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ABSTRACT. The accurate flow of genetic information from DNA to RNA to protein is essential for all
living organisms. An astonishing array of quality-assurance mechanisms have evolved to ensure that high
degree of fidelity is maintained at every stage of this process. One of the most fascinating quality-control
mechanisms involves tmRNA, also known as SsrA or 10Sa RNA. tmRNA is a versatile and highly
conserved bacterial molecule endowed with the combined structural and functional properties of both a
tRNA and a mRNA. The tmRNA system orchestrates three key biological functions: (1) recognition and
rescue of ribosomes stalled on aberrant mRNAS, (2) disposal of the causative defective mRNAs, and (3)
addition of a degradation tag to ribosome-associated protein fragments for directed proteolysis. Although
not essential ifescherichia colitmRNA activity is essential for bacterial survival under adverse conditions
and for virulence in some, and perhaps all, pathogenic bacteria. Recent evidence suggests that in addition
to its quality-control function the tmRNA system might also play a key regulatory role in certain
physiological pathways. This review will focus on recent advances in our understanding of the structural
properties, mechanistic details, and physiological significance of this unique RNA and its principal protein
partners.

Messenger RNAs normally contain all the necessary factors, which promote release of the nascent polypeptide
information required for successful synthesis of proteins. In and facilitate recycling of ribosomes for further rounds of
bacteria, the signals required for recognition by ribosomes, translation. Messenger RNAs that lack appropriate termina-
the Shine-Delgarno sequence and the AUG start codon, are tion signals cause the accumulation of stalled ribosorhes (
located near the'®nd of the mRNAL Multiple ribosomes 3), as these mRNAs are unable to promote release factor
successively read each message, and each ribosome decodes
consecutive codons in & ® 3 direction until a stop codon -

1 Abbreviations: tRNA, transfer RNA; mRNA, messenger RNA,

is reached. Stop codons not only signal the end of the protelntmRNAl transfer messenger RNA; SsrA. small stable RNA A; ORF.

coding sequence but also serve as the binding site for releas@pen reading frame; nonstop mRNA, mRNA lacking a STOP codon;
poly-U, polyuridine; PK, pseudoknot; D-loop, dihydrouridine loop;
TThis work was supported in part by grants from the National SmpB, small protein B; RNase, ribonuclease; A-site, aminoacyl tRNA
Institutes of Health (GM65319 and Al 055621), The Northeast binding site; P-site, peptidyl tRNA binding site; EF-Tu, elongation
Biodefense Center, and The Pew Scholars Program. factor Tu; Ala-RS, alanyl-tRNA synthetase; GTP, guanosine triphos-
* These authors contributed equally to this work. phate; GTPase, guanosine triphosphatase; IL-6, interleukin-6; NMR,
* To whom correspondence should be addressed. Telephone: (631)nuclear magnetic resonance; cryo-EM, cryo-electron microscopy; Yops,
632-1688. Fax: (631) 632-8575. E-mail: akarzai@stonybrook.edu. Yersiniaouter proteins.

10.1021/bi6026055 CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/31/2007




4682 Biochemistry, Vol. 46, No. 16, 2007 Current Topics

AA-stem tRNA-like Domain

—

D-loop T-arm

Q:ung
®

b=

cadEn i an
GQEEcddon

OFFPFOOo
[ =N =0 i~

a0

PK2

A
A

G
G
u
G
Cc
A
U
G
Cc

@

]

aaorpco SPFon O
(=3~}

[

Resume
1

UAGUCgcaaacgacgaaaacuac

[=]

PK1

naanararnn

>
[=R+]
[
B

Stop Unpv

Ficure 1: Proposed secondary structuretofcoli tmRNA. The tRNA- and mRNA-like properties are highlighted, including the amino

acid acceptor stem (AA-stem, with a-& wobble base pair), the D-loop, and the T-arm. The mRNA-like domain, with the upstream
conserved UAG and the GCA resume signals, the tag peptide coding sequence, and the UAA termination signal are highlighted. The four
pseudoknots are labeled PK4.

binding, nascent polypeptide release, and ribosome recycling.addition of a C-terminal proteolysis tag to incomplete protein

Accumulation of unproductively stalled ribosomes leads to products.

three undesirable consequences for the cell. First, defective .

mMRNAs cause a general and significant loss of translational Structure and Function of the tmRNA System Components

efficiency, due largely to sequesteration and unavailablity tmRNA Structure and Functional Domaiff$ie predicted

of ribosomes for translation of new mRNAs. Second, the secondary structure of tmRNA,(4, 5) is depicted in Figure

aberrent mRNAs, if not promptly removed, could engage 1. The 5 and 3 ends of the RNA form a tRNA-like domain,

the ribosomal machinery in additional futile cycles of including an acceptor stem, a T-arm, and a D-loop with no

translation. Third, the aberrant protein products translated stem. Instead of an anticodon stefoop structure, a long

from defective mMRNAS, if released, might be deleterious for disrupted stem links the tRNA-like domain to the rest of the

the cell. tmRNA molecule. A pseudoknot (PK1) connects the tRNA-
How do bacteria cope with problems posed by defective like domain to the peptide reading frame, which ends with

mMRNAs? Bacteria have evolved a unique translation quality- a stop codon in a hairpin loop. Three additional pseudoknots

control system, comprised of SmpB protein and tmRNA, to (PK2—4) link the mRNA-like domain to the'3nd of the

solve the three challenges associated with aberrant MRNAsSRNA.

