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SsrA RNA is highly conserved throughout eubacteria and was
discovered in Escherichia coli when a 10S RNA fraction was
resolved into two species, the 10Sa or SsrA (small stable RNA A)
molecule and the 10Sb RNA, which is the catalytic subunit of
ribonuclease P1,2. Sequence similarities between parts of SsrA
and tRNAs were initially recognized based on the ssrA gene
sequence from Mycobacterium tuberculosis3. Subsequent deter-
mination of the E. coli and Bacillus subtilis sequences demon-
strated convincing homologies with alanyl tRNA, including the
presence of an acceptor stem and T-arm4,5. The most compelling
evidence for tRNA-like functionality, however, was provided by
the demonstration that purified SsrA RNA could be charged
with alanine by alanyl-tRNA synthetase4,5.

The ability of SsrA RNA to function as an mRNA was discov-
ered through an elegant protein-chemical analysis of a set of
aberrant translation products that accumulated in inclusion
bodies during expression of the murine interleukin-6 (IL-6) pro-
tein in E. coli6. Partial IL-6 proteins, truncated to differing
extents, were all found to contain the C-terminal sequence AAN-
DENYALAA. This sequence was not IL-6 derived. All amino
acids except the first alanine of this 11-residue tag, however, were
encoded by an open reading frame in SsrA RNA. Moreover, no
modification of IL-6 sequences was observed in cells bearing a
defective ssrA gene. At this point, both tRNA-like and mRNA-
like properties of SsrA had been established but the biological
function of SsrA and the mechanism of C-terminal modification
were still obscure.

A potential biological role for SsrA was suggested7 by the
observation that the C-terminal pentapeptide of the tag
sequence (YALAA) was similar to other hydrophobic C-terminal
sequences (for example, WVAAA) known to cause degradation
of bacterial proteins8. Indeed, model proteins with a DNA-
encoded AANDENYALAA sequence placed at their C-terminus
were rapidly degraded, but proteins in which the tag was
changed to AANDENYALDD were not degraded7. These results
suggested strongly that the SsrA system functioned to mark cer-
tain proteins for proteolytic destruction. Combining the known
tRNA and mRNA activities of SsrA with the possibility that this
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system might function to ensure the degradation of proteins
produced by incomplete translation led to the tmRNA model
described below.

The SsrA–SmpB system for protein tagging,
directed degradation and ribosome rescue
A. Wali Karzai1,2, Eric D. Roche1,2 and Robert T. Sauer1

Bacteria contain a remarkable RNA molecule — known alternatively as SsrA RNA, tmRNA, or 10Sa RNA — that
acts both as a tRNA and as an mRNA to direct the modification of proteins whose biosynthesis has stalled or has
been interrupted. These incomplete proteins are marked for degradation by cotranslational addition of peptide
tags to their C-termini in a reaction that is mediated by ribosome-bound SsrA RNA and an associated protein
factor, SmpB. This system plays a key role in intracellular protein quality control and also provides a mechanism
to clear jammed or obstructed ribosomes. Here the structural, functional and phylogenetic properties of this
unique RNA and its associated factors are reviewed, and the intracellular proteases that act to degrade the
proteins tagged by this system are also discussed.

Fig. 1 The tmRNA model for SsrA mediated tagging of proteins7. A ribo-
some stalls on an incomplete or untranslatable message, leading to the
recruitment of aminoacylated-SsrA RNA to the ribosomal A site and
transfer of the nascent chain to the alanine-charged tRNA domain of
SsrA. A message switching event then replaces the faulty mRNA by an
open reading frame (shown in magenta) within SsrA, which is translated
until a stop codon is reached and the tagged protein is released to be
degraded by proteases.
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tmRNA model
In bacteria, the signals required for initiation of translation are
located near the 5′ end of the mRNA, and an in-frame UAG,
UAA, or UGA termination codon is required to recruit the pro-
tein factors needed for release of the nascent polypeptide chain
from the ribosome. This need for active polypeptide release cre-
ates a potential problem. How do ribosomes deal with mRNA
fragments — generated by nuclease cleavage or incomplete tran-
scription — that have no termination codons in the protein
reading frame? Translation of such mRNA fragments should ini-
tiate normally and continue until the ribosome reaches the 3′
end. At this point, neither continuation of translation nor nor-
mal protein chain release would be viable options and the ribo-
some should stall, leaving the partially synthesized protein chain
attached to the P-site tRNA. This causes two problems. The first
is clearing the ribosome to permit translation of new mRNAs.
The second is dealing with the potentially deleterious conse-
quences of releasing a partial protein, possibly with poor solubil-
ity properties or unregulated activities, into the cell.

