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tmRNA ribonucleoprotein complex

• found in every species of bacteria, some 
plastids & primitive mitochondria

• highly abundant (~10% rRNA level)

• also called SsrA (Small, stable RNA)

• in E. coli, 2-4% of translation initiations 
terminate by translating tmRNA (5 times 
per ribosome per cell cycle)
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tmRNA ribonucleoprotein complex

• found in every species of bacteria, some 
plastids & primitive mitochondria

• highly abundant (~10% rRNA level)

• also called SsrA (Small, stable RNA)

• in E. coli, 2-4% of translation initiations 
terminate by translating tmRNA (5 times 
per ribosome per cell cycle)
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trans-translation resolves “non-stop” 
translation complexes 

“nonstop” ribosome



transcription and translation mistakes lead 
to trans-translation



EF-Tu binds the tRNA-like domain of tmRNA and 
SmpB mimics the missing mRNA

DOI: 10.1126/science.1217039
, 1366 (2012);335 Science

, et al.Cajetan Neubauer
Ribosome
Decoding in the Absence of a Codon by tmRNA and SmpB in the
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Here, we present the crystal structure of
the Thermus thermophilus ribosome bound to
a complex consisting of a fragment of tmRNA
(tmRNADm) alongwith SmpB and EF-Tu trapped
in the guanosine diphosphate (GDP) state im-

mediately after guanosine triphosphate (GTP)
hydrolysis by using the antibiotic kirromycin,
as was done previously with the tRNA com-
plex (15). In addition, the ribosome contains
deacylated tRNAfMet in the P and E sites of

the ribosome and a truncated mRNA that con-
tains two bases in the A site after the P-site
codon. The construct tmRNADmwas based on the
sequence of the ssrA gene from T. thermophilus
and contained 89 nucleotides (Fig. 1A). It in-
cludes the TLD but does not contain the pseudo-
knots or the ORF of tmRNA. Together with
SmpB and EF-Tu, similar constructs of tmRNA
were capable of interacting with stalled ribo-
somes (10) and even of synthesizing polyalanine
on 70S ribosomes in the absence of an mRNA
template (16).

Crystals were obtained in a new form with
only one ribosome in the asymmetric unit. We
carried out molecular replacement and initial
refinement using an empty ribosome as a starting
model [for details see supplementary online ma-
terials (SOM)]. All the components of the Ala-
tmRNADm·SmpB·EF-Tu·GDP complex were
clearly visible in an initial unbiased difference
Fourier map (fig. S1). Ligandswere subsequently
built, and the complete model was refined to 3.1 Å
resolution [I/s(I) = 2.12 at 3.20 Å] (Fig. 1B and
table S1), which resulted in a final Rwork/Rfree

of 23.0%/27.0%.
The complex of Ala-tmRNADm with SmpB

and EF-Tu·GDP·kirromycin in the A site of
the ribosome is shown in Fig. 1C. The model of
EF-Tu is complete except for the switch I region
(residues 41 to 66), which was also disordered in
a previous crystal structure of EF-Tu in complex
with aminoacyl-tRNA (15). TheTLDof tmRNADm

was well ordered for residues 1 to 24 and 314 to
349. SmpB could be modeled completely, in-
cluding the entire C terminus, which is unstruc-
tured in solution but critical for tmRNA function
(17–19). The overall conformation of the ribo-
some closely resembles that of the equivalent
complex of EF-Tu with acylated tRNA (15).
Despite the absence of an anticodon in tmRNA,
the 30S subunit is in a “closed” conformation that
is normally characteristic of the presence of a co-
gnate codon-anticodon base pairing in the de-
coding center of the 30S subunit (20, 21). The
analysis of this structure now allows detailed
insights into how tmRNA and SmpB together
recognize stalled ribosomes and facilitate de-
coding, even in the absence of a codon-anticodon
interaction.