This sytem recognizes and rescues stalled ribosomes, enables The tRNA-like properties of the folded and 3 ends of

the decay of the causative aberrant mRNAs, and directs thethe molecule were first proposed and subsequently demon-
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Ficure 2: Transtranslation model for tmRNA-mediated protein tagging and ribosome rescue. A ribosome stalls on an incomplete or
untranslatable message, leading to (a) the recruitment of aminoacylated tmRNA to the ribosomal A site and (b) transfer of the nascent chain
to the alanine-charged tRNA-like domain of tmRNA. A message-switching event (c) then replaces the faulty mRNA with an open reading
frame within tmRNA (d), which is translated until a stop codon is reached (e) and the tagged protein is released and degraded by C-terminal
specific proteases (f).
strated to be present in tmRNA)( Both in vivo and in vitro in full agreement with this model. The origindfans
experiments show this domain to be recognized and chargedranslation modelX, 2) is described below.
by alanyl-tRNA synthetase and required for association with  trans-Translation Model for tmRNA Functiohhetrans
70S ribosomes 6—9). Moreover, mutations that affect translation model for tmRNA function (Figure 2) postulates
recognition and charging by ala-tRNA synthetase impair that alanine-charged tmRNA recognizes stalled ribosomes
ribosome association and peptide tagging activite8-{11). (a), binds like a tRNA to the ribosomal A-site, and donates
The aminoacylation determinants of tmRNA can be altered its charged alanine to the nascent polypeptide chain in a
to those of histidyl-tRNA, and the altered tmRNA can be standard transpeptidation reaction (b). tmRNA then acts as
charged with histidyl-tRNA synthetase and incorporate a surrogate mRNA, replacing the defective mRNA with the
histidine in in vitro poly-U-directed translatiorl?). The self-encoded peptide reading frame (c), to direct translation
function of the mMRNA-like domain of tmRNA came to light (transtranslation) of the degradation tag (d). Translation
after the exceptional biochemical work and key observations terminates normally at a stop codon provided by the mMRNA-
of Tu et al. (L3), who found that expression of IL-6 in like domain of tmRNA (e). The final translation product of
Escherichia colresults in the production of both full-length  this process carries an 11-residue degradation tag at its
protein and a series of incomplete protein fragments. Detailed C-terminus and thus becomes a substrate for C-terminal
analysis of these fragments revealed them to be derived fromspecific cellular proteases (e). All experimental evidence to
IL-6, but appended with an 11-amino acid AANDENYA- date supports the basic tenets of ttemstranslation model
LAA C-terminal extension. A search for the mRNA encoding for tmRNA function.
these amino acids revealed that 10 of the appended residues Recent work from several laboratories has significantly
are encoded by sequences internal to tmRNA. Keiler et al. expanded our understanding of tinens-translation process
(2) combined the apparently disparate tRNA- and mRNA- and has filled some of the gaps in our knowledge of this
like activities of this unusual RNA into a cohesive model unique surveillance system. In the remainder of this review,
(Figure 2). This model not only explained earlier observations we summarize our current understanding of tmRNA structure
but also provided a rationale for tmRNA activity and and function, its essential protein partners, and the role
proposed consequences of this activity for the cell. Subse-tmRNA and its cofactors play in recognition of stalled
gquent mutagenesis, biochemical, and structural studies argibosomes, decay of defective mRNAs, and degradation of
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tagged proteins. We also present an updated model thation requirements of all tRNA synthetases, requiring an
attempts to integrate the recently acquired knowledge of amino acid acceptor stem (AA-stem) minihelix with a CCA
tmRNA and its protein cofactors in thanstranslation 3 end and a @J wobble base pair at positions 3 and 70,
process. respectively, of the stem structur23]. tmRNA fulfills this
Structure and Function of tmRNA Pseudoknéithough simple requirement, in that it has an AA-stem that possesses
the tRNA- and mRNA-like domains of tmRNA are the key a GU base pair at the corresponding positions (3 and 357,
functional elements, they constitute less than one-third of respectively) and ends with a CCA trinucleotide (Figure 1).
the RNA. The four pseudoknots, on the other hand, are theAla-RS is essential for tmRNA function as non-amino-
largest and most prominent features of tmRNA, yet their acylated tmRNA is not recognized by EF-Tu and thus cannot
functional importance is not clearly understood. Initial studies be delivered to the ribosomal A-site. EF-Tu binds to the
indicated a functional role for PK1 in tmRNA function. amino acid acceptor arm of the tRNA-like domain of tmRNA
Preliminary mutational studies of PK1 showed it to be and protects the labile ester linkage of the aminoacylated
important for both efficient aminoacylation and subsequent molecule from hydrolysisZ4—26). EF-Tu is also important
steps of the tagging procesk?]. NMR analysis of PK1 and  for delivery and initial binding of tmRNA to stalled ribo-
the PK1 mutants confirmed the pseudoknot structure andsomes and may also facilitate the structural rearrangement
showed structural changes in the mutaritd).(Consistent ~ of the tmRNA molecule Z7, 28). Although some tRNA-
with these conclusions, replacing PK1 with single-stranded like activity is observed in vitro for aminoacylated tmRNA
RNA abolished both in vitro aminoacylation and tagging in the absence of EF-Tu, the rate of the first transpeptidation
activities (12, 14, 15). These and related studies suggested a reaction is far more efficient in the presence of EF-28, (
functional role for PK1 in tmRNA activity. However, a recent  30).
study suggests a sequence-independent structural role for The most significant protein partner of tmRNA is SmpB,
PK1 (16). Detailed mutation and substitution analysis showed a protein of roughly 160 residues that binds specifically and
that replacing PK1 with sequences that form non-pseudoknotwith high affinity to tmRNA @1). All known biological
stem-loop structures yields functional tmRNA molecules activities of tmRNA require SmpBL( 3, 17, 24, 30—48). In
in vivo, suggesting PK1 is involved in stabilizing tmRNA E. coli, SmpB is not required for tmRNA expression or
structure rather than participating directly in its functid)( processing 1). Nevertheless, tmRNA does not associate
Surprisingly, the presence of PK2, PK3, and PK4 in tmRNA stably with 70S ribosomes in cells lacking SmpBr,(31,
was reported to be dispensable fianstranslation. Replac- 35, 42, 47). Formation of the SmpBtmRNA complex
ing any one of these three pseudoknots with a linear RNA appears to be critical not only for ribosome recognition but
sequence produced tmRNA variants that were efficiently also for one step, and perhaps several, after ribosome
aminoacylated and active in an in vitro tagging reactits).( recognition (see below). A functional requirement for a fourth
However, recent evidence contradicts these finding and protein, ribosomal protein S1, remains a matter of debate
suggests an important role for pseudoknots P& folding (49, 50). On the basis of some studies, S1 is thought to bind
and maturation of tmRNAI(7). PK4, in particular, appears the mRNA-like domain, as well as the pseudoknot-rich
to be required for the in vivo activities of tmRNA. Clearly, domain, of tmRNA in a manner similar to that of other
much experimental work is required to reconcile these cellular mMRNAs 49-52). Whether S1 function is required
apparently contradictory findings and decipher the actual for tmRNA activity in vivo has not yet been adequately
biological functions of these prominent and conserved resolved. Although S1 function is essentiakncoli, several
features of tmRNA structure. bacterial species lack the gene encoding canonical S1 protein.
The structure of the ribosome shows a very tight fit of  Biochemical and Structural Insights into the SmpB
tRNAs, the P-site tRNA in particular, within the 70S tmRNA ComplexRecently, a great deal of structural and bio-
ribosome, with contacts made by ribosomal RNA and protein chemical information regarding SmpB protein and tmRNA
from both the 30S and 50S subunii8{21). It is not clear has come to light. NMR solution structures of SmpB from
how tmRNA, which is roughly 4 times the size of a normal Aquifex aeolicug48) and Thermus thermophilug39), and
tRNA, fits into the same sites on the ribosome and a cocrystal structure ch. aeolicusSmpB in complex with
participates in transpeptidation. It is also not clear how the the tRNA-like domain of tmRNA%3), have been determined
four pseudoknots of tmRNA are accommodated during the (Figure 3). NMR analysis of SmpB protein revealed the
various stages ofranstranslation. It is possible that the clustering of highly conserved amino acid residues on two
pseudoknots remain outside of the ribosome during peptidyl discrete surfaces on opposite sides of the prot#@. One
transfer and translation of the tmRNA-encoded peptide cluster coincides with the SmpB surface that recognizes
reading frame. Alternatively, these structural elements might nucleotides at the'3end of the D-loop in the tRNA-like
be unwound to facilitate decoding of the tmRNA peptide domain of tmRNA [Figure 3A%3)]. Recent biochemical and
reading frame 42). Otherwise, accommodation of the structural studies have confirmed the importance of this
additional bulk would require extraordinary conformational cluster of conserved residues, identifying key amino acids
alteration of the ribosome. Additional biochemical and that are essential for SmpBmRNA interactions [Figure 3B
structural studies are required to provide further insights into (47, 53)]. Mutations in bothE. coliandThermoanaetobacter
how these pseudoknots contribute to the function of tmRNA tengcongensiSmpB that affect these surface residues have
at the various stages of thenstranslation process. adverse effects on the protein’s ability to bind tmRNA with
Essential Protein FactorsThree protein factors, alanyl-  high affinity and specificity 47). The function of the second
tRNA synthetase (Ala-RS), small protein B (SmpB), and conserved cluster located on the opposite side of the tmRNA-
elongation factor Tu (EF-Tu), are essential for the biological binding surface has not been established (Figure 3C).
activity of tmRNA. Ala-RS has the simplest tRNA recogni- Biochemical studies show that certain amino acid substitu-
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Ficure 3: Ribbon diagram of SmpB structural models in complex with the tRNA-like domain of tmRNA (A) and alone (B and C). Panel

