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Abstract

Bacteria use trans-translation to rescue stalled ribosomes and target incomplete pro-

teins for proteolysis. Despite similarities between tRNAs and transfer-messenger RNA

(tmRNA), the key molecule for trans-translation, new structural and biochemical data

show important differences between translation and trans-translation at most steps

of the pathways. tmRNA and its binding partner, SmpB, bind in the A site of the ribo-

some but do not trigger the same movements of nucleotides in the rRNA that are

required for codon recognition by tRNA. tmRNA-SmpB moves from the A site to the

P site of the ribosome without subunit rotation to generate hybrid states, and moves

from the P site to a site outside the ribosome instead of to the E site. During cataly-

sis, transpeptidation to tmRNA appears to require the ribosomal protein bL27, which

is dispensable for translation, suggesting that this protein may be conserved in bacte-

ria due to trans-translation. These differences provide insights into the fundamental

nature of trans-translation, and provide targets for new antibiotics that may have

decrease cross-reactivity with eukaryotic ribosomes.
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INTRODUCTION: RIBOSOME STALLING AND
RIBOSOME RESCUE

Despite the high fidelity of transcription and translation, ribosomes are

frequently trapped on mRNA and need to be rescued. In Escherichia

coli, for example, 5% of translation initiations do not produce a com-

plete protein.[1] Because E. coli ribosomes translate ∼50 proteins per

cell division cycle, the average ribosome will stall 2–3 times each gen-

eration. If these ribosomes could not be rescued, the cell would rapidly

lose its protein synthesis capacity andwould die.[1]

In bacteria, ribosomes regularly stall at the 3′ end of mRNAs

lacking an in-frame stop codon because of nuclease activity, mRNA

Abbreviations: PTC, peptidyl transferase center; TLD, tRNA-like domain.

damage or premature transcription termination.[2] When ribosomes

stall in the middle of an mRNA, 3‘-5′ exonucleases remove the

sequence downstream of the ribosome, including the stop codon.[3]

There are also toxins, such as RelE, that cut the mRNA in the

A site of the ribosome.[4] Because multiple ribosomes can initiate

translation on the same mRNA, if one ribosome stalls, all the fol-

lowing ribosomes will also be blocked from completing translation

and collide. These colliding ribosomes are released by a specialized

nuclease, SmrB, that cuts the mRNA between collided ribosomes.[5]

In all these cases, the ribosomes cannot terminate translation nor-

mally because there is no stop codon in the mRNA. These “non-

stop” ribosomes must be rescued by releasing the peptidyl-tRNA,

so the ribosomal subunits can be recycled for productive protein

synthesis.
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F IGURE 1 trans-translation relieves stalling at non-stop ribosomes. (A) A non-stop ribosome arises when the ribosome translates a non-stop
mRNA (black), resulting in peptidyl-tRNA (blue) trapped in the P site, and an empty A site. EF-Tu (pink) brings alanyl-tmRNA-SmpB (green and
purple) to non-stop complexes. (B) SmpB-tmRNA binds to the empty A site, and peptidyl-transfer occurs. (C) The 30S ribosomal subunit head
rotates relative to the 50S and tilts (light grey), as EF-G (light pink) binds to induce ribosomal translocation of the tRNAs on the 30S. (D)
Aminoacyl-tRNA (gold) binds next on the tmRNAmessage. (E) Translation proceeds, decoding the protease tag until the tmRNAmessage
terminates at a stop codon. RF1 or RF2 (orange) binds the stop codon and releases the tagged protein. (F) The tagged protein is proteolyzed and
ribosome recycling factor (RRF) splits the ribosome into its two subunits