The complex of SmpB and the TLD re-
sembles a tRNA molecule. Overall, the confor-
mation of the ribosome-bound tmRNADm·SmpB
complex shows the canonical L shape of a tRNA
(Fig. 2) and is similar to a closely related isolated
crystal structure (root mean square deviation of
~1.0 Å) (8). This implies that the complex of
SmpB and the TLD undergoes only slight con-
formational changes during its binding to stalled
ribosomes. The only exception is the D loop,
whose 5′ region moves toward the acceptor
stem in the ribosome complex (fig. S2). This
part of the D loop shows weaker electron den-
sity and was disordered in one of the isolated
crystal structures, which indicates that it has struc-
tural flexibility (7). Overall the TLD structurally

Fig. 1. Overview of the structure of
Ala-tmRNADm, SmpB, and EF-Tu·GDP
bound to the ribosome. (A) Secondary
structure diagram of tmRNA and se-
quence of the tmRNADm fragment used
in this study. The TLD is highlighted in
green, the ORF in magenta, and RNA
helix 2b in blue. Mutations introduced
for improved refolding of the in vitro
transcribed RNA and the UUCG tetra
loop are indicated in magenta and the
G·U base pair recognized by alanine
tRNA synthetase in yellow. (B) Over-
view of the ribosomal complex with
EF-Tu, SmpB, and tmRNADm. (C) De-
tailed view of the ribosomal A site.

Fig. 2. Superposition of tmRNADm·SmpB·EF-
Tu with a complex of A-site tRNA and EF-Tu
[gray, Protein Data Bank (PDB) code 2Y10] (36).
In the tmRNA·SmpB complex, SmpB sub-
stitutes for the anticodon arm of tRNA. The
interactions of EF-Tu (red) and the acceptor-
stem region of tmRNA (green) are nearly
identical to that observed for the tRNA·EF-Tu
complex (gray). (Inset) A close-up view of
the 3′ end CCA sequence. The ends of the
tmRNADm model that connect to helix 2b
point out of the ribosome and are shown as
blue spheres.
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and functionally mimics the acceptor arm and
TYC-arm of tRNA. As suggested by previous
isolated structures of the TLD·SmpB complex,
the core of SmpB structurally mimics the an-
ticodon stem of tRNA in the ribosome. Helix
2a points out of the ribosome, where its posi-
tioning would allow the pseudoknot modules
of tmRNA to form an arc around the beak of
the 30S subunit, as previously reported by sev-
eral EM studies (22–24). The conformation of
the 3′-CCA end of Ala-tmRNADm and the ac-
ceptor arm, as well as the T-arm portion that
interacts with EF-Tu, closely resembles the pre-
accommodation state of aminoacyl-tRNA (Fig. 2).
The structure of EF-Tu in the tmRNA complex
showed clear extra density for GDP and
kirromycin and is nearly identical to the structure
of EF-Tu with cognate aminoacyl-tRNA in the
ribosome. As expected, this confirms that the
addition of kirromycin has trapped the Ala-
tmRNADm·SmpB particle in the state just after
GTP hydrolysis in EF-Tu. Notably, SmpB shows
no interaction with EF-Tu. The closest distance is
about 5 Å between Y68 of SmpB and EF-Tu
residue I375 (T. thermophilus numbering). Y68
is part of the central loop of SmpB that has high
flexibility in solution and likely increases the
aminoacylation efficiency of tmRNA (8). Giv-
en the EF-Tu and SmpB binding sites on the
TLD, the structure does not support the simulta-
neous binding of two SmpB proteins to the TLD
before translocation (11) but rather a model in
which tmRNA and SmpB enter the ribosome as a
1:1 complex that structurally mimics a tRNA
whose anticodon stem loop has been replaced
by SmpB.