The tmRNA model7 (Fig. 1) postulates that alanine-charged
SsrA RNA recognizes stalled ribosomes, binds like a tRNA to the
ribosomal A site, and then donates the charged alanine to the
nascent polypeptide chain in a standard transpeptidation reac-
tion. The stalled mRNA is then replaced by SsrA RNA, which acts
as a surrogate message to direct translation of the degradation
tag. Translation terminates normally at a stop codon that follows
the SsrA peptide reading frame. The final translation product of
this process carries the 11-residue degradation tag at its C-termi-
nus and hence becomes a substrate for intracellular proteases. In
theory, this system should provide an effective quality control
mechanism to deal with incomplete and potentially harmful
protein fragments and also a way to rescue ribosomes stalled on
damaged mRNAs to permit further rounds of protein synthesis.
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Considerable evidence supports the general
tmRNA model for SsrA RNA function. For
example, model proteins translated from
mRNAs without stop codons are modified by
C-terminal addition of the SsrA-encoded
peptide tag and are rapidly degraded7. If the
final residues of the SsrA peptide reading
frame are mutated to encode DD instead of
AA, then incorporation of the mutant
ANDENYALDD tag into target proteins can
be detected immunochemically and by mass
spectrometry9,10. (Such DD-tagged proteins
are relatively stable to degradation and far
easier to detect than AA-tagged proteins.)
Mutation of the key G:U wobble base pair in
the proposed tRNA-like acceptor stem of SsrA
decreases charging with alanine and tagging
in vitro and also decreases activity in vivo4,11,12.
Moreover, wild-type SsrA copurifies with 70S
ribosomes but charging mutants of SsrA do
not11,13,14. Finally, bacterial translation
extracts supplemented with SsrA-DD RNA
synthesized in vitro display DD-tagging of a

protein synthesized from an mRNA without stop codons9, and
translation systems programmed with poly(U) incorporate ala-
nine and other SsrA tag amino acids even though this RNA codes
only for phenylalanine11. When the charging determinants of
SsrA are changed to those for histidyl-tRNA, histidine is also
incorporated during poly(U) directed translation15.

SsrA synthesis, processing, and modification
SsrA is encoded by a single gene in E. coli and transcription
appears to be controlled by a σ70-type promoter and a rho-
independent transcriptional terminator4,16. In E. coli, the pri-
mary SsrA transcript is 457 nucleotides and processing of this
precursor RNA is required to generate the mature molecule of
363 bases4. Processing is critical for generating both the mature
5′ and 3′ ends of the SsrA acceptor stem, which in turn are
required for charging. Seven nucleotides are removed from the
5′ end of the E. coli SsrA transcript by RNase P cleavage to gen-
erate the mature 5′ terminus4. Processing of the 3′ end of this
transcript seems to involve multiple RNases17–20. In E. coli, an
initial endonucleolytic cleavage appears to be made by the
RNase III and/or RNase E enzymes with subsequent removal of
additional 3′ bases by the RNase T and RNase PH exonucleases.
Mature SsrA, like all tRNAs, has a CCA sequence at its 3′ end. In
B. subtilis and some other bacteria, this CCA trinucleotide is
not encoded in the gene but is added to the processed SsrA
transcript by tRNA nucleotidyltransferase5,21. E. coli SsrA RNA
also contains pseudouridine and 5-methyluridine at positions
analogous to those where the same base modifications are
found in tRNAs1,22.