The main mechanism in bacteria to rescue non-stop ribosomes

is trans-translation (Figure 1). Non-stop ribosomes are recognized

by transfer-messenger RNA (tmRNA) and small protein B (SmpB),

which bind to the empty aminoacyl (A) site on the small 30S sub-

unit (Figure 1A). tmRNA contains a tRNA-like domain (TLD) that is

aminoacylated with alanine and a reading frame that encodes a pro-

teolysis tag (Figure 2). Binding of tmRNA-SmpB allows translation to

restart using tmRNA as a message, thereby adding the proteolysis

tag to the nascent polypeptide (Figures 1B-1D).[6] Translation termi-

nates at a stop codon encoded on tmRNA,[6] allowing recycling of

the ribosomal subunits, the non-stop mRNA is degraded by RNases

and the nascent chain containing the tag is proteolyzed (Figures 1B,

1E, and 1F).[7–9] Trans-translation components have been identified in

almost every sequencedbacterial genomeandarenotpresent inhigher

eukaryotes.[10] Inmanybacteria, including thepathogensNeisseria gon-

orrhoeae and Mycobacterium tuberculosis, trans-translation is essential

for viability.[11,12] Other bacterial species encode one ormore alterna-

tive ribosome rescue factors in addition to trans-translation: ArfA, ArfT,

or BrfA, which recruit a release factor (RF1 or RF2) to non-stop ribo-

somes, or ArfB, which can hydrolyze peptidyl-tRNA on the ribosome

independently of release factors.[13–17] These alternative ribosome

rescue factors can serve as a backup system for non-stop ribosome

rescue when trans-translation is inactivated or overwhelmed.[13–17]

Non-stop ribosomes are rescued by a different pathway in eukaryotes,

so antibiotics that target trans-translation may not have the same tox-

icity and cross-reactivity in eukaryotic cells as antibiotics that target

translation, which can also inhibit eukaryotic ribosomes.[18]

Because trans-translation requires all the general translation fac-

tors, it was long assumed that tmRNA-SmpB interactions with the

ribosome largelymimicked those of tRNAs. However, recent structural

and biochemical studies show that there are remarkable differences

at almost every step of the pathway. First, trans-translation relies

on SmpB binding to tmRNA (Figure 2B),[19] which are two macro-

molecules unique to trans-translation anddonot play a role in canonical

translation. Second, there are differences in how tmRNA-SmpB binds

to the A site as compared to normal tRNAs (Figure 2A). For exam-

ple, during normal translation, the tRNA anticodon binds a cognate

mRNA codon, while in trans-translation tmRNA lacks an equivalent

anticodon and instead SmpB binds to the empty A site of the ribosome

rather than tomRNA.[20–22] Third, structural data suggests differences

in how tmRNA translocates through the ribosome.[21,22] And finally,

despite similarities between the acceptor stem of both tmRNA and

tRNA to position the 3′ end of the activated aminoacyl, structural

and biochemical studies suggests a crucial role of the ribosomal pro-

tein bL27 (’b’ designates a bacterial specific ribosomal protein[23]) in

trans-translation, particularly the positioning or flexibility of the bL27
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F IGURE 2 Comparison of tmRNA to tRNA structure. (A) (top) Secondary structure of a tRNAwith stem regions colored in gold. The
three-dimensional structure of a tRNAwith regions indicated (bottom; PDB code 4V5D). (B) Secondary structure of tmRNAwith stems in colored
blocks: TLD (red), h2 (orange), pk1 (yellow), h5 (green), pk2 (blue), pk3 (purple), pk4 (grey), and the tag reading frame (red) (left). The
three-dimensional structure of tmRNAwith SmpB boundwith the same color scheme as in panel B (right; PDB code 7AC7)

N terminus. Thesedifferences arepotential targets for antibiotic devel-

opment andmay explain evolutionary conservation of some features of

the ribosome and general translation factors.

