bacteria, the synthesis of mMRNA and protein are coupled. Therefore, ribosomes initiate
translation on transcripts that are still in the process of being synthesized. Although this
strategy allows for rapid changes in gene expression, it also increases the burden of non-stop
mMRNA through pre-mature transcription termination (Fig. 4). Hiroji Aiba’s group first
reported that pre-mature transcription termination leads to ssrA-tagging of the /ac repressor
(Lacl) (Abo et al., 2000). Lacl represses transcription of the /ac operon by binding to two
operator sites that overlap the /acZYA promoter. However, an additional low-affinity
operator site is found upstream of the /ac promoter at a position that overlaps with the 3-
end of the /ac/ coding sequence. At high levels, Lacl binds to this third operator site and
promotes the production of non-stop /ac/ messages by acting as a physical barrier, or “road-
block™, to transcription. Thus, Lacl negatively regulates its own expression by inducing pre-
mature transcription termination, which leads to the ssrA-tagging and degradation of Lacl
nascent chains. This feedback loop appears to maintain Lacl at optimal levels, because ssrA*
cells are able to respond to /ac operon inducers more rapidly than A ssrA mutants (Abo et al.,
2000).
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Transcription road-blocks have also been reported to induce tmRNA tagging activity in B.
subtilis. The catabolite control protein, CcpA, is a transcription factor that regulates several
carbon-utilization genes in Gram-positive bacteria. CcpA binds to cre (catabolite-responsive
element) operator sites, which not only overlap regulated promoters but are also found
within the coding region of several genes. Akira Muto and colleagues have shown that CcpA
induces pre-mature transcription termination immediately upstream of a cre site within the
trehalose permease gene (#reP) (Ujiie et al., 2009). CcpA is likely responsible for the tagging
of other B. subtilis proteins, such as YtoQ and FolA, whose DNA coding sequences also
contain cresites (Fujihara et al., 2002). It is unclear whether the tmRNA activity associated
with CcpA road-blocks serves a regulatory function analogous to that of Lacl in E. colr.
Alternatively, non-stop mMRNA may be a deleterious consequence of CcpA transcriptional
control, and tmRNA is serving a quality control function to remove truncated transcripts and
polypeptides.

An intriguing twist on the transcription road-block theme was recently reported by Ken
Kreuzer, Ashok Bhagwat and their colleagues. They discovered that £. coli ssrA mutants are
significantly more sensitive to 5-azacytidine than are ssrA* cells (Kuo et al., 2010). 5-
azacytidine is incorporated into the chromosome during replication and forms specific
covalent cross-links with the cytosine DNA methyltransferase. These cross-links are
required for the hypersensitivity phenotype, because an ssrA mutant lacking cytosine DNA
methyltransferase was no more sensitive to 5-azacytidine than an isogenic ssrA* strain.
Kreuzer and colleagues propose that the DNA-methyltransferase cross-links block
transcription elongation and tmRNA plays a role in disassembling the stalled RNA
polymerase/polysome complex (Kuo et al., 2010). In support of this model, they also find
that ssrA mutants have increased sensitivity to streptolydigin, an antibiotic that arrests RNA
polymerase during elongation. Because nascent transcripts remain bound to streptolydigin
inhibited polymerases, it is not clear whether tmnRNA«SmpB can directly release ribosomes
from the stalled complexes. The Rho transcription termination factor and the Mfd helicase
are known to dissociate nascent transcripts from stalled polymerases, but neither of these
factors affects the sensitivity of ssrA cells to 5-azacytidine (Kuo et al., 2010). Although it is
possible that tmMRNA+SmpB acts directly to release ribosomes associated with stalled
transcription complexes, another unknown factor(s) could also play a role. Recent work
from Jade Wang and Christophe Herman shows that DksA facilitates disassembly of
transcriptional complexes that have collided with replication forks (Tehranchi et al., 2010).
DksA is a transcription factor that, like the Gre transcription elongation factors, directly
interacts with the polymerase active site via the secondary channel (Paul et al., 2004;
Perederina et al., 2004). Therefore, DksA could conceivably release nascent transcripts from
stalled polymerase complexes, and thereby facilitate subsequent tmRNA-mediated ribosome
rescue.