SsrA structure
Our present knowledge of SsrA RNA structure is based almost

Fig. 2 Predicted secondary structure of E. coli SsrA
RNA21,23–35, highlighting its tRNA and mRNA prop-
erties including the partial tRNAala-like domain
(the secondary structure of tRNAala is shown for
comparison) and the degradation tag coding
sequence. The four pseudoknots are labeled
Ψ1–Ψ4. Figure adapted from the tmRNA website21.
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exclusively on phylogenetic comparisons and chemical modifi-
cation experiments23,24. The intact RNA molecule is too large for
NMR studies and crystals have not yet been obtained. Fig. 2
shows a predicted secondary structure for SsrA RNA21,23–25. The
5′ and 3′ ends of the RNA form an alanyl-tRNA-like domain,
including an acceptor stem, a T-arm, and a D-loop with no stem.
Instead of an anticodon stem-loop, a long disrupted stem con-
nects the tRNA-like domain to the rest of the SsrA molecule.
Upon leaving the 5′ portion of this stem, there is a pseudoknot
(Ψ1), the peptide reading frame followed by a stop codon in a
hairpin loop, and then a series of three additional pseudoknots
(Ψ2–Ψ4). Mutational analyses and NMR studies of an SsrA frag-
ment support the existence and functional importance of the Ψ1
pseudoknot26.

Associated protein factors
All known biological activities of SsrA RNA require SmpB (small
protein B), a protein of ∼160 residues that binds specifically and
with high affinity to SsrA RNA27. In E. coli, SmpB is not required
for SsrA expression, processing, or charging with alanine by
alanyl-tRNA synthetase in vitro. Nevertheless, SsrA does not asso-
ciate stably with 70S ribosomes in cells lacking SmpB. Therefore,
formation of the SsrA–SmpB complex appears to be critical for at
least one step after aminoacylation of SsrA RNA with alanine but
prior to the transpeptidation reaction that couples this alanine to
the nascent chain. Following purification of 70S ribosomes and
dissociation of the 30S and 50S subunits, SmpB remains associat-
ed with SsrA (A.W.K., unpublished observation), suggesting that
SmpB may also be required for later steps in the tmRNA model.
SsrA does not appear to have a traditional anticodon stem-loop
or to require codon–anticodon interactions for ribosome bind-
ing. It is conceivable that SmpB or other unidentified factors
might act as an anticodon-arm mimic and provide additional
contacts required for high affinity ribosome binding. There are
precedents for a protein mimic of a tRNA anticodon stem-loop in
elongation factor G28,29 and ribosome recycling factor30.
Alternatively, SmpB might mediate recognition of other riboso-
mal elements required for SsrA-mediated function, facilitate
some reactions directly, and/or serve a structural role in main-
taining SsrA RNA in an active three-dimensional conformation.
At present, there are no known SmpB functions that are indepen-
dent of its role in supporting SsrA activity.

From a structural perspective, relatively little is known about
SmpB. The isolated protein is monomeric and has a circular
dichroism spectrum expected for a protein that is largely com-
posed of β-sheet27. Sequence searches reveal SmpB orthologs in
all complete and many partial bacterial genomes but do not
result in statistically significant matches with other proteins.
Threading searches do, however, suggest an intriguing potential
structural homology between E. coli SmpB and c-H-Ras p21, a
GTP-binding protein (A.W.K., unpublished observation).

SsrA RNA is recognized and charged by alanyl-tRNA synthetase4

and the resulting aminoacylated SsrA forms a ternary complex
with elongation factor Tu (EF-Tu) and GTP in vitro31,32. Neither the
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kinetics of the charging reaction nor EF-Tu–GTP binding is affect-
ed by binding of SmpB to SsrA RNA, suggesting that the binding
site for SmpB does not overlap with those of alanyl-tRNA syn-
thetase or EF-Tu. However, none of these binding sites have been
mapped. Complex formation with EF-Tu–GTP protects the labile
ester linkage of aminoacylated SsrA31 and, by analogy with tRNAs,
this interaction is also presumed to be important for delivery of
SsrA to ribosomes. When tRNA–EF-Tu–GTP complexes bind to
the ribosomal A site, GTP hydrolysis is stimulated by cognate
codon–anticodon interactions, leading to a conformational change
and dissociation of EF-Tu–GDP. This allows the ribosome-bound
tRNA to participate in the transpeptidation reaction. Complexes
with noncognate tRNAs hydrolyze GTP more than 1,000-fold
more slowly and these complexes generally dissociate before GTP is
hydrolyzed and a translational error is made33. Because SsrA does
not appear to have a traditional anticodon stem-loop, it is unclear
what determines the rate of GTP hydrolysis and release by EF-Tu
and whether this plays any role in assuring the proper recognition
of stalled ribosomes and/or the disruption of interactions with
actively translating ribosomes.