tRNA AND tmRNA DELIVERY TO THE A SITE

Addition of each amino acid to the nascent polypeptide during transla-

tion elongation beginswhen a ternary complex of aminoacyl-tRNA•EF-
Tu•GTP binds at the A site. For the ribosome to select the correct

tRNA, the three-nucleotide tRNA anticodon base pairs with the three-

nucleotide mRNA codon on the 30S subunit in the A-site decoding

center (Figure 3A). Cognate tRNA binding to an mRNA codon induces

16S rRNA nucleotides A1492 and A1493, and G530 to rearrange to

monitor the presence ofWatson-Crick pairing between the codon and

anticodon.[24] Nucleotides A1492 and A1493 interact with the first

and second base pairs of the codon-anticodon interaction, respec-

tively, and G530 interacts with the anticodon second nucleotide and

codon third nucleotide (Figure 3A).[24–26] While Watson-Crick pair-

ing between the codon and the anticodon is essential for the fidelity

of tRNA selection, the ribosome employs both kinetic and induced

fit mechanisms to ensure correct tRNA selection.[27] The 30S head

domain closes around the tRNA, triggering GTP hydrolysis by EF-Tu on

the large 50S subunit, almost 80 Å distant. If a non-cognate tRNA is

present, GTP hydrolysis still occurs, but at a slower rate, providing an

opportunity for the tRNA to dissociate.[28,29] EF-Tu•GDP dissociation

permits full accommodation of tRNA into the A site on the 50S subunit

and specifically, in the peptidyl transferase center (PTC). This accom-

modation positions the tRNA acceptor stem containing the activated

aminoacyl group for rapid catalysis (Figure 3A).

Because tmRNA does not have an anticodon, SmpB-mediated inter-

actions with the ribosome are largely responsible for driving EF-Tu

dissociation and A-site accommodation during trans-translation. EF-

Tu•GTPdelivers anAla-tmRNA-SmpB to the ribosomeandSmpB forms

interactions with the decoding center of the ribosome to facilitate

tmRNAaccommodation.[30] SmpB interactswith the tRNA-likedomain

(TLD) and helix 5 of tmRNA, resulting in placement of SmpB in the

general position of the anticodon stem of a tRNA (Figure 2B).[30]

Upon binding the A site, the C-terminal tail of SmpB, which con-

tains highly conserved positively charged residues required for trans-

translation, makes electrostatic contacts with the 16S rRNA backbone

(Figure 3B).[20–22] tmRNA also makes more extensive contacts with

the ribosome than tRNAs due to its large size and complex structure.

tmRNA is ∼360 nucleotides in length and is highly structured, com-

posed of several helices and pseudoknots (Figure 2B).[31] The TLD

acceptor and T-loop interact with EF-Tu, while the D and variable

loops interact with SmpB. The proteolysis tag reading frame, helix 5

(H5), and four pseudoknots form a ring around the 30S, engaging the

head domain.[22] Pseudoknot 2 (PK2) and H5 bind the solvent side

of non-stop ribosomes adjacent to the mRNA entrance channel.[21]

Specifically, PK2 nucleotides C183-A184-A185 interact with riboso-

mal protein uS3 residues Arg72, Pro73, and Ile77 to anchor tmRNA to

the 30S subunit (Figure 3D). Similar to how uS3 interacts with mRNA,

uS3 residues Lys79, and Lys80 make electrostatic interactions with

the PK2 backbone, and Arg132 and Arg143 with the H5 backbone[21]

(Figure 3D).
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F IGURE 3 SmpB-tmRNA forms distinct A-site interactions as compared to tRNA. (A) An A-site tRNA (gold) anticodon nucleotides (34, 35, 36)
interact with the cognatemRNA codon (shown as UUC; lime green).When there areWatson-Crick base-pairs formed, signaling a correct tRNA,
16S rRNA nucleotides A1492, A1493, and G530 (grey) flip from their rRNA helices tomonitor the pairing. PDB code 4V5D. (B) The positively
charged C-terminal tail of SmpB (purple) inserts into themRNA channel on the 30S, forming electrostatic interactions with the phosphate
backbone of 16S rRNA nucleotides (grey). PDB code 6Q97. (C) SmpB residues His22 andHis136 (purple) form π-stacking interactions with 16S
rRNA nucleotides A1493 andG530 (grey), such that they flip out into a conformation similar to that observed during decoding of amRNA-tRNA
pair. 16S rRNAA1492 does not flip out (orange circle). PDB code 6Q97. (D) The phosphate backbone of tmRNA pk2 (blue) and h5 (green) form
electrostatic interactions with positively charged residues Lys79, Lys80, Arg132, and Arg143 of ribosomal protein uS3 (dark grey) tomediate
tmRNA binding to the ribosome. SmpB residue Arg153 (purple) also forms electrostatic interactions with tmRNA h5. PDB code 6Q97