3. RNase activity and non-stop mRNA

In principle, non-stop transcripts can also be generated during normal mRNA turnover. The
degradation pathway for any given message is unique and depends upon its secondary
structure content as well as the presence and location of specific endoribonuclease
recognition sequences (Belasco, 2010; Regnier and Arraiano, 2000). It is generally accepted
that MRNA degradation in £. coliis rate-limited by RNase E, which initiates turnover
through endonucleolytic cleavage near the 5'-end of transcripts. RNase E then scans the
downstream cleavage fragment in search of additional recognition sites (Carpousis et al.,
2009). Thus, RNase E activity produces a series of mRNA fragments, which are
subsequently degraded by a variety of 3'-to-5" exonucleases (Andrade et al., 2009). Because
RNase E mediated degradation occurs in the 5”-to-3” direction, this pathway minimizes non-
stop mRNA production. £. coli has long been used as a model for mRNA turnover, but it is
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increasingly clear that degradation pathways can be dramatically different in other bacteria.
For example, B. subtilis has a unique complement of RNases, which mediate turnover
pathways distinct from those in £. coli (Bechhofer, 2009; Condon, 2007, 2010). Although
turnover pathways are diverse, bacterial messages are typically degraded rapidly without
detectable intermediates. However, perturbations to turnover can generate significant levels
of non-stop mMRNA. David Bechhofer and colleagues have shown that B. subtilis mutants
lacking polynucleotide phosphorylase (PNPase) accumulate mRNA degradation
intermediates, and the level of ssrA-tagged proteins increases concomitantly (Oussenko et
al., 2005). These results also underscore the differences in mRNA turnover between B.
subtilisand E. coli, where PNPase is quantitatively less important for mMRNA turnover
(Deutscher and Reuven, 1991). E£. coli cells lacking PNPase show no obvious increase in
turnover intermediates and ssrA-tagging is unaffected in these mutant cells (Donovan and
Kushner, 1986; Garza-Sanchez et al., 2009).

4. Toxin-antitoxin (TA) modules and mRNA interferase activity

Although normal mRNA turnover does not typically generate translatable degradation
intermediates, small RNases encoded by toxin-antitoxin (TA) modules can produce non-stop
mMRNA. TA modules are widely distributed throughout the eubacteria and archaea and
appear to play a role in controlling cell growth, but their precise physiological function(s)
remains controversial (Engelberg-Kulka et al., 2005; Gerdes et al., 2005; Magnuson, 2007;
Van Melderen and Saavedra De Bast, 2009). Antitoxins bind to their cognate toxins and
neutralize toxin-mediated growth inhibition. Toxins are typically activated under stress
conditions (e.g. starvation and antibiotic treatment) through CIpAP- and Lon-dependent
degradation of antitoxins (Aizenman et al., 1996; Christensen and Gerdes, 2004; Christensen
et al., 2001; Christensen et al., 2003; Sat et al., 2001; Sat et al., 2003). The majority of toxins
characterized thus far are small RNases that preferentially cleave mRNA and therefore these
enzymes are often referred to as “mRNA interferases” in the literature (Yamaguchi and
Inouye, 2009). Overproduced mRNA interferases are cytotoxic and a series of papers from
Hannah Engelberg-Kulka and colleagues suggest that some toxins mediate programmed cell
death in bacteria (Aizenman et al., 1996; Engelberg-Kulka et al., 2005; Sat et al., 2001; Sat
et al., 2003). This appears to be the case during Myxococcus xanthus fruiting body
formation and sporulation, in which approximately 80% of cells activate the MazF toxin and
undergo cell death (Nariya and Inouye, 2008). Another model proposed by Kenn Gerdes
postulates that TA modules are response regulators that facilitate changes in gene expression
in response to environmental stress (Christensen et al., 2003; Christensen-Dalsgaard et al.,
2008; Gerdes, 2000; Gerdes et al., 2005; Pandey and Gerdes, 2005). This latter model is
supported by data showing that cells can recover from toxin activation through a
transcriptional feedback loop that increases antitoxin production (Christensen et al., 2003;
Gerdes et al., 2005; Overgaard et al., 2009; Pedersen et al., 2002). Regardless of their
physiological function, mRNA interferases produce non-stop mRNA and tmRNA-mediated
ribosome rescue assists in the recovery from toxin activation (Christensen and Gerdes, 2003;
Christensen et al., 2003).