A depicts SmpB bound to the D-loop (cyan) of the tRNA-like domain of tmRNA. SmpB-conserved amino acid residues are clustered into
two regions on the surface of protein. Panel B depicts the positions of conserved amino acid residues (E26, L86, H89, and K119) on the
surface ofA. aeolicusSmpB that have been shown to play a crucial role in tmRNA binding. Panel C depicts positions of conserved amino
acid residues (N12, K13, Y19, F51, K126, K128, K129, and R133) on the opposite side of the protein that are predicted to play a role in
an SmpB function other than tmRNA binding, perhaps ribosome association. Figures were derived from Protein Data Bank entries 1P6V
and 1K8H.

tions within this surface cluster have a profound effect on to the first transpeptidation reaction that links the alanine
in vivo tagging activity, without affecting tmRNA binding  charge to the nascent chaids].
(D. Dulebohn and A. W. Karzai, unpublished observations).  During normal translation, a ternary complex of charged
It is at present unclear whether this cluster of conserved cognate tRNA with EF-Tu and GTP is brought to the
amino acids plays a role in ribosome recognition, accom- ribosomal A-site. Proper codefranticodon interactions trig-
modation of tmRNA in the A-site, or subsequent steps in ger conformational changes that activate the GTPase domain
the transtranslation process. of EF-Tu. Rapid GTP hydrolysis is followed by release of
The core SmpB structure is quite similar in all three EF-Tu and GDP and accommodation of the tRNA acceptor
structural models. However, none of the models were able stem in the peptidyl transferase center. tmRNA lacks a
to discern the structure of the highly conserved C-terminal traditional anticodon stefloop structure, and thus, coden
extension of SmpB protein. Sundermeier et 8b)(deter- anticodon interactions must a priori be absent from the
mined that the C-terminal tail of the SmpB protein performs tmRNA accommodation step. Like tRMA tmRNA is
a novel function that is critical in supporting the biological recognized and charged by alanyl-tRNA synthet&eand
activity of tmRNA (Figure 4). Most interestingly, they found the resulting ala-tmRNA forms a ternary complex with EF-
that SmpB variants in which this tail is truncated or mutated Tu and GTP 26, 54). Formation of a complex with EF-Tu
are still able to bind tmRNA and support stable association and GTP protects the labile ester linkage of aminoacylated
of the SmpB-tmRNA complex with stalled ribosome35). tmRNA (26), and by analogy with tRNAs, this interaction
Nonetheless, these variants fail to support addition of the is also presumed to be important for delivery of tmRNA to
tmRNA-encoded tag, or even the transpeptidation step. Thesestalled ribosomes. It is unclear what mechanistic events
findings suggest that the C-terminal tail of SmpB is needed trigger GTP hydrolysis by EF-Tu when tmRNA is presented
for a tmRNA activity downstream ribosome binding but prior to the ribosomal A-site. It is clear that SmpB and EF-Tu are
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FiGure 4: Integratedranstranslation model for SmpBtmRNA function. Please see the text for details.