tmRNA-SmpB allow for communication between the mRNA

entrance tunnel, the 30S head domain and EF-Tu in a manner distinct

from ternary complex binding. The SmpB C-terminal tail, in partic-

ular residues Gly132 to Arg139, is important for activation of GTP

hydrolysis on EF-Tu.[32] SmpB residue His136 π-stacks with decoding

center nucleotide G530 and is thought to play a role similar to tRNA

in stimulating GTP hydrolysis on EF-Tu[32] (Figure 3C). SmpB residue

His22 also π-stacks with A1493, inducing G530 and A1493 into

similar conformations that occur upon cognate tRNA binding to the

A site (Figure 3C).[21,22] One notable structural difference between

tmRNA-SmpB-30S and tRNA-30S interactions is that tmRNA-SmpB

binding does not cause A1492 to flip out of 16S rRNA helix 44 (h44),

instead mimicking the decoding center orientation when the A site

is empty (Figures 3A and 3C). This may be because there is no anti-

codon recognition requirement, or a difference in requirements of

tmRNA-SmpB interaction on the ribosome.

Structural differences in the decoding center upon tmRNA-SmpB

accommodation are supported by biochemical data. During normal

translation, mutation of A1492, A1493, or G530 results in dominant

lethality,[33] a 30- to 60-fold decrease in EF-Tu GTP hydrolysis rates

and up to a 20-fold decrease in peptide bond formation rates, likely due

to a reduction in A-site tRNA accomodation.[33] Mutational studies of

A1492, A1493, or G530 demonstrate that these nucleotides are not

essential for tmRNA-SmpBbinding andEF-TuGTPhydrolysis.[20] Ribo-

somes with a point mutation in nucleotides A1492, A1493, or G530

do not have a decrease in EF-Tu GTP hydrolysis rates when tmRNA-

SmpB is delivered.[20] Ribosomes with mutations in decoding center

nucleotides showonly a2-fold decrease in peptide bond formation rate

between aP-site tRNAand theA-site tmRNA,[20] suggesting that there

are less defects in tmRNA-SmpB binding and accommodation. Sowhile

A1492, A1493, and G530 play an essential role in canonical decoding,

activation, and accommodation,[32] these nucleotides appear to play a

limited role in accommodation of tmRNA-SmpB.[20,33]

TRANSLOCATION DIFFERENCES

Themovement ofA-site, P-site, andE-site tRNAsoccurs independently

on each ribosomal subunit.[34] Immediately after peptidyl transfer, the

ribosome is in a ‘‘pretranslocational state’’ with a deacylated tRNA
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in the P site and the peptidyl-tRNA in the A site. The chemical moi-

eties located at the CCA ends of tRNAs have low affinity for these

sites, causing the P- and A-tRNAs to spontaneously translocate to the

E and P sites on the 50S, adopting A/P and P/E tRNA “hybrid states”

(Figure 4A), resulting in intersubunit ratcheting.[35] In this hybrid posi-

tion, the anticodon ends remain fixed on the 30S and requires EF-G

to translocate to the next tRNA binding site and the ribosomal sub-

units rachet relative to each other. Translocation of both tRNAs to the

E and P sites on the 30S is facilitated by binding and GTP hydrolysis

by EF-G, resulting in a ‘‘posttranslocational state’’. EF-G•GTP binding

facilitates a ∼20◦ rotation of the 30S and ∼3◦ 30S head tilt, trigger-

ing GTP hydrolysis. Translocation is accompanied by the head domain

of the 30S undergoing a ∼7-10◦ counterclockwise rotation relative to

the 50S subunit[36] (Figure 4B).[37] These collective changes leave the

A site empty, peptidyl-tRNA in the P site, and a deacylated tRNA in the

E site, coupled with themovement of mRNA by one codon.[38]