The mRNA interferases cleave transcripts in either a ribosome-independent or ribosome-
dependent manner. Ribosome-independent MRNA interferases are typified by £. coli MazF,
which Masayori Inouye’s group showed is a site-specific RNase that cleaves at the 5”-side
of ACA sequences in single-stranded RNA (Zhang et al., 2003). Although ribosomal RNAs
and other stable RNAs contain ACA sequences, these matifs are usually found within
secondary structures and therefore mMRNAS are the primary MazF substrates /7 vivo (Suzuki
et al., 2005). Intriguingly, there is a bias against ACA triplets in ssrA from the
Enterobacteriaceae, suggesting the selection for tmRNAs that are resistant to MazF cleavage
(Baik et al., 2009). Ribosome-dependent mRNA interferases use the ribosome as a scaffold
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to identify and cleave specific codons. This activity was first demonstrated for the £. coli
RelE toxin in an elegant study by Mans Ehrenberg, Kenn Gerdes and their colleagues
(Pedersen et al., 2003). They found that purified RelE cleaves A-site codons between the 2Md
and 3" nucleotides. RelE cleaves several different codons, but A-site CAG and UAG
codons are cleaved most efficiently (Pedersen et al., 2003). The £. coli Y 0eB toxin appears
to be related to RelE and also has A-site nuclease activity (Christensen-Dalsgaard and
Gerdes, 2008; Zhang and Inouye, 2009). Recently, Inouye and colleagues have identified
another class of ribosome-dependent mRNA interferase activity. The £. coli YafQ toxin
cleaves MRNA at the 3”-border of the translating ribosome (Prysak et al., 2009). YafQ
induced cleavages tend to occur during the initiation phase of protein synthesis, suggesting
the enzyme may recognize initiation complexes (Prysak et al., 2009). Although the cleavage
mechanisms are varied, all mMRNA interferases appear to inhibit cell growth by producing
non-stop MRNA.

VI. mRNA cleavage resulting from translational arrest

The original model of ribosome rescue postulated that tmRNA acts on ribosomes stalled at
the ends of truncated mMRNAs. Shortly thereafter, it became clear that translational pausing
on full-length messages could also elicit ribosome rescue activity. Because truncated mRNA
is required for tmRNA activity, the message must be cleaved (or degraded) subsequent to
ribosome arrest. As described below, mRNA cleavage occurs at a variety of positions with
respect to the paused ribosome, and in some instances these cleavages induce tmRNA-
mediated ribosome rescue.

1. Inefficient translation termination and A-site mMRNA cleavage

Leif Isaksson and colleagues first discovered that the last two residues of the nascent chain
influence translation termination (Bjornsson et al., 1996; Mottagui-Tabar et al., 1994). In
general, C-terminal Pro, Asp and Gly residues interfere with release factor activity and
promote stop codon readthrough. These nascent peptide sequences also induce ssrA tagging
of full-length proteins in £. coli; with C-terminal Asp-Pro and Pro-Pro sequences leading to
particularly high levels of tagging (Hayes et al., 2002a; Roche and Sauer, 2001). Ribosome
bound peptidyl prolyl-tRNA reacts with puromycin and aminoacyl-tRNA more slowly than
other peptidyl-tRNA species (Muto and Ito, 2008; Wohlgemuth et al., 2008), perhaps
accounting for the alternative reactions that occur during termination /in vivo. Nascent
peptide induced ribosome pausing is associated with cleavage of the A-site stop codon
(Hayes and Sauer, 2003; Sunohara et al., 2004b). This RNase activity requires the ribosome
and only occurs in response to translational pausing (Hayes and Sauer, 2003; Janssen and
Hayes, 2009). A-site cleavage products accumulate to high levels in AssrA cells, but are
difficult to detect in ssrA* cells. Presumably, tmRNA activity facilitates the turnover of A-
site truncated mRNA by releasing stalled ribosomes from the 3”-ends of these transcripts
(Yamamoto et al., 2003). Together, these observations suggest that A-site MRNA cleavage
provides a mechanism for tmRNA recruitment when ribosomes pause on full-length
transcripts. A-site mMRNA cleavage activity is very similar to that of ribosome-dependent
MRNA interferases like RelE and YoeB. However, A-site cleavage still occurs in cells
lacking the RelE, MazF, ChpBK, YoeB, YafQ, and YhaV toxins (Garza-Sanchez et al.,
2008; Hayes and Sauer, 2003). Because the known mRNA interferases are not involved, we
and Hiroji Aiba’s group proposed that the ribosome itself may catalyze this A-site cleavage
reaction (Hayes and Sauer, 2003; Sunohara et al., 2004a).