both required for productive association of tmRNA with Recognition of Stalled Ribosomes

stalled ribosomes. SmpB might serve to permit binding of  The actual “signal” or conformational state that distin-
tmRNA to stalled ribosomes, making the requisite contacts guishes an unproductively stalled ribosome from actively
that elicit acceptance of tmRNA into the ribosomal A-site translating ribosomes is not known. Ribosomes stall if they
in the absence of coderanticodon interactions. Itis possible reach the end of a transcript lacking a stop coda) (
that the C-terminal tail of SmpB protein gains structure in encounter a stretch of rare codoris,(59), or encounter
the context of the ribosome to mediate specific contacts with certain natural stall sequenced0{-65). Regardless of the
ribosomal elements necessary for proper positioning andnature of the signal or conformational state of the ribosome
accommodation of tmRNA into the A-site. It is also possible (1), it is clear that recognition of stalled ribosomes requires
that the C-terminal tail of SmpB plays a direct or indirect alanyl-tmRNA in a quaternary complex with SmpB, EF-Tu,
role in GTPase activation. Consistent with this inference, a @d GTP. SmpB protein function is essential for the
recent study showed SmpB protein to be required for recognition process. In thg absence of SmpB, aIa_—tmRI\_IA
stimulating hydrolysis of GTP by EF-Tu in a ribosome- and P0und to EF-Tu and GTP is unable to stably associate with
tmRNA-dependent manne8(). It is suggested that SmpB stalled ribosomes3(l). A recent cryo-electron microscopy
might serve as a tRNA anticodon steinop mimic @1, 35), (pryo-EM) study eyaluated the entry of trr_lRNA into a stalled
and there is precedent for such a protein mimic in elongation ribosome £7). This study showed that in the pre-accom-

. . modated state the tRNA-like domain of tmRNA binds EF-
factor G 65, 56) and ribosome release and recycling factors Tu and engages the ribosomal A-site in a manner com-