During trans-translation, tmRNA-SmpB also needs to translocate

through the ribosome to translate the tmRNA-encoded proteolysis

tag. Recent ribosome structures have elucidated differences in translo-

cation of tmRNA-SmpB from the A to the P site.[21,22] The tmRNA

TLD acceptor stem forms an A/P hybrid state after peptidyl transfer

without intersubunit ratcheting (Figure 4D).[21] The A/P-tRNA accep-

tor end also moves beyond the P site, ∼9.8 Å closer towards the E

site (Figure 4B). This may be to accommodate the movement of the

tmRNA, without fully adopting the P/E conformation. The movement

of tmRNA into an A/P hybrid state without any ratcheting of the sub-

units reflects a major difference between the two processes and is

likely a result of the size of tmRNA, and the additional interactions

that tmRNA makes with the ribosome as compared to a tRNA. There

are additional conformational differences that appear to be unique

for tmRNA translocation. During tmRNA-mediated translocation from

the A to the P site, the 30S head rotates ∼14◦ with a 12◦ head tilt,

angles greater than in translation (i.e., ∼7-10◦ rotation and ∼5-6◦

tilt).[22,35,39,40] This increase may be explained by the additional RNA

structural elements that tmRNA has including H2 and PK1. tmRNA

H2 is positioned between the 30S and 50S during translocation and

helps mediate tmRNA movement across the intersubunit bridges into

the E site.[22] At the same time, the PK ring rotates along with the 30S

head, possibly mediating the increase in tilt angle, allowing tmRNA to

translocate effectively.[22]

After translocation of tmRNA to the P site, the first codon of

the tmRNA proteolysis tag reading frame is in the A site and base-

pairs with an incoming aminoacyl-tRNA. After peptidyl transfer, the

P-site tmRNA and A-site tRNA need to be translocated to the E and

P sites, respectively. This movement places the second codon of the

proteolysis tag reading frame in the A site for decoding.[7] It was pre-

viously speculated that the TLD of P-site tmRNA translocates to the

E site and the A-site peptidyl-tRNA to the P site, analogous to normal

translation.[7] However, biochemical evidence or a structure of tmRNA

in the E site have been elusive.[21,22] Instead, recent structures show

that rather than deacylated tmRNA-SmpB occupying the E site in a

similar manner as deacylated tRNA, deacylated tmRNA-SmpB tran-

sits past the E site, occupying a ‘‘far E-site state’’ on the surface of

the ribosome[21,22] (Figure 4E). It is thought that tmRNA adopts this

far E-site state because otherwise its large size and extended RNA

helices would clash with regions of the ribosome.[21,22] Another rea-

son tmRNA-SmpBmay bind on the ribosomal surface adjacent to the E

site instead of occupying the E site is because movement the tmRNA

TLD is likely to be constrained during translation of the tag reading

frame. While this hypothesis makes biological sense, there is no struc-

ture of tmRNA past the ‘‘far E site’’, as it translates the remainder

of the proteolysis tag,[21] so it remains unknown how tmRNA con-

tinues to associate with the ribosome. However, it is agreed that the

large size of tmRNA likely imposes severe constraints on ribosome

dynamics such as the 30S head rotation and tilt required for nor-

mal tRNA translocation.[21,22] Further investigation is needed to fully

assess differences in the tmRNA translocation process.

PEPTIDYL TRANSFERASE ACTIVITY AND A UNIQUE
ROLE FOR BL27 IN TRANS-TRANSLATION

After aminoacyl-tRNA or tmRNA is accommodated on the 50S with

the acceptor stem located in the PTC, the α-amino group of the

aminoacyl-tRNA spontaneously attacks the terminal carbonyl group of

thepeptidyl-tRNAto formanewpeptidebondand transfer thenascent

polypeptide to the A-site tRNA (Figure 1B), with several 23S rRNA

nucleotidesmediating this interaction (Figures 5A and 5E).[41] Transla-

tion and trans-translocation appear to have the same rRNA nucleotide

requirements for transpeptidation activity (Figures 5A-5F).