The C terminus of SmpB, which is unstruc-
tured in solution, is completely ordered on bind-
ing the ribosome (residues 122 to 144) (Fig. 1C).
Its interactions with the ribosome are consistent
with a recent hydroxyl radical probing study
using SmpB mutations of the carboxy-terminal
tail (25). The C terminus first extends from the
SmpB core toward the ribosomal decoding base
G530 and then continues along the path normally
occupied by mRNA downstream of the A-site
codon (Fig. 3, A andB). This part of the tail from
residue G122 to D132 is well ordered and makes
several interactions with 16S rRNA. Residue
G122 is highly conserved, and its mutation to
alanine reduces tmRNA-tagging in vitro (14),
which suggests that conformational flexibility
in this position is essential. Several residues fur-
ther, a well-defined series of interactions starts
with Y126 stacking with 16S G530, which is
flipped out into the anti conformation. G530 is
part of the ribosomal decoding center, and a
similar conformation is also observed during
recognition of cognate codon-anticodon interac-
tion (20). Y126 is a moderately conserved res-
idue (Fig. 3C), and its mutation alone does not
inhibit trans-translation (25). However, this po-
sition of SmpB is highly restricted to aromatic
residues, which implies that the stacking onto
G530 is important for tmRNA function. Adja-

cent to Y126, two highly conserved basic resi-
dues are forming ionic bonds with the negatively
charged phosphate backbone. K128 interacts
with the phosphate group of G530 and R129
with C532. Together, these residues were pre-
viously shown to be required for tagging in
vivo (14, 19). Starting from residue D132, the
sequence then forms an a helix, which extends
toward the C terminus and shows weak inter-
actions with 16S rRNA, e.g., with residues K134
and R138. In E. coli, the mutation of W147 had
a strong effect on tagging efficiency (25), and the
corresponding V137 in T. thermophilus SmpB,
together with L141, may be involved in hy-
drophobic interactions with F28 and V51 on
the surface of ribosomal protein S5. Overall
the helical structure of this region is highly con-
served and essential for tmRNA-tagging activity

(14, 26). This suggests that these interactions
of the carboxy-terminal helix with the ribo-
somemight further stabilize the binding of SmpB
to stalled ribosomes. Overall, SmpB appears to
recognize stalled ribosomes by making specific
interactions with regions of the ribosome that
would normally be occupied by mRNA if it
were not truncated. After the initial step of trans-
translation, however, these contacts would need to
be disrupted because the ORF of tmRNAwould
have to replace the C terminus of SmpB and
position itself along the mRNA path before
translation can resume.

The structure explains why the tmRNA sys-
tem does not interfere with active protein syn-
thesis. For crystallization, we used an mRNA
sequence with two nucleotides in the A site.
The second nucleotide is disordered and does

Fig. 3. Interactions of
SmpB with the ribosome.
(A) The C-terminal tail of
SmpB would clash with
mRNA downstream of the
A-site codon. The mRNA
used in this work is col-
ored in magenta, and an
extension based on the
superposition of a longer
mRNA (PDB code 2HGR)
(31) is shown in gray. The
mRNAnucleotides arenum-
bered starting with the first
nucleotide of the A-site
codon. (B) SmpB interacts
with both the shoulder
domain and the 3′ major
domain of 16S rRNA near
the decoding center. (In-
sets) Close-up views of the
interactions near A1492/
A1493 and G530 at the
decoding center. (C) Se-
quence alignment for the
regions of SmpB interacting
with the decoding center
with degree of conserva-
tion indicated by size.
Positively charged residues
are highlighted in blue,
negative in red, and aro-
matic in yellow. For details,
see SOM and fig. S4.
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Here, we present the crystal structure of
the Thermus thermophilus ribosome bound to
a complex consisting of a fragment of tmRNA
(tmRNADm) alongwith SmpB and EF-Tu trapped
in the guanosine diphosphate (GDP) state im-

mediately after guanosine triphosphate (GTP)
hydrolysis by using the antibiotic kirromycin,
as was done previously with the tRNA com-
plex (15). In addition, the ribosome contains
deacylated tRNAfMet in the P and E sites of

the ribosome and a truncated mRNA that con-
tains two bases in the A site after the P-site
codon. The construct tmRNADmwas based on the
sequence of the ssrA gene from T. thermophilus
and contained 89 nucleotides (Fig. 1A). It in-
cludes the TLD but does not contain the pseudo-
knots or the ORF of tmRNA. Together with
SmpB and EF-Tu, similar constructs of tmRNA
were capable of interacting with stalled ribo-
somes (10) and even of synthesizing polyalanine
on 70S ribosomes in the absence of an mRNA
template (16).