(57). Alternatively, SmpB might mediate recognition of other parable to that of normal tRNALY). SmpB is modeled
ribosomal elements required for tnRNA-mediated function, iy the electron density map of the pre-accommodated state
facilitate some reactions directly, and/or serve a structural gych that it simultaneously contacts the tRNA-like domain
role in maintaining tmRNA in an active three-dimensional and the apical loop of helix H89 and is in the proximity
conformation. At present, there are no known SmpB func- of helices H69 and H71 in domain IV of 23S rRNA. The
tions that are independent of its role in supporting tnRNA cryo-EM study also revealed that at this stagetmains
activity. translation roughly two-thirds of tmRNA is not intimately
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associated with the ribosome but appears to position theribosome, and its subunits, than for tmRN#6). Ribosome-
tmRNA peptide reading frame near the mRNA entrance to associated SmpBtmRNA complexes have been purified
the A-site. from wild-type cells, presumably engaged in various stages
How is the tmRNA peptide reading frame established? of the transtranslation process. In these samples, SmpB
Unlike canonical translation initiation, engagement of the remains bound to 70S ribosomemRNA complexes. Fol-
tmRNA resume sequence appears not to require initiation lowing purification of these complexes and dissociation of
factors or de novo dissociation and reassembly of the the 70S ribosomes into 30S and 50S subunits, the bulk of
ribosomal subunits. The tmRNA amino acid acceptor stem SmpB protein remains associated with tmRNA, suggesting
presumably interacts with the peptidyltransferase center likethat the highest-affinity and -specificity partner of SmpB
a tRNA during transpeptidation, but the nature of subsequentprotein is tmRNA 46).
events is unclear. Engagement of the tmRNA peptide reading Initial cryo-EM-derived models of the complex formed
frame into the mMRNA channel of the rescued ribosome must by SmpB, tmRNA, EF-Tu, GDP, kirromycin, and 70S
a priori be different from engagement of all other mRNAs. ribosomes 27) suggested the presence of a single SmpB
For one, tmRNA function requires the ribosomal subunits protein in the pre-accommodated complex. A more recent
to remain intact, in a 70S ribosome form with peptidyl-tRNA cryo-EM study £8), however, suggests the presence of two
occupying the P-site and still base-paired with the last codon SmpB molecules in each tmRNA-bound ribosome, with one
of the defective mRNA. Additionally, tmRNA does not SmpB oriented toward the A-site decoding center and the
possess a Shine-Delgarno ribosome binding site or a standargecond molecule positioned in the 50S subunit. Both SmpB
AUG start codon. Instead, a highly conserved GCA codon molecules interact with the tRNA-like domain of tmRNA,
is utilized as part of the resume signal required to reinitiate SmpB-1 interacting with the D-loop equivalent and SmpB-2
translation with tmRNA as a template (Figure 1). The interacting with the T-loop equivalent of the tRNA-like
mechanistic details of how the tmRNA peptide reading frame domain. The results of available footprinting, mutational, and
is established have not yet been elucidated. What we do knowstructural studies are consistent with a high-affinity interac-
is gleaned from mutagenesis studies of resume codontion of SmpB with the D-loop of tmRNAZ4, 40, 53). An
proximal sequences$6). These studies show that the first unexpected finding from this recently determined structural
three nucleotides of the tmRNA peptide reading frame (the model is that the tRNA-like domain of tmRNA is oriented
GCA resume codon) and a conserved trinucleotide (UAG) toward the tmRNA ORF such that it is in the proximity of
located two nucleotides upstream of the resume codonribosomal protein S19 and helix 34 of the 30S subuz#).
(Figure 1) are critical for establishing the reading frame. It is difficult to visualize how tmRNA could function as a
Mutations that alter these signals abolish both ribosome tRNA with its tRNA-like domain facing the ORF and an
rescue and peptide tagging activities of tmRN@6)( The SmpB molecule occupying the 50S A-site. The second SmpB
tmRNA peptide reading frame does contain a standard molecule will surely interfere with formation of the peptide
termination signal to permit normal recycling of ribosomes. bond. It is conceivable that this structure also represents an
The tmRNA ORF thus possesses the necessary informationintermediate step in thé&anstranslation process. Proper
content for resumption of translation and termination or accommodation, prior to the first tmRNA-mediated transpep-
recycling of ribosomes. tidation step, would thus necessitate the departure of the
Stoichiometry of the Ribosome Recognition Comflag. second SmpB molecule, currently modeled to occupy the
initial binding of tmRNA and its subsequent accommodation 50S subunit, and require major rearrangements of the amino
into the ribosomal A-site are activities intimately linked to acid acceptor arm of the tRNA-like domain. Clarification
SmpB function. Thus, which stages tfanstranslation of these issues will require a thorough analysis of (i) the
require SmpB function and how many SmpB molecules total number of tmRNA and SmpB molecules per cell under
participate in this process are key questions that requirevarious conditions, both on and off the ribosome, and (ii)
further in-depth investigation. Currently available data sug- the effect of various ribosome purification protocols on the
gest that a stalled ribosome recognition complex is composedpartitioning of SmpB among tmRNA and ribosomes. Ad-
of a single alanyl-tmRNA molecule, a single EF-TGTP ditionally, higher-resolution structural studies of the pre- and
complex, and one or more SmpB molecules. The ambiguity post-accommodated states of the SmpBRNA—ribosome
in the number of functionally relevant SmpB molecules arises complex will help shed further light on the number of SmpB
from in vitro studies suggesting that up to three SmpB molecules bound to tmRNA and the rescued ribosome
molecules bind to a single tmRNA molecule and two SmpB complex.
molecules bind to a 70S ribosome, one to each 30S and 50% .
subunit @9, 40, 46). Although in vitro experiments suggest ecay of the Defeate MRNAS
that several SmpB molecules can interact with a single Aberrant MRNAs that Cause Ribosome Stallindz. col,
tmRNA molecule, contacts made by the conserved RNA- mRNA transcripts have an average half-life 6f2min, and
binding surface of the protein with the high-affinity D-loop endoribonucleases or'-8-5 exoribonucleases probably
site of the tRNA-like domain (Figure 3) appear to be the generate mRNA fragments continuousy). Additionally,

most functionally important interaction8,(24, 27, 31, 35, premature transcriptional termination, untimely cleavage by
47, 48, 53). According to recent analysis of the interaction endoribonucleases, trimming by-®-5 exoribonucleases,
between tmRNA and SmpB, from. thermophilusand A. and stop codon mutations could all result in production of