SsrA function
There are important unanswered questions about mechanisms
at almost every step of the tmRNA model. Are messages without
in-frame stop codons produced in the cell by premature termi-
nation of normal transcription, by completed transcription of a
gene containing a transcriptional terminator prior to any in-
frame stop codons, and/or by mRNA degradation? It is known
that mRNAs in E. coli have an average half-life of 2–3 min, and
endoribonucleases or 3′→5′ exoribonucleases probably generate

Fig. 3 Potential mechanisms for SsrA recruitment. a, SsrA interacts with
ribosomes stalled at the extreme 3′ end of a mRNA either by directly rec-
ognizing the empty mRNA track in the A site or because untranslated 3 ′
mRNA, which might occlude SsrA, is absent. b, Prolonged ribosome
stalling at an untranslatable sequence is detected by a ribosomal clock,
leading to a conformational change in the ribosome. This structural
change allows entry of SsrA RNA and could also facilitate the departure
of the original mRNA.

a

b
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mRNA fragments continuously34. Run-off translation from
mRNAs lacking stop codons results in tagging at protein posi-
tions corresponding to the final encoded residue, the penulti-
mate residue, the antepenultimate residue, and so forth10, which
could be explained by message trimming by exonucleases.

There may also be additional mRNA determinants that lead to
tagging in the context of full-length mRNAs. For example, some
ribosomes may reach the 3′ end of mRNAs because normal stop
codons are translated by suppressor tRNAs. In addition, ribo-
some stalling at rare codons has been shown to cause tagging
when the cognate tRNA is scarce9. It is unclear, in this instance,
whether ribosome stalling by itself results in tagging at an inter-
nal mRNA site or if stalling results in ribosome directed cleavage
of the mRNA at the rare codon which, in turn, results in tagging.
If prolonged ribosome stalling is sufficient to recruit SsrA, then
tagging may also occur when ribosomes stall at abasic or other
damaged sites in mRNAs, pause because of stable mRNA sec-
ondary structures, or stop because charged tRNA is scarce. A
variety of endogenous proteins are tagged by the SsrA–SmpB
system in E. coli9, and identifying the sites of protein truncation
and tag addition in these molecules may provide additional
information about the features of mRNAs that result in tagging.

How does the SsrA–SmpB–EF-Tu complex recognize impaired
ribosomes needing rescue without interfering with ribosomes
engaged in normal translation? If all SsrA mediated tagging ulti-
mately occurs on ribosomes stalled at the 3′ end of mRNAs, then
the absence of mRNA in the A site or 3′ untranslated mRNA
could be the major recognition determinant either directly or
because steric clashes are eliminated (Fig. 3a). This simple model
is appealing because in normal translation, the A site is always
occupied and untranslated 3′ mRNA segments are always pre-
sent, potentially explaining why SsrA does not interfere with
routine translation. Alternatively, the ribosome may have an
internal clock that detects prolonged stalling and signals a con-
formational change, enabling entry of the SsrA complex and per-
haps loosening the hold of the ribosome on the mRNA (Fig. 3b).
A clock of this type could also play a role in other translational
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events that require stalling for frame shifting or hopping on the
same mRNA35,36.