Crystals were obtained in a new form with
only one ribosome in the asymmetric unit. We
carried out molecular replacement and initial
refinement using an empty ribosome as a starting
model [for details see supplementary online ma-
terials (SOM)]. All the components of the Ala-
tmRNADm·SmpB·EF-Tu·GDP complex were
clearly visible in an initial unbiased difference
Fourier map (fig. S1). Ligandswere subsequently
built, and the complete model was refined to 3.1 Å
resolution [I/s(I) = 2.12 at 3.20 Å] (Fig. 1B and
table S1), which resulted in a final Rwork/Rfree

of 23.0%/27.0%.
The complex of Ala-tmRNADm with SmpB

and EF-Tu·GDP·kirromycin in the A site of
the ribosome is shown in Fig. 1C. The model of
EF-Tu is complete except for the switch I region
(residues 41 to 66), which was also disordered in
a previous crystal structure of EF-Tu in complex
with aminoacyl-tRNA (15). TheTLDof tmRNADm

was well ordered for residues 1 to 24 and 314 to
349. SmpB could be modeled completely, in-
cluding the entire C terminus, which is unstruc-
tured in solution but critical for tmRNA function
(17–19). The overall conformation of the ribo-
some closely resembles that of the equivalent
complex of EF-Tu with acylated tRNA (15).
Despite the absence of an anticodon in tmRNA,
the 30S subunit is in a “closed” conformation that
is normally characteristic of the presence of a co-
gnate codon-anticodon base pairing in the de-
coding center of the 30S subunit (20, 21). The
analysis of this structure now allows detailed
insights into how tmRNA and SmpB together
recognize stalled ribosomes and facilitate de-
coding, even in the absence of a codon-anticodon
interaction.

The complex of SmpB and the TLD re-
sembles a tRNA molecule. Overall, the confor-
mation of the ribosome-bound tmRNADm·SmpB
complex shows the canonical L shape of a tRNA
(Fig. 2) and is similar to a closely related isolated
crystal structure (root mean square deviation of
~1.0 Å) (8). This implies that the complex of
SmpB and the TLD undergoes only slight con-
formational changes during its binding to stalled
ribosomes. The only exception is the D loop,
whose 5′ region moves toward the acceptor
stem in the ribosome complex (fig. S2). This
part of the D loop shows weaker electron den-
sity and was disordered in one of the isolated
crystal structures, which indicates that it has struc-
tural flexibility (7). Overall the TLD structurally

Fig. 1. Overview of the structure of
Ala-tmRNADm, SmpB, and EF-Tu·GDP
bound to the ribosome. (A) Secondary
structure diagram of tmRNA and se-
quence of the tmRNADm fragment used
in this study. The TLD is highlighted in
green, the ORF in magenta, and RNA
helix 2b in blue. Mutations introduced
for improved refolding of the in vitro
transcribed RNA and the UUCG tetra
loop are indicated in magenta and the
G·U base pair recognized by alanine
tRNA synthetase in yellow. (B) Over-
view of the ribosomal complex with
EF-Tu, SmpB, and tmRNADm. (C) De-
tailed view of the ribosomal A site.