Subsequent work has shown that A-site mMRNA cleavage is a more complicated process than
originally appreciated. A-site cleavage does not occur in A rnb mutants, which lack RNase 11
(Garza-Sanchez et al., 2009). RNase Il is the major 3’-to-5 exoribonuclease responsible for
mMRNA turnover in E. coli (Deutscher and Reuven, 1991). In A rnb cells, prolonged
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translational pausing produces transcripts that are truncated +12 nucleotides downstream of
the A-site codon. This position corresponds to the ribosome leading edge or “toeprint”
(Yusupova et al., 2001), and suggests that downstream mRNA is degraded to the 3’-border
of the stalled ribosome. The effect of the Arnb mutation on A-site mMRNA cleavage is
indirect because RNase Il itself is unable to degrade mMRNA into the ribosomal A-site.
Purified RNase Il only degrades mRNA to the +18 position with respect to the A-site codon
within the stalled ribosome (Garza-Sanchez et al., 2009). There are at least two models to
explain these findings. Firstly, deletion of rnb6 could alter the expression of other RNases
such that +12 cleavage is favored over A-site mMRNA cleavage. This model is consistent with
microarray data showing that global transcription is significantly altered in £. coli Arnb
mutants (Mohanty and Kushner, 2003). Alternatively, RNase I mediated degradation of
downstream mRNA could be a precondition for further degradation into the A-site codon,
perhaps by facilitating the activity of another RNase.

2. Rare codons and amino acid starvation

Ribosomes also pause and recruit tmRNA during the translation of rare codon clusters
(Collier et al., 2002; Hayes et al., 2002b; Roche and Sauer, 1999). Rare codons are under-
represented in the genome and are generally decoded by low abundance tRNA species
(Dong et al., 1996). However, ribosome pausing at a given codon not necessarily correlated
to the absolute concentration of cognate tRNA in the cell. For example, although tRNAHIS
and tRNA39 are processed from the same transcript and present at approximately the same
levels in £. colitRNA (Dong et al., 1996); ribosomes rapidly synthesize hexa-histidine
(Hisg) sequences, but pause during the translation of tandem CGG arginine codons (Garza-
Séanchez et al., 2008). Acid-urea gel analysis reveals that most cellular tRNA3A™9 is
deacylated under these conditions, whereas about 70% of tRNAHS is charged. Deacylated
tRNA3A'Y is probably charged less efficiently because it must compete with the more
abundant tRNA,A" species for aminoacylation. In contrast, there is only one tRNAHS
species and therefore no competition for charging. These and other observations suggest that
the kinetics of tRNA recycling and aminoacylation influence translational pausing at
specific codons (EIf et al., 2003).

Several groups have shown that tmRNA acts during the translation of rare arginine codon
clusters, including AGG, AGA, CGA and CGG (Garza-Sanchez et al., 2008; Li et al., 2006;
Roche and Sauer, 1999). In each instance, translational pausing results in mRNA truncation,
either within the A-site codon or at downstream positions corresponding to the leading edge
of the ribosome (Garza-Sanchez et al., 2008; Li et al., 2006). Truncations at each position
appear to be sufficient for tmRNA«SmpB recruitment and nascent chain tagging.
Translational pausing at sense codons also occurs under conditions that promote deacylation
of cellular tRNA. Aminoacyl-tRNA synthetase inhibitors (e.g. serine hydroxamate) and
acute amino acid starvation both induce site-specific translational arrest and ssrA-peptide
tagging in E. coli (Garza-Sanchez et al., 2008; Li et al., 2008). Thus, the tmRNA system
may play an important role in the physiological response to starvation. Tagging ensures that
the incomplete nascent chains will be degraded, thereby replenishing amino acid pools to
support synthesis of protein involved in de novo amino acid biosynthesis.