aeolicus (39, 53), only one SmpB binds to the D-loop nonstop mMRNAs lacking in-frame stop codons. Ribosomes
equivalent of tmRNA (Figure 3A). A very surprising stalled on nonstop mRNAs make an ideal substrate for
observation of another recent study, however, is that SmpBtmRNA-mediated tagging and have been the most exten-
protein has higher apparent binding affinity for the 70S sively studied substrates. Translation from nonstop mRNAs
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results in tagging at protein positions corresponding to the Role of tmRNA in Enabling Nonstop mRNA Decay.
terminal encoded residue35, 66). It is becoming increas- noted earlier, tmRNA has well-characterized tRNA- and
ingly apparent that there are additional mMRNA determinants mRNA-like functions that are required for ribosome rescue
that lead to ribosome stalling in the context of full-length and protein tagging for directed proteolysis. Does tmRNA
mRNAs. Ribosome stalling and subsequent tagging havehave any additionaranstranslation-related functions? Sev-
been described at internal positions on mRN33 68, 60— eral recent studies have demonstrated that tmRNA indeed
65, 68). tmRNA-mediated tagging has been observed on performs a third key function, namely facilitating the
mRNAs containing a string of rare arginine codons, on weak degradation of the ribosome-stalling defective mRNS5, (
termination codons, and at proline residues preceding stop?7, 78). One recent investigation77), in addition to
codons §8, 60—63, 68—71). Therefore, if prolonged ribo- ~ demonstrating a role for tmRNA in degradation of nonstop
some stalling is sufficient to recruit tnRN/64, 72, 73), ~ MRNAs, also revealed the identity of tmRNA sequence
then tagging might also occur when ribosomes stall at abasicdeterminants responsible for this activity. These sequence
or other damaged sites, pause at stable mRNA secondangeterminants are located in the distal part of the tmnRNA open
structures, or stop because charged tRNA is scarce. In soméeading frame, encoding the ultimate, penultimate, and
cases (i.e., at rare codons or at termination codons), cleavag@ntepenultimate amino acids of the peptide tag. Mutations
of the MRNA within the ribosomal A-site has been observed that alter these tmRNA sequence elements have an adverse
(62, 69, 74-76). The endonuclease responsible for this affect on the disposal of the nonstop mMRNA, while leaving
cleavage has not been identified. The endonucleolytic activity the tRNA and mRNA functions entirely unaffected. More
through an unknown ribosome-mediated mechanism. It is Séquence of the peptide reading frame without altering the
now clear that rare codon-containing transcripts are cleavednature or identity of the peptide tag still exhibit the
in a translation-dependent, and SmpB- and tmRNA- chara_cterls_nc defect in nonstop mMRNA decay. _In contrast,
independent, reactio9, 62, 64, 65). Ribosomes stalled on ~ Mutations in codons-36 of the tmRNA open reading frame
these messages become a substrate for SmpB and tmRNAQO not have an advgrse aff(_ect on _degradatlon of defective
presumably after transcript cleavage has occurred and the"RNAS. Therefore, in addition to its tRNA- and mRNA-
3 fragment has been releas®&2,(69, 74—76). The cleavage like functlons, tmRNA also plays an important role in
process thus generates a ribosome complex stalled on th@romoting the decay of nonstop mRNAs.
newly generated'2nd of the mRNA with a peptidyl-tRNA How does_tmRNA facilitate nonstop rr_1RNA decay? The
in the P-sites and an empty A-site devoid of both tRNA and [MRNA-mediated nonstop mRNA decay is SmpB-dependent
MRNA. (37). This strict SmpB requirement suggests that the SmpB
tmRNA complex must be actively engaged with stalled
It has been demonstrated that the length of the MRNA j,somes and in the early stages of thenstranslation
(i-e., the number of bases 8f the ribosomal P-site codon)  ,5cess. The dependence of the nonstop mRNA decay on
is an important determinant for tagging efﬁuency in vitro SmpB, tmRNA, and active translation of the target mRNA
(7_6). The-r.ate otrans-tra}nsfer is feduced dramatically when 550 suggests that RNase loading must occur prior to
nine additional nucleotides are included at_theﬂd of th(_e disengagement of the aberrant mRNA from the rescued
mRNA, and the rate approaches zero with 15 additional \jpos0me or full engagement of the ribosome with the
nucleotides 76). Hence, MRNA cleavage seems to be a {mRrNA reading frame. The following possible mechanisms
prerequisite for SmpBIMRNA complex-mediated tagging  for tmRNA-mediated degradation of nonstop mRNAs have
atinternal positions. It is unclear, however, what molecular peen proposed3g, 77). First, sequence elements within
that mMRNA sequence downstream of the ribosomal A-site part of the tnRNA ORF, could be involved in interactions
codon blocks potential contacts required for proper interac- with ribosomal elements that promote binding, rearrange-
tions of the SmpB-tmMRNA—EF-Tu-GTP quaternary com-  ment, or loading of an RNase(s) onto the released defective
plex with the ribosome. It is uncertain whether such mRNA. Second, this segment of tmRNA might be involved
interactions would be required for stimulation of GTP in interactions with other sequence elements in tmRNA or
hydrolysis or for downstream events such as accommodationtmRNA-associated factors that then facilitate binding or
of the tmRNA acceptor stem into the peptidyltransferase oading of RNase onto the defective mRNA. A third
center or the switch to the tmRNA peptide reading frame. If possibility could be that this segment of tmRNA might
all tmRNA-mediated tagging ultimately occurs on ribosomes interact directly with an RNase and deliver it to the defective
stalled at the 3end of MRNAs, then the absence of MRNA  message. Clearly, further work is required to distinguish
in the A-site and the lack of 3intranslated sequence in the among these possibilities.
ribosomal mRNA channel could be key “signals” for tnfRNA  RNase(s) Inolved in Degradation of the Nonstop mRNASs.
recognition of stalled ribosomes. Therefore, occupied A-site In E. coli, the three primary'3o-5 RNases, PNPase, RNase
and the presence of @ntranslated sequence in the ribosomal |I, and RNase R, are likely candidates for degradation of
mRNA channel might be determinants that prevent recogni- nonstop mRNAs. RNase R, in particular, is a likely candidate
tion of stalled ribosomes by tmRNA. This simple model is for targeted mRNA decay, as it was previously shown to be
appealing as the A-site is always occupied during translation associated with a multicomponent protelRNA complex
of “normal” stop codon-containing MRNAs. Furthermore, that included SmpB protein and SsrA RNA1j. Addition-
occupancy of the’3egment of the ribosomal MRNA channel ally, in Caulobacter crescentu®Nase R was shown to be
by the untranslated 8nd of mRNA could potentially explain  involved in the regulated degradation of the two-piece
why tmRNA does not interfere with routine translation. tmRNA in a cell cycle-dependent mannéd). Indeed, recent
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evidence demonstrates that RNase R activity is essential fordegradation? In recent years, a handful of proteins, termed
degradation of aberrant mRNAsh coli (37). This targeted specificity modulators or “specificity-enhancing factors”, that
RNase R activity is dependent on the presence of SmpBmodulate the activity of bacterial energy-dependent proteases
protein and tmRNA, suggesting that activens-translation have been described®@. The ability of these adaptor

is required to engage RNase R with its intended targets. proteins to influence proteolytic capacity is impressive, with
Although the exact timing of the release of defective mMRNA observations indicating stimulatory, inhibitory, and even
from the rescued 70S ribosome has not been determined, itedirecting effects §6). Of particular relevance tdrans-

has been postulated that it is released from the rescuedranslation is the discovery that SspB specifically binds to
ribosome prior to engagement of the tmRNA peptide reading the tmRNA peptide tag and delivers tagged peptides to
frame and resumption of translation with tmRNA as the C|pXP for degradation g?) SspB has been shown to
surrogate templaté, 79). Thus, RNase R must be engaged jmprove the targeting of tmRNA-tagged peptides to CIpXP,
with the defective transcript at an early stage of tifzns- presumably favoring the degradation of tmRNA-tagged

translation process, most likely p_rior to the discharge o_f the peptides that it preferentially binds. SspB binds to a region
faulty mRNA from the rescued ribosome. On the basis of |, ihe tmRNA tag that overlaps with the determinants

these findings, RNase R appears to be an important compOyecognized by CIpAg8). As a result, the association of SspB

nent of the tmMRNA-mediated translation surveillance system. | it 2 tmRN A-tagged peptide also exerts an inhibitory effect

to associate with ribosome87). As such, SspB might bind
To date, the energy-dependent proteases CIpXP, CIPAP o, pNA tagged proteins as they emerge from the rescued

and FtsH and the periplasmic energy-independent pmteas‘?ibosome and target them directly for degradation. This mode
Tsp have been shown to degrade tmRNA-tagged peptides