Fig. 2. Superposition of tmRNADm·SmpB·EF-
Tu with a complex of A-site tRNA and EF-Tu
[gray, Protein Data Bank (PDB) code 2Y10] (36).
In the tmRNA·SmpB complex, SmpB sub-
stitutes for the anticodon arm of tRNA. The
interactions of EF-Tu (red) and the acceptor-
stem region of tmRNA (green) are nearly
identical to that observed for the tRNA·EF-Tu
complex (gray). (Inset) A close-up view of
the 3′ end CCA sequence. The ends of the
tmRNADm model that connect to helix 2b
point out of the ribosome and are shown as
blue spheres.
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the RpsA (S1) enigma

• RpsA from E. coli and Thermus thermophilus binds tmRNA, but not 
as well as mRNA

• RpsA is not required for trans-translation in vitro using E. coli or T. 
thermophilus components

• RpsA levels in vivo do not affect trans-translation activity
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• RpsA from E. coli and Thermus thermophilus binds tmRNA, but not 
as well as mRNA

• RpsA is not required for trans-translation in vitro using E. coli or T. 
thermophilus components

• RpsA levels in vivo do not affect trans-translation activity

Could PZA act through RpsA and trans-translation in MTB?

• RpsA could be important for trans-translation in MTB
- Mycobacterial RpsA has only 4 S1 repeats instead of 6
- RpsA could be particularly important during latency

• RpsA-POA could inhibit trans-translation through a mechanism 
other than blocking RpsA-tmRNA binding



the RpsA (S1) enigma

• RpsA from E. coli and Thermus thermophilus binds tmRNA, but not 
as well as mRNA

• RpsA is not required for trans-translation in vitro using E. coli or T. 
thermophilus components

• RpsA levels in vivo do not affect trans-translation activity

Could PZA act through RpsA and trans-translation in MTB?

• RpsA could be important for trans-translation in MTB
- Mycobacterial RpsA has only 4 S1 repeats instead of 6
- RpsA could be particularly important during latency

• RpsA-POA could inhibit trans-translation through a mechanism 
other than blocking RpsA-tmRNA binding

• need biochemical studies with mycobacterial components



trans-translation is essential in many bacteria

Neisseria gonorrhoeae 
Shigella flexneri 
Haemophilus influenza 
Helicobacter pylori
Mycoplasma genitalium and M. pneumonia 
Bacillus anthracis 
Staphylococcus aureus
Francisella tularensis

*Mycobacterium smegmatis
*Mycobacterium tuberculosis

Figure 1: Model for trans-translation. Tagging and 
proteolysis steps are shown, with potential molecular targets 
for antibotic action indicated by asterisks. See text for 
details (Keiler, 2008). 

!

“nonstop” ribosome



some species have backup systems for ribosome 
release

• in all cases studied, deletion of tmRNA and the backup system is lethal
• MTB and M. smegmatis do not have obvious homologs of ArfA or YaeJ

YaeJ

ArfA



Why is loss of trans-translation detrimental?

1. loss of translation capacity
2. accumulation of incomplete proteins
3. particular problems with membrane proteins 



neither ssrA nor smpB can be deleted in Mycobacteria

AL123456.2 >

tmRNARv3099cSmpB Rv3098cFtsXFtsERv3103cRv3104c Rv3097c

data from Griffin, et al. (2011) PLOS Path.

1. no transposon hits from saturating mutagenesis in MTB

2. targeted genetic deletions cannot be isolated in MTB or M. smegmatis
• depletion strains are under construction

3. small molecule inhibitors of trans-translation kill MTB and M. smegmatis



in vitro trans-translation assay with E. coli extracts

DHFR TAG

translation of mRNA
with stop codon

translation of 
nonstop mRNA

tmRNA-SmpB – + +–
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A7 specifically inhibits trans-translation in vitro
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If trans-translation is essential and PZA inhibits trans-translation through 
RpsA, why does PZA work so much better on latent cells?

1. metabolism or bioavailability of active form of PZA

S1POA
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growth latency
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If trans-translation is essential and PZA inhibits trans-translation through 
RpsA, why does PZA work so much better on latent cells?