3. tmRNA activity during programmed ribosome pauses

Translational pausing is commonly used to regulate gene expression in bacteria. The
classical example of this type of regulation is transcriptional attenuation, in which paused
ribosomes control transcriptional elongation by influencing a switch between terminator and
anti-terminator structures within the nascent transcript (Henkin and Yanofsky, 2002).
Ribosome pausing during the synthesis of leader peptides can also regulate translation
initiation of downstream cistrons in a process termed translational attenuation (Ramu et al.,
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2009). In principle, the ribosome rescue activity of tmRNA could interfere with regulatory
pathways that rely on ribosome pausing. However, ribosomes undergoing regulatory arrest
appear to be refractory to tmRNA activity. The £. coli SecM nascent chain mediates a
conditional ribosome pause that controls translation of the downstream secA ORF through
an attenuation mechanism (Nakatogawa and Ito, 2002; Nakatogawa et al., 2004). The
regulation of SecA synthesis is identical in ssrA™ and A ssrA backgrounds, strongly
suggesting that the duration of the SecM-mediated translational arrest is unaffected by
tmRNA (Garza-Sanchez et al., 2006; Nakatogawa and Ito, 2001, 2002). Indeed,
tmRNASmpB is unable to bind to SecM-arrested ribosomes because the A site is filled with
prolyl-tRNAP™ (Garza-Sanchez et al., 2006; Muto et al., 2006). Similarly, the £. coli TnaC
nascent peptide induces a regulated ribosome arrest during translation termination, but
tmRNA activity is blocked by release factor-2 bound in the ribosome A-site (Gong et al.,
2007). Taken together, these observations suggest that regulated ribosome pauses may be
generally refractory to tmRNA-mediated ribosome rescue.

Other programmed translational arrests lead to mRNA cleavage at the 5”-edge of the
ribosome. The E. coli daa operon encodes proteins required for biogenesis of F1845
fimbriae. Remarkably, proper expression of the fimbrial adhesin (encoded by the daaE ORF)
requires endonucleolytic processing of the polycistronic daatranscript (Bilge et al., 1993).
Steve Moseley and colleagues have shown this processing requires a programmed ribosome
arrest during translation of the short daaP ORF found upstream of daaE (Loomis et al., 2001;
Loomis and Moseley, 1998). A critical Gly-Pro-Pro motif in the DaaP nascent peptide
induces ribosome arrest, and the transcript is subsequently cleaved at a position 12 to 15
nucleotides upstream of the A-site codon (Loomis et al., 2001). This cleavage site
corresponds to the 5"-edge of the stalled ribosome. Because £. colilacks a 5'-to-3’
exoribonuclease capable of degrading mRNA to the 5’-border of stalled ribosomes, this
activity is presumably is mediated by an unknown endonuclease (Bilge et al., 1993).
Although it has been suggested that tmRNA plays a role in daa mRNA processing (Koo et
al., 2004; Loomis et al., 2001), the DaaP-arrested ribosome should not recruit
tmRNA+SmpB because the downstream transcript encoding daak is intact. A similar mMRNA
processing event occurs in B. subtilis when ribosomes pause during translation of the ermC
leader sequence. In the presence of sub-inhibitory concentrations of erythromycin, the ErmC
nascent peptide mediates a site-specific ribosome arrest that facilitates translation of the
downstream ermA rRNA methyltransferase through an attenuation mechanism (Dubnau,
1985; Hahn et al., 1982). Similar to the daa operon, pausing during ermC translation results
in mMRNA cleavage upstream of the paused ribosome and stabilization of the downstream
sequence (Bechhofer and Zen, 1989; Drider et al., 2002). David Bechhofer and colleagues
have discovered that this MRNA processing is mediated by RNase J1 (Yao et al., 2009), an
essential enzyme with both endonuclease and 5°-t0-3” exonuclease activities (Mathy et al.,
2007). Although tmRNA activity has not been examined during ErmC-mediated ribosome
pausing, like the DaaP-arrested ribosome, the intact downstream message should preclude
ribosome rescue.