The structure of the ribosome shows a very tight fit of the 
P-site tRNA between the 30S and 50S subunits37. How does SsrA
RNA, which is roughly four times as large as a normal tRNA, fit
into the same sites on the ribosome and participate in transpepti-
dation and message switching? The SsrA acceptor stem presum-
ably interacts with the peptidyl transferase center just like a tRNA
during transpeptidation, but the nature of subsequent events is
unclear. It is not known, for example, whether SsrA itself under-
goes translocation to the ribosomal P site, how the SsrA message is
engaged, or how the damaged mRNA is released. The way in
which the ribosome identifies the proper resume codon to start
translation of the SsrA peptide-coding region must also be novel
because initiator fMet-tRNA is not involved. In addition, because
the first alanine added by SsrA is not coded in either the departing
message or in SsrA, there must be some discontinuity in the trans-
lation process during the mRNA to SsrA message switch.
Mutagenesis experiments and phylogenetic comparisons show
that the identity of the resume codon can be changed but also
reveal that certain bases in this region are highly conserved and
hence are presumably required for setting the reading frame10.
Insertion experiments also suggest that elements upstream of the
tag sequence are more important for determining the reading
frame than downstream elements. Once the reading frame is
determined, is SsrA translated and released like a normal mRNA
or do portions of SsrA have to be actively disengaged from the
ribosome? Is the tagged polypeptide released normally or is there a
special mechanism that ensures immediate degradation? Proteins
tagged cotranslationally by the SsrA system seem to degraded
more rapidly than proteins with DNA-encoded SsrA tags, suggest-
ing that there may be additional factors recruited by SsrA–SmpB
that modulate degradation during the tagging process38.

Degradation of SsrA-tagged proteins
The proteases that degrade SsrA-tagged proteins are an important
part of the SsrA quality control system. Three different 

a b

c

Fig. 4 Proteases that degrade SsrA tagged proteins. a, Center: cartoon representation of ClpXP or ClpAP complexes containing a hexamer of ClpX or
ClpA ATPase (blue) and the tetradecamer of the ClpP peptidase (green). Top: two views of those portions of the hexameric HslU (ClpY) ATPase44 that
share sequence homology with ClpX and ClpA43. Bottom: two views of the structure of the ClpP peptidase42. The left view emphasizes the small axial
pore that controls entrance to the proteolytic chamber. The right view is rotated by 90° and several subunits have been removed to allow the central
chamber and several active site catalytic triads (magenta) to be seen. b, Stepwise model for binding, catalyzed denaturation, translocation, and
degradation of a SsrA tagged substrate by the ClpXP complex. c, Model for binding, spontaneous denaturation, and degradation of an SsrA tagged
substrate by the Tsp protease.

© 2000 Nature America Inc. • http://structbio.nature.com
©

 2
00

0 
N

at
u

re
 A

m
er

ic
a 

In
c.

 •
 h

tt
p

:/
/s

tr
u

ct
b

io
.n

at
u

re
.c

o
m



review

E. coli proteases, ClpXP, ClpAP, and FtsH (HflB), execute energy
dependent degradation of SsrA tagged proteins in the bacterial
cytoplasm as well as in purified systems38,39. ClpXP and ClpAP are
multicomponent enzymes40,41, in which ClpP, a tetradecameric
serine protease, forms stacked heptameric rings that enclose a
chamber with a diameter of ∼50 Å (ref. 42; Fig. 4a). The crystal
structure of ClpP42 reveals that the active sites are arrayed on the
interior surface of this chamber with access controlled by axial
pores too small to allow passage of native proteins. ClpX and ClpA
are hexameric ATPases, which interact with ClpP to mediate sub-
strate binding and regulate protease activity40,41. Although struc-
tures for neither ClpX nor ClpA are known, sequence homology
suggests that the ATPase domains of both proteins would resemble
the D2 domain of N-ethylmaleimide sensitive fusion protein
(NSF)43. Indeed, the recent crystal structure of a closely related
ATPase, HslU (ClpY), confirms this structural homology44

(Fig. 4a). ClpA and ClpX belong to the Clp/Hsp100 family of
ATPases. FtsH is a membrane-bound zinc protease45 that belongs
to the AAA superfamily of ATPases, a group distantly related to the
Clp/Hsp100 proteins43. FtsH may degrade SsrA tagged membrane
proteins as well as some cytoplasmic proteins38,39.