1. metabolism or bioavailability of active form of PZA
2. PZA cannot block trans-translation when RpsA and tmRNA-

SmpB are abundant (during growth), but can inhibit in latent cells 
where concentrations are lower
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If trans-translation is essential and PZA inhibits trans-translation through 
RpsA, why does PZA work so much better on latent cells?

1. metabolism or bioavailability of active form of PZA
2. PZA cannot block trans-translation when RpsA and tmRNA-

SmpB are abundant (during growth), but can inhibit in latent cells 
where concentrations are lower

3. RpsA is required for trans-translation only during latency



If trans-translation is essential and PZA inhibits trans-translation through 
RpsA, why does PZA work so much better on latent cells?

1. metabolism or bioavailability of active form of PZA
2. PZA cannot block trans-translation when RpsA and tmRNA-

SmpB are abundant (during growth), but can inhibit in latent cells 
where concentrations are lower

3. RpsA is required for trans-translation only during latency

• if trans-translation is the target of PZA, other trans-translation 
inhibitors should be as effective as PZA against latent cells

• likewise, drugs that act like PZA might inhibit trans-translation
➡ test in vitro
➡ test in vivo with reporters for trans-translation activity



conclusions and suggestions

• loss of trans-translation in MTB is either lethal or has a major growth 
defect 

➡ do other trans-translation inhibitors act like PZA on latent cells?
➡ do molecules that act like PZA inhibit trans-translation?

• RpsA is not required for trans-translation in other species

➡ test the role of RpsA on trans-translation in vitro using MTB 
components

➡ test whether RpsA-POA can interfere with trans-translation in 
vitro using MTB components 
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A7 causes rapid turnover of SecY
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treated#
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E.#coli# SecY#

Holly Cardoso and Tom Silhavy



when there is a backup system, inactivation of 
trans-translation typically causes defects in 

resuming proliferation

Proliferation after stationary phase and stasis induced by T/A system toxins: E. coli 

Proliferation after macrophage invasion: Yersinia pestis, Y. pseudotuberculosis
Salmonella enterica, S. typhimurium

Proliferation after root cell invasion: Bradyrhizobium japonicum

Proliferation after dispersal state: Caulobacter crescentus 

Other general phenotypes: increased sensitivity to oxidative stress and antibiotics

YaeJ

ArfA



alternative release 
mechanisms

A7

neither ssrA nor smpB can be deleted in Mycobacteria, 
but...

• severe growth defects can prevent recovery of Tn insertion mutants and genetic 
deletions (depletion strains are required to confirm) 

• A7 acts upstream of alternative release mechanisms



conclusions and speculations

➡If trans-translation is essential and PZA inhibits trans-translation 
through RpsA, why does PZA work so much better on latent cells?

➡If MTB has a backup system for trans-translation, PZA may still act 
through trans-translation by preventing a return to proliferation.

alternative release 
mechanisms

A7

PZA
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in vitro translation is not inhibited
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in vitro translation is not inhibited
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conclusions and speculations

➡If trans-translation is essential and PZA inhibits trans-translation 
through RpsA, why does PZA work so much better on latent cells?

1. metabolism or bioavailability of active form of PZA

2. PZA is not a great inhibitor and cannot block trans-translation 
when RpsA and tmRNA-SmpB are abundant (during growth), but 
can inhibit in latent cells where concentrations are lower

S1POA



conclusions and speculations

➡If trans-translation is essential and PZA inhibits trans-translation 
through RpsA, why does PZA work so much better on latent cells?

1. metabolism or bioavailability of active form of PZA

2. PZA is not a great inhibitor and cannot block trans-translation 
when RpsA and tmRNA-SmpB are abundant (during growth), but 
can inhibit in latent cells where concentrations are lower

3. RpsA is required for trans-translation only during latency

• if trans-translation is the target, other trans-translation inhibitors 
should be as effective as PZA against latent cells