VII. Other determinants of tmRNA activity

Recent work suggests that co-translational protein folding may also influence tmRNA
activity. The E. coli GalE protein (UDP-galactose 4-epimerse) is ssrA-tagged at dozens of
sites in distinct clusters throughout the C-terminal domain (Ruhe and Hayes, 2010). Codon
usage and mMRNA secondary structure do not account for ribosome pausing in this system
because synonymous recoding of the ga/E gene has no effect on ssrA tagging. GalE tagging
is unaffected by both the overproduction and deletion of RNases responsible for mMRNA
turnover, suggesting that tagging is not due to the translation of mMRNA degradation
intermediates. Genetic fusions revealed that the N-terminal domain of GalE is sufficient to
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induce ssrA tagging of a heterologous thioredoxin (TrxA) domain fused at the C-terminus
(Ruhe and Hayes, 2010). Moreover, the C-terminal domain of GalE is no longer tagged
when fused to the C-terminus of TrxA. Together, these findings demonstrate that the 3'-
coding sequence of ga/E is not sufficient for tagging, suggesting that this tmRNA activity
depends on the larger genetic or molecular context. One explanation for these results is that
co-translational misfolding of the GalE N-terminal domain induces ribosome pausing during
synthesis of the C-terminal domain (Hayes and Keiler, 2010; Ruhe and Hayes, 2010). This
model implies that the ribosome is able to monitor co-translational events and modulate its
activity accordingly. Intriguingly, multidomain proteins are tagged at significantly higher
levels in cells lacking DnaK, which has co-translational chaperone activity (Z. Ruhe and
C.S.H, unpublished results). Although this latter observation is broadly consistent with the
co-translational misfolding model, DnaK could also influence tmRNA activity by
modulating mRNA turnover pathways or ribosome assembly (Maki et al., 2002).

Another unique ssrA-tagging determinant has been discovered in C. crescentusby Ken
Keiler and colleagues. Hong et a/. used a proteomic approach to identify ssrA(Hisg) tagging
sites in 73 different C. crescentus proteins (Hong et al., 2007). A handful of these tagging
sites correspond to tmRNA activity during translation of rare and stop codons, but the
mechanisms underlying tagging of the remaining proteins were not readily apparent.
Sequence analysis revealed a common motif (CGACAAGATCGTCGTG) present within
many of the genes that encode tagged proteins (Hong et al., 2007). This DNA sequence
could represent a protein-binding site, but a transcription road-block cannot be involved
because the motif is always found upstream of the corresponding tagging sites. Similarly,
the motif is unlikely to act as an RNase recognition determinant due to its variable position
(9 to 180 nucleotides) upstream of the observed tagging sites. It is possible that the motif is a
loading site for Rho or another transcription termination factor, thereby promoting
termination at the downstream sites (Hong et al., 2007). Because many of the tagged
proteins are involved in DNA replication and repair, perhaps these phenomena represent a
concerted regulatory strategy acting at the level of transcription termination.