While the reaction is mediated by the 23S rRNA, ribosomal pro-

tein bL27 also plays a role in peptidyl-transferase activity.[18] As with

most ribosomal proteins, bL27 has a globular structurewhich interacts

with L33, H80, and H81 of 23S rRNA but also has a long N-terminus

that extends into the PTC (Figure 5G). In most ribosome structures

using deacylated tRNAs, the first 20 residues of bL27 are unresolv-

able, and therefore considered to be flexible. Consistent with this

assumption, when the 3′ ends of the A-site and P-site tRNAs are sta-

bilized with proper chemical groups, most of the N-terminus of bL27

can be modeled and is within 4 Å of 23S rRNA nucleotide A2501

(Figures 5G and 5I). In a non-stop ribosome using a nonhydrolyzable

fMet-tRNAfMet in the P site, the bL27 N-terminus cannot be resolved

before residue Thr10 (Figure 5H). N-terminal mutational and dele-

tion studies of bL27 reveal a slight growth defect but these bL27

variants are readily incorporated into ribosomes.[42,43] However, pep-

tidyl transferase activity is reduced even when only the first three

N-terminal amino acids are deleted.[42,43] These data support a model

whereby the bL27 N-terminus may influence the orientation of 23S

rRNA nucleotides 2506 and 2585 or the positioning tRNAs at the

PTC.[42–44]

Additional differences between normal and trans-translation

in transpeptidation are elucidated from experiments with small

molecules that inhibit trans-translation but not normal translation.

When trans-translation inhibitor KKL-2098 is bound to a non-stop

ribosome, the N-terminus bL27 is resolved from Ala2, but in posi-

tion never seen previously (Figure 5I). The first eight N-terminal
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F IGURE 4 tmRNA does not induce a 30S rotational state upon formation of A/P and E/P hybrid states after peptidyl transfer. (A) tRNA
transitions from a pre-accommodated A/T tRNA state (pale yellow), when EF-Tu brings tRNAs to the ribosome, to an A/A tRNA state once a tRNA
has been accommodated in the 50S A site (gold), and finally to an A/P tRNA state after peptidyl transfer and spontaneousmovement to the P site
but only on the 50S (dark yellow). P-site tRNA (white outline) is provided as reference. PDB codes 6WD2, 6WDE, 6WDG. (B)While the tRNAs
undergo translocation fromA/A to A/P (yellow), and P/P to P/E (blue) the small ribosomal subunit head (grey) undergoes a rotation (light to dark
grey) in relation to the 50S subunit. PDB codes 6WDE, 6WDG. (C) Transition from an A/T state (mint) when the A-tmRNA is bound to EF-Tu, to an
A/A state once a tmRNA has been accommodated in the A site (green), to an A/P (dark green). P-tRNA (white outline) provided as reference. PDB
codes 7ABZ, 7AC7, 6Q97. (D) The transition fromA/A to A/P state of tmRNA (green) occurs without ratcheting. The P-tRNA (blue) goes from a P/P
state to a P/P* transition state, where the P/P* acceptor stem (dark blue) is slightly offset from its original position. PDB codes 7AC7, 6Q97. (E)
Position of the acceptor stem of tmRNA (green) when it enters a ‘far E’ state, with a canonical E-tRNA (black outline of white tRNA) for reference.
PDB codes 6Q9A, 4V5D
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F IGURE 5 Trans -translation induces little to no changes in the peptidyl transferase center (PTC) except to bL27. (A-D) PTC nucleotides (light
blue) adopts similar conformations across all structures shown: (A) 70S ribosomewith nonhydrolyzable Phe-tRNAPhe A- (blue) and P-site tRNAs
(gold) (PDB code 4V5D); (B) non-stop 70S ribosomewith a non-hydrolyzable fMet-tRNAfMet in the P site (blue) (PDB code 5MDZ); (C) non-stop
70S ribosomewith tRNAPhe in the P site (blue) and a peptidyl-tmRNA in the A site (green) (PDB code 7AC7); and (D) non-stop 70S ribosomewith
KKL-2098 (red) bound (PDB code 6OM6). (E) Base pairing and hydrogen bonding interactions between the 23S rRNA (light blue) and the P-site
tRNA (blue) and A-site tRNA (gold) CCA ends (PDB code 4V5D). 23S rRNA nucleotides A2450 andG2583 interacts with the A-site tRNAA76
nucleotide, G2553 helps position the A-site tRNA, and U2554 interacts with the A-site tRNAC74 nucleotide. G2251 andG2252 base pair with
C74 and C75 of the P-site tRNA, respectively. (F) Base pairing and hydrogen bonding interactions between the 23S rRNA (light blue) and the P-site
tRNA (blue) and tmRNA (green) CCA ends (PDB code 7AC7). The interactions between 23S rRNA and tRNA are conserved with tmRNA. (G) bL27
extends into the PTC (23S rRNA nucleotides depicted as light blue) when an A-site tRNA containing a nonhydrolyzable aminoacyl group (gold) is
bound (PDB code 4V5D). bL27 is fully resolved to the N-terminus residue Ala2 (map is shown in purple). (H) In a non-stop ribosome, the
N-terminus of bL27 is not resolved past Thr10 (PDB code 5MDZ). (I)When tmRNA (green) is accommodated in the 50S A site, the N-terminus of
bL27 is fully resolved to Ala2 (PDB code 7AC7). (J)When trans-translation inhibitor KKL-2098 (red) is bound at the PTC, bL27 is resolved to Ala2,
but rotates∼180◦ away from the PTC of the ribosome (PDB code 6OM6)