: o of coordinated action could also explain why proteins that
due to their rechognmon of the ngNAdtag sdequenZeap, re cotranslationally appended with the tmRNA-encoded tag
81). Howevgr,t ese proteases do not egrade tmRNA-tagge re degraded faster than the same protein carrying a hard-
peptides with equal prowess. CIpXP is considered to be coded tmRNA peptide tagQ)
responsible for the degradation of the bulk of tmMRNA-tagged '
peptides in vivo. CIpAP has been shown to degrade tmRNA-
tagged peptide constructs in vitro, but its contribution to in
vivo disposal of tagged proteins is not as profoudd 82).

The inner membrane-bound FtsH protease is restricted t0  The picture that emerges from these and related studies is
protein substrates that are locally available and have Iow 5 more expanded view of theanstranslation process. This
thermodynamic stabilitydl, 83). Accordingly, FtsH has a e\ s the basis for an integrated model (Figure 4) that
narrower specificity than ClpXP and CIpAP. The degradation j,cororates the newly acquired insights and fills some of
of tmRNA-tagged peptides by Tsp is dependent on their i, mechanistic gaps present in the originahstranslation
export to the periplasm2). The ATP-dependent protease e (Figure 1). In this model, SmpB protein binds with

Lon was rec_ently identified_ in a genetic screen, designed to high affinity and specificity to tmRNA and the complex is
find genes wittranstranslation-related functions, and shown aminoacylated by Ala-RS (a). The aminoacylated tmRNA

to be an important contributor to degradation of tmRNA- : .
: . ) SmpB complex is recognized by EF-Tu and GTP (b) and
tagged proteins (J. Choy and A. W. Karzai, unpublished forms a stalled ribosome recognition complex. Ribosomes

observations). Protein tagging and stability assays demon- i

strated that Lon participates in the degradation of tmRNA- stall_ed at the_3end of nonstop mRNAs are initially rec-

tagged proteins. Therefore, the involvement of several majorognlzed by this quaternary complex ina pre-acc_ommodat_ed

cellular proteases in the turnover of tmMRNA-tagged proteins state (c). P_roper acc_ommodanon .Of t_he tRNA-_I|ke domain

emphasizes the physiological significance of the degradativemc IMRNA into the n_bpsomal A-site Is then trlggered by
contacts, perhaps elicited by the C-terminal tail of SmpB,

function of transtranslation. ) S
that promote GTP hydrolysis on EF-Tu. Accommaodation is

The tmRNA peptide tag does not affect the structure or . S X .
thermodynamic stability of the attached proteirB0)( followed by the first transpeptidation reaction that links the

suggesting that it causes degradation simply by providing a &/anine charge of tmRNA to the incomplete polypeptide (d).
recognition site for protease binding. The weli-studied Clpxp {MRNA then switches from a tRNA-like mode to an mRNA-
and CIpAP proteases are multicomponent enzyraésse), like mode, engaging the ribosome on its own peptide reading
in which ClpP, a tetradecameric serine protease, forms frame (e), concomitant with the displacement of the defective
stacked heptameric rings that enclose a degradation chambefMRNA (f). The damaged mRNA is selectively recognized
The ClpX and ClpA subunits of the chaperengeptidase ~ and degraded by RNase R, in an SmpB- and tmRNA-
complex are hexameric proteins, belonging to the Clp/ dependent manner. The rescued ribosome resumes translation
Hsp100 chaperone family of ATPases that interact indepen-With the tmnRNA ORF as its surrogate template (g). Transla-
dently with ClpP to mediate substrate binding and regulate tion terminates on the tmRNA-encoded stop codon, permit-
protease activity§4—86). A recent series of elegant experi- ting recycling of stalled ribosomes into the cellular pool (h).
ments show that ClpX and ClpA recognize specific and The nascent polypeptide, now marked with an 11-amino acid
distinct amino acid sequence elements of the tag peptide,degradation tag, is released from the translation machinery
unfold the tagged protein in an ATP-dependent manner, and(i) and specifically recognized and degraded by C-terminal
feed it to the ClpP peptidas&{—89). specific cellular proteases (j). Therefore, this system provides
Are tmRNA-tagged polypeptides released and degradedan effective quality-assurance mechanism for dealing with
normally, or is there a special mechanism that ensures rapidthe three potential problems posed by defective mRNAs.

An Integrated Trans-Translation Model for the Function
of the SmpBtmRNA Complex
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Physiological Significance of the SmpBnRNA System metabolic state of the cell. IndeedsrA™ cells exhibit a
] ~ marked delay in the induction of tHac operon, consistent
The smpB and ssrA genes are present in all bacteria ith the notion that truncated and functional Lacl repressor

examined to datel( 91, 92). This system is not required for  molecules accumulate in these cells, leading to repression
growth of E. coli, Salmonella typhimuriupBacillus subtilis of the lac operon.