VIIl. Role of tmRNA in physiology and the regulation of gene expression

In E. coli, approximately 0.4% of all protein chains are tagged by the tmRNA system
(Moore and Sauer, 2005), indicating that translational problems arise fairly frequently.
Roche and Sauer have shown that several hundred protein species are ssrA-tagged in E. coli
during logarithmic growth conditions (Roche and Sauer, 2001). Because tmRNA activity
can impinge on the synthesis of any protein in the cell, the system is important for gene
expression. Although somewhat counterintuitive given its role in proteolysis, tmRNA
activity promotes higher yields of full-length protein from problematic messages (Ranquet et
al., 2001). As a consequence, the deletion of ssrA leads to synthetic phenotypes with a
variety of temperature sensitive mutations in essential genes (Ando et al., 1996; Nakano et
al., 2001; Singh and Varshney, 2004). tmRNA«SmpB also plays important roles during
stress response. In B. subtilis, tmRNA activity is important for cell growth at both low and
high temperatures, and exposure to ethanol and CdCl, increases the transcription of tmMRNA
(Muto et al., 2000; Shin and Price, 2007). #rans-Translation has also been implicated in the
stress responses of Streptomyces coelicolor (Barends et al., 2010; Paget et al., 2001) and
Helicobacter pylori (Thibonnier et al., 2008). Presumably, environmental stress promotes
the generation of non-stop mMRNA or otherwise interferes with translation, thereby
increasing the demand for tmRNA-mediated ribosome rescue.

The tmRNA system also plays critical roles in cell cycle control and bacterial development.
tmRNA activity is required for the correct timing of DNA replication during the C.
crescentus cell cycle (Keiler and Shapiro, 2003b). In A ssrA mutants, there is a profound
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delay in dnaA transcription, which is required to initiate replication (Cheng and Keiler,
2009). This temporal control is dependent upon a c/s-acting element in the adnaA promoter,
and also requires degradation of ssrA-tagged proteins (Cheng and Keiler, 2009; Keiler and
Shapiro, 2003b). Together, these observations suggest that tmRNA activity regulates a
repressor of dnaA transcription, perhaps by promoting its degradation. tmRNA undergoes
cycles of synthesis and degradation during the C. crescentus cell cycle, and presumably
these oscillations are directly related to transcriptional control of dnaA and DNA replication
(Keiler and Shapiro, 2001, 2003a). Although tmRNA is a global molecular quality control
system, these findings illustrate how frans-translation can also regulate gene expression and
thereby influence complex cellular processes.

The tmRNA system is required for developmental pathways in B. subtilis and Streptomyces
coelicolor. Hyouta Himeno and colleagues have discovered that B. subtilis A ssrA mutants
sporulate at a greatly reduced efficiency compared to ssrA* cells (Abe et al., 2008). This
defect is due to reduced production of SpolVVCA, the recombinase responsible for excision
of the chromosomal sk/n element during sporulation. The skin element interrupts the sigKk
gene and must be removed to produce functional oK (Abe et al., 2008), which is a
transcription factor required for gene expression during later stages of sporulation. These
observations suggest that ribosomes stall during the synthesis of SpolVVCA or one (or more)
of its regulators. Additionally, B. subtilis AssrA and A smpB mutants are not competent to
take up foreign DNA, though the mechanism(s) underlying this phenotype is still unclear
(C.S.H, unpublished results). Sporulation in Strepfomyces coelicolor is also regulated by
tmRNA activity. The S. coelicolor A ssrA mutant does not sporulate efficiently; and this
phenotype may be related to ssrA-tagging of the SsgR, SsgA and SsgF proteins, which
regulate sporulation (Barends et al., 2010).

Because tmRNA+«SmpB functions in global quality control and stress responses, it is not
surprising that the system is critical for bacterial pathogenesis. Before the function of
tmRNA or SmpB was appreciated, the smpB gene in Salmonella typhimurium was found to
be important for bacterial survival within macrophages and for resistance to oxidative stress
(Baumler et al., 1994; Fields et al., 1986). These findings were subsequently confirmed by
Mike Mahan, whose group demonstrated that the Sa/monella enterica A ssrA mutant is
~200-fold less virulent in a mouse model (Julio et al., 2000). Wali Karzai and colleagues
have found that A smpB-ssrA mutants of Yersinia pestisand Yersinia pseudotuberculosis are
also dramatically less virulent than wild-type bacteria (Okan et al., 2006; Okan et al., 2010).
These virulence phenotypes are due to defects in flagella assembly and reduced secretion of
and expression of Type 11 effector proteins (Yops) (Okan et al., 2006; Okan et al., 2010).
The Y. pestis A smpB-ssrA mutant elicits a vigorous antibody response in a mouse model,
and challenged animals are well protected upon subsequent inoculation with virulent Y.
pestis (Okan et al., 2010). Thus, the Y. pestis AsmpB-ssrA mutant appears to be an effective
attenuated live vaccine against plague. Although tmRNA activity has been examined in only
a handful of pathogens thus far, ribosome rescue is likely to play an important and general
role in bacterial pathogenesis.