The SsrA peptide tag does not affect the structure or thermo-
dynamic stability of attached proteins38, suggesting that it caus-
es degradation simply by providing a recognition site for
protease binding. Indeed, ClpX and ClpA have distinct domains
of ∼100 residues, called sensor and substrate discrimination
(SSD) domains, that bind specifically to SsrA tagged proteins
and certain other substrates46,47. SsrA tagged proteins with dra-
matically different structures and stabilities also bind to ClpX
with roughly the same interaction constants, suggesting that the
peptide tag is the principal determinant of binding to these
enzymes67. Following binding to ClpX or ClpA, SsrA tagged
native proteins are actively denatured and translocated into
ClpP for degradation48,49 (Fig. 4b; ref. 67). This ensures that
SsrA tagged proteins in the bacterial cytoplasm can be efficient-
ly degraded irrespective of their intrinsic stabilities. ClpX and
ClpA accelerate the rate of denaturation of green fluorescent
protein bearing a C-terminal SsrA tag more than 106-fold49,67

(unpublished observations), and presumably actively catalyze
denaturation by exerting force on bound native substrates
through conformational changes that accompany ATP binding
or hydrolysis. ClpXP and ClpAP are also highly processive
enzymes40, and thus SsrA-tagged cytoplasmic proteins can be
degraded to small peptides.

SsrA tagged proteins with signal sequences are exported to the
periplasmic compartment of E. coli where they are degraded by
the Tsp (Prc) protease7. Tsp is monomeric, ATP-independent
(ATP is not generated in the periplasm), and bears no sequence
homology to any of the cytoplasmic proteases50. A region of Tsp
with homology to mammalian PDZ domains51 mediates recog-
nition of SsrA tagged substrates (N. Walsh and R.T.S., unpub-
lished observation). This fact makes sense as SsrA tagged
proteins are modified at their C-termini and PDZ domains are
specialized for C-terminal peptide binding51. Tsp is believed to
bind the C-terminal tails of its substrates and to wait until spon-
taneous protein unfolding exposes the polypeptide chain to the
protease active site52 (Fig. 4c). Although this mechanism would
suffice to degrade proteins with modest stabilities, hyperstable
SsrA tagged substrates should be degraded very slowly and
tagged proteins might not be degraded to small peptide frag-
ments. Several other periplasmic proteases also have PDZ-like
domains (DegP, DegQ, and DegS) and might participate in
degradation of some SsrA tagged substrates. In fact, the PDZ-like
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domain of DegS binds to the SsrA peptide tag with submicro-
molar affinity (N. Walsh and R.T.S., unpublished observation),
and overexpression of DegQ and DegS can complement tsp
defective phenotypes53. Some degradation of SsrA tagged pro-
teins has also been observed in tsp- strains10.

The fact that proteases in different intracellular compartments
can degrade SsrA tagged proteins obviously increases the reach
of this surveillance system by ensuring that tagged proteins can
be proteolyzed irrespective of their subcellular localization. In
any given cellular compartment, it is also possible that having
multiple proteases degrade SsrA tagged substrates increases the
overall efficiency of this quality control system or, in some cases,
allows degradation of specific classes of tagged substrates.

Phylogenetic insights
SsrA and SmpB are found in all complete bacterial genomes
(Table 1) and have also been identified in many genomes that
have only been partially sequenced. Alignments of many SsrA
and SmpB sequences can be found at the tmRNA website21

(www.indiana.edu/∼tmRNA/) and in the COG database54

(www3.ncbi.nlm.nih.gov/COG/aln/ COG0691.aln), respectively.
The α-proteobacteria Caulobacter crescentus and Rickettsia
prowazekii contain smpB genes but recognizable ssrA genes were
not initially identified21,55. The presence of SmpB in these species
strongly suggests, however, that they also contain SsrA. Indeed,
recent studies reveal the presence of unusual two-piece SsrA
molecules in both C. crescentus and R. prowazekii68. The
SsrA–SmpB system seems, therefore, to be a universal feature of
eubacteria, and its preservation even in a bacterium like
Mycoplasma genitalium, which has fewer than 500 genes, argues
strongly for an important biological role. The most highly con-
served features of SsrA involve the alanyl-tRNA-like 5′ and 3′
ends, some properties of the degradation tag sequence, and, for
the most part, the overall secondary structure21.