Yersinia pestisor Yersinia pseudotuberculosisder ideal

in vitro growth conditions 93). In contrast, the SmpB
tmRNA system is essential for growth of pathogenic bacteria
such asNeisseria gonorrhegeMycobacterium genitalium

andt “{I%C%bt?ftte:#m pnteum'on|ae93, t'9|4)f. It hats _?ee? I can undergo de-repressiod1( 100. In an ssrA knockout
postulated that this system IS essential Tor most, T not all, gy5in - truncated but functional repressor molecules ac-

pathoge_nic bacteria in vivo ?ince Processes su_ch as Clearin‘Q:umulate and render the phage unresponsive to conditions
stalled ribosomes and protein quality control might be more that trigger de-repression. Such a regulatory role of the

critical under adverse conditions where errors leading to SmpB-tmRNA system implies that tagging of some regula-
ribosome stalling are far more frequent. This possibility tory factors is a normal, constitutive process in the cell.
could, for example, explain why the SmpBnRNA system 5 qgitionally, tagging of GalE and Rbsk suggests the

IS dlspensable for normal grovyth & typhlmur|urrbut IS involvement of the SmpBtmRNA system in regulation of
required for the survival of this _bacterlum_ within macro- carbon metabolism, which is consistent with the finding that
phages %, 96.)' The most extensive analysis of the r(_)Ie of an smpB-ssrAmutant exhibits slow recovery from carbon
this system in bacterial survival and pathogenesis Was g, ation 8g). Further support for a potential regulatory role

conducteq in thé{ersiniaspecies of pathog.enic bacteria. for the SmpB-tmRNA system comes from recent studies
PathogenicYersiniaemploy a type Il secretion system to in C. crescentusin which the optimal timing between the

inject a lethal cocktail of effector proteins (Yops) into the de : iy

gradation of a specific response regulator, CtrA, and
host cell cytoplasmd7—99). The study by Ok'an et "’?I?’B) initiation of DNA replication is influenced by specific tagging
demonstrated that the SmpBMRNA system is crucial for and targeted degradation of the response regula@s).(

Y. pseudotuberculosito survive under adverse growth h i thouaht al £
conditions, such as oxidative and nitrosative stress, carbon 1€ SMPB-tMRNA system is thought also to affect gene

or nitrogen starvation, and sublethal concentrations of Z(Eressri]on s(;)_lely thr%ugh it? rli(boion;e re;g;e,\&mcmm
antibiotics. Most significantly, this study showed tisatpB- though no direct evidence links the Smp system

ssrAmutations render the bacterium avirulent and unable to t_o th? expression and/gr tra:?slatlon of a specﬂc tranSC(lr)I—
cause lethal disease in a mouse infection model. Consistenf'ona activator, a number of reports point to the potentia

with these observations, the authors demonstrated that thd’resence of SU(.;h regulatory fa}ctors whose cellular concentra-
mutant strain is unable to proliferate in macrophages and NS ?re_ partur:]ularlyé sglnsmve to the balarFlz(;\IeAbethaen
exhibits delayed Yop-mediated host cell cytotoxicity. They Proteolysis (perhaps by Clp proteases in a tm tagging-

also determined that trempB-ssrAmutant suffered severe independent manner) and the translational efficiency of the
deficiencies in the expression and secretion of Yops, and cell (93,100, 102). It is propoged that nbospme stal_llng., n
that this defect was at the level of transcription. These the absence tmRNA, results in a substantial reduction in the

findings highlight the significance of the SmpBMRNA degree of synthesis of these factors. Such a reduction in the

system in bacterial pathogenesis and survival under adverséeveI of protein synthesis C.OUpIed with proteolytic_ sensitivity
environmental conditions Is proposed to reduce the intracellular concentrations of these

. _ factors to a nonresponsive level ampB-ssrAcells. This
How might the SmpBtmRNA system function under 05654 is supported by the observation that deletion of Clp
adverse conditions? A number of recent reports have

proteases partially compensates for tmamP22phenotype
suggested that the SmpBMRNA system plays a regulatory ;¢ 21 E. coli ssrA mutant 102.
role in modulating gene expression by maintaining the

requisite intracellular concentrations of some regulatory symmary

factors. These factors might include transcriptional activators

and repressorsl{ 91). Experiments aimed at identifying tmRNA is a unigue molecule that orchestrates a fascinating
endogenous proteins modified with tmRNA-encoded tags biological quality-assurance system. This system has evolved
have revealed the identity of a number of regulatory proteins, to rescue unproductively stalled ribosomes and solve the
including the Lacl represso68, 71), the A-cl repressor, potential problems associated with aberrant mRNAs. In
YbelL, GalE, and RbsKgg). In the case of the Lacl repressor, association with the SmpB protein, tmnRNA recognizes stalled
it is proposed that an increase in its intracellular concentration ribosomes and tags the linked protein fragments for subse-
results in the binding of Lacl protein to seconddac guent proteolytic degradation. C-Terminal specific proteases
operator sequences located within kel gene. This binding ~ recognize, denature, and degrade proteins tagged by this
is thought to lead to premature transcription termination and system in both the cytoplasm and the periplasm. Additionally,
generation of truncated nonsttgcl mRNASs that, in turn, this unique salvage system facilitates degradation of the
cause ribosome stalling and recognition by the SmpB defective mMRNA by RNase R. Most importantly, the SmpB
tmRNA system 68, 71). The tmRNA-tagged Lacl protein tmRNA system appears to play key and physiologically
is proposed to undergo rapid degradation by cellular pro- important regulatory roles in bacterial virulence, fithess, and
teases. This type of negative feedback regulation is thoughtsurvival under adverse conditions. Although we have gained
to maintain the desired concentration of Lacl protein needed substantial insights into the general features and biological
for sensitive tuning of physiological responses to the significance of this process, a great deal still needs to be

A similar regulatory role is ascribed to the SmpB1RNA
system in the bacteriophage Mu life cycle. Here the SmpB
tmRNA system is thought to play a role in maintaining the
repressor population in a responsive state such that the phage
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uncovered about the structural and mechanistic details of the 20. Selmer, M., Dunham, C. M., Murphy, F. V. t., Weixlbaumer, A.,
molecular machines that mediate this unique pathway.
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