IX. Concluding remarks

The emerging view is that ribosome rescue is an essential function for bacteria and probably
all cells. In bacteria, the tmRNA quality control system is the primary mediator of ribosome
rescue and thus is critical for several aspects of bacterial fitness, including development,
stress response and pathogenesis. Much has been learned about the function and biological
roles of tmRNA, however several outstanding questions remain. Although excellent
progress has been made developing structural models of tmRNA function, we still lack high-
resolution structures of tmMRNA«SmpB at various stages of frans-translation. Such structures
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would illuminate the various functions ascribed to SmpB and demonstrate precisely how
tmRNA moves through the ribosome. The existence and identities of tmnRNA-independent
ribosome rescue systems outside of £. coliand related y-proteobacteria remain to be
discovered. Finally, the bases for many ssrA phenotypes are incompletely understood. In
principle, tmRNA can control the levels of specific proteins through ssrA-tagging and
subsequent proteolysis. In some instances, the identification of ssrA-tagged proteins has
provided some insight in ssrA phenotypes. However, it is not known how some phenotypes
are achieved when only a small fraction of some protein chains is tagged and degraded.
Clearly, much remains to be learned before we have a complete understanding of the
biochemical mechanism and physiological importance of frans-translation.
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Figurel. Thetrans-trandation model of tmRNA activity

Translation of non-stop mMRNA leads to ribosome arrest. tmRNA+SmpB binds the A site of
stalled ribosomes and accepts the nascent chain. The non-stop mRNA is released and
preferentially degraded by RNase R. Translation then resumes using the open reading frame
found within tmRNA.. After synthesis of the ssrA peptide, release factors (RF) terminate
translation and the ribosome is recycled into large and small subunits. The ssrA-tagged
chain is degraded by a number of proteases.
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Figure 2. Structure of tmRNA and SmpB

The secondary structure of £. co/itmRNA is shown, highlighting the tRNA-like domain
(TLD) and the ssrA open reading frame (Nameki et al., 1999a). Pseudoknot (PK) structures
are shown schematically to simplify the image. The wild-type ssrA peptide is shown in one-
letter code, as are the modified ssrA(DD) and ssrA(Hisg) peptide tags. The inset shows the
crystal structure of SmpB bound to the tmRNA TLD (1P6V) (Gutmann et al., 2003).

Adv Protein Chem Struct Biol. Author manuscript; available in PMC 2013 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Janssen and Hayes

Page 29

start stop arfA transcript

RNase lll-mediated

@ @ hairpin cleavage
5'4

ribosome arrest
on non-stop mRNA
5

high tmRNA limiting tmRNA

activity z N activity

tmRNA-mediated ArfA-mediated
ribosome rescue chain release

v N

ssrA-tagged ArfA . .

W increased production
of stable ArfA

degradation

Figure 3. tmRNA regulatesthe synthesis of ArfA

The arfA transcript coding sequence contains a hairpin structure, which is cleaved by RNase
111 to generate non-stop MRNA. Ribosomes stalled at the 3"-end of the truncated arfA
message have at least two fates. tmRNA-mediated rescue results in tagging of the ArfA
nascent chain, thereby maintaining ArfA at low levels in the cell. When tmRNA activity is
limiting or absent, the incomplete ArfA nascent chain is released from the ribosome. ArfA
chain release may require pre-existing cytosolic ArfA in collaboration with an unknown
factor.
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Figure 4. Prematuretranscription termination and tmRNA activity

Potential mechanisms of premature transcription termination in bacteria. Collisions between
RNA polymerase (RNAP) and DNA replication forks, DNA-bound transcription factors, or
covalently cross-linked proteins are predicted to generate stalled transcription complexes.
Antibiotics (e.g. streptolydigin) and adventitious Rho activity can also promote premature
transcription termination. Termination within coding sequences generates non-stop mRNA,
which ultimately leads to tmRNA-mediated ribosome rescue.
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