There is no evidence for SsrA or SmpB in the archaeabacteria
or in eukaryotes, with the exception of some organelles. The sep-
aration of nuclear transcription and cytoplasmic translation in
eukaryotes may permit other mechanisms to identify and elimi-
nate damaged mRNAs before they leave the nucleus.
Furthermore, efficient translation of most eukaryotic mRNAs
requires both 5′ and 3′ information56, and thus mRNAs that are
cleaved after entering the cytoplasm may never be translated.
The SsrA–SmpB system is similar to the eukaryotic ubiquitin
system in using degradation tags to target proteins to specific
proteases. The ClpXP and ClpAP complexes even share some
architectural similarities with the eukaryotic 26S proteasome57.
The SsrA and ubiquitin systems are very different, however, in
several important ways. Notably, the SsrA system acts cotransla-
tionally to ensure the degradation of incomplete protein chains,
whereas the ubiquitin system acts post-translationally to target
intact proteins for proteolytic destruction.

The SsrA tag sequences are reasonably well conserved in dif-
ferent bacteria (Table 1). The C-terminal residue is always ala-
nine. Moreover, the C-terminal pentapeptide is generally quite
hydrophobic and is usually preceded by a cluster of charged or
polar residues10. The evolutionary conservation of the general
properties of the tag sequences indicates that the tagging func-
tion of SsrA together with the associated degradation of tagged
proteins must be biologically important. Of the proteases known
to degrade SsrA tagged proteins in E. coli, ClpXP, ClpAP, and Tsp
are distributed reasonably widely but only FtsH is present in all
of the completely sequenced bacterial species (Table 1). It seems
likely, therefore, that FtsH is responsible for degradation of SsrA
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tagged proteins in species such as Mycoplasma, which lack the
other proteases. Interestingly, in these bacteria the tag sequences
also have distinct sequence features (for example, a penultimate
Phe in place of Ala), suggesting that they may be optimized for
interactions with FtsH.

EF-Tu and alanyl-tRNA synthetase are present in all bacteria
and obviously play essential roles in normal translation. If SsrA
originated at the same ancient time as tRNAs and the transla-
tional machinery, then alanine tRNA synthetase would have
evolved under the constraint of interacting with both tRNAala

and SsrA RNA. This may explain, in part, why the charging
determinants of this enzyme are both very simple and different
from many other synthetase·tRNA pairs15,58. Some endoribonu-
cleases, such as RNase E, which help process the ssrA transcript
in E. coli, appear to be missing in many bacteria (Table 1), sug-
gesting that the mechanism of processing is species dependent.

Physiological roles of SsrA
The SsrA–SmpB system is not required for growth of E. coli but is
essential in Neisseria gonorrhoeae, M. genitalium, and 
M. pneumoniae59,60. Why is this system required in some bacteria
and not others? One possibility is that species like E. coli have
another, redundant system that can serve the same general func-
tion. In fact, E. coli can release proteins synthesized from mRNAs
without in-frame stop codons by an ssrA independent pathway7.
Alternatively, processes such as clearing stalled ribosomes and
protein quality control may be more critical in some bacteria or
under certain adverse conditions because errors leading to ribo-
some stalling are far more frequent. The latter possibility could,
for example, explain why the SsrA–SmpB system is dispensable
for normal growth of Salmonella typhimurium but is required for
the survival of this bacterium within macrophages61,62. SsrA
defective E. coli do display phenotypes including slow growth at
high temperature4, reduced motility4, slow recovery from carbon
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starvation63, an increase in the activity of an unidentified pro-
tease64, failure to plate hybrid λimmP22 phage65 (λ phage with the
immunity region of P22 phage), an inability to induce tempera-
ture-sensitive phage Mu lysogens27, and increases in the activities
of several different DNA binding proteins66. Interestingly, some of
these phenotypes can be largely complemented by SsrA mutants
with mutant peptide tags that are poorly recognized by proteases,
suggesting that ribosome clearance may be more important than
degradation for these defects12.

How does elimination of the SsrA–SmpB system result in these
cellular phenotypes? In one case, there is an appealing model.
Recent studies suggest that Lac repressor binds to an operator site
within the C-terminal coding region of its gene, causing prema-
ture termination of transcription, SsrA tagging of the truncated
protein, and degradation of this tagged protein fragment (T. Abo
& H. Aiba, pers. comm.). In the absence of SsrA, these repressor
fragments would not be tagged and degraded, and could, there-
fore, contribute to increased DNA binding activity. This is the
first instance in which a specific cellular phenotype — here,
increased Lac repressor activity in SsrA defective E. coli — has
been mechanistically linked via a specific mRNA and protein to
the tmRNA model. SsrA RNA was initially proposed to inhibit
DNA binding proteins such as Lac repressor by direct complex
formation66 but this model fails to explain why SmpB is required
for SsrA activity27. Unfortunately, specific protein or mRNA tar-
gets for tagging, degradation, or ribosome clearance have not
been identified for most SsrA phenotypes.

Summary
The SsrA–SmpB system rescues bacterial ribosomes on which syn-
thesis of incomplete proteins has stalled and tags these proteins for
subsequent degradation. ATP dependent proteases recognize,
denature, and degrade proteins tagged by this system in the cyto-
plasm and ATP independent proteases mediate degradation in the

Table 1 Phylogenetic distribution in complete eubacterial genomes of RNAs and proteins associated with the SsrA–SmpB system1

Complete and annotated tmRNA SsrA Precursor Degradation of SsrA tagged SsrA Tag
bacterial genomes System Processing-RNases proteins/proteases

Species Proteins SsrA SmpB P E III ClpXP ClpAP FtsH Tsp Encoded peptide sequence
Escherichia coli 4,289 √ √ √ √ √ √ √ √ √ (A)ANDEN—————————————————YALAA**

Bacillus subtilis 4,100 √ √ √ √ √ √ √ √ √ (A)GKTNSFNQN—————————————VALAA**

Mycobacterium tuberculosis 3,918 √ √ √ √ √ √ √ √ absent(A)ADSHQRD———————————————YALAA*
Synechocystis PCC6803 3,169 √ √ √ √ √ √ √ √ √ (A)ANNIVSFKR—————————————VAIAA*

Deinococcus radiodurans 2,580 √ √ √ absent absent √ √ √ √ (A)GNQN——————————————————YALAA*

Thermotoga maritima 1,846 √ √ √ √ √ √ √ √ √ (A)ANEP——————————————————VAVAA**

Haemophilus influenzae 1,709 √ √ √ √ √ √ absent √ √ (A)ANDEQ—————————————————YALAA**

Aquifex aeolicus 1,522 √ √ absent absent √ √ √ √ √ (A)APEAE—————————————————LALAA*

Helicobacter pylori 26695 1,566 √ √ √ absent √ √ √ √ √ (A)VNNTDYAPA—————————————YAKAA*

Helicobacter pylori J99 1,491 √ √ √ absent √ √ √ √ √ (A)VNNADYAPA—————————————YAKAA*

Treponema pallidum 1,031 √ √ √ absent √ √ √ √ √ (A)ANSDSFD———————————————YALAA*

Chlamydia pneumoniae 1,052 √ √ √ √ √ √ √ √ √ (A)AEPKAECEIISLFDSVE—————ERLAA*

Chlamydia trachomatis 894 √ √ √ √ √ √ √ √ √ (A)AEPKAECEIISFADLED—————LRVAA*

Borrelia burgdorferi 850 √ √ √ absent √ √ √ √ √ (A)AKNNNFTSSN————————————LVMAA*

Rickettsia prowazekii 834 √2 √ √ √ √ √ absent √ √ (A)ANDNRYVGVP————————————ALAAA*

Mycoplasma pneumoniae 677 √ √ √ absent √ absent absent √ absent(A)DKNNDEVLVDPMLIANQQASI—NYAFA*
Mycoplasma genitalium 467 √ √ √ absent √ absent absent √ absent(A)DKENNEVLVEPNLIINQQASV—NFAFA*

1SsrA RNA and the encoded tag sequences were taken from the tmRNA website21. Protein orthologs were identified in the COG database54 or by
BLAST homology searches for Deinococcus radiodurans. COG1530 includes both RNases E and G, which functionally overlap in E. coli. ClpA orthologs
were distinguished from ClpB orthologs in COG0542 based on the presence of a (VILMP)(G)(FL) tripeptide in ClpA and a signature sequence found
only in ClpB. The asterisks indicate termination codons.
2ref. 68 and K. Williams, pers. comm.
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periplasm. Although general features have been suggested for the
processes of cotranslational tagging and degradation, relatively lit-
tle is known about the detailed structures or mechanisms of the
molecular machines that mediate these reactions.
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