residues rotate ∼180◦ away from the PTC at Gly8.[18] This alternative

orientation of bL27 when trans-translation is inhibited but normal

translation is not, suggests that bL27 plays a unique role in mediating

the peptidyl transferase activity of tmRNA not required for a tRNA.

This observation is interesting, because tRNA, tmRNA and 23S rRNA

PTC nucleotides adopt similar positions in the A site (Figures 5E-5F).

These results strongly suggest that there is an association between

trans-translation and bL27 stabilization that is not needed for trans-

lation. One attractive model is that the acceptor arm of tmRNA is

more flexible in the A site than the acceptor arm of tRNAs, and bL27 is
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required to properly align tmRNA for transpeptidation. If this model is

correct, trans-translation should be dramatically slower on ribosomes

lacking bL27. This model would also explain why no A/P hybrid state is

formed during transpeptidation to tmRNA, if tmRNA is flexible enough

to reach the PTCwithout subunit rotation.

ANTIBIOTICS AND TRANS-TRANSLATION

Targeting trans-translation is an emerging strategy that shows promise

in combating the antibiotic resistance global health crisis.[18,45] There

is no clinically approved antibiotic that targets trans-translation. Inves-

tigation of specific trans-translation inhibitors has yielded a family

of acylaminooxadiazoles with potent and broad-spectrum antibiotic

activity.[45] How these inhibitors confer specificity for trans-translation

but not translation is not yet known, but there are several possibili-

ties due to the innate differences in the two processes explored in this

review. trans-translation relies on SmpB binding to tmRNA, which are

two moieties completely unique to trans-translation and do not play a

role in canonical translation. And finally, structural data suggests dif-

ferences in how tmRNA translocates through the ribosome.[21,22] The

previously unseen conformation of bL27 in addition to the increase in

trans-translation inhibitor potency with bL27 truncations that is not

seen with any other ribosome targeting antibiotic suggests a different

mechanism between the two processes that make trans-translation a

druggable target.

CONCLUSIONS

Despite the similarity in processes between translation and trans-

translation, there are several key differences throughout the different

steps of trans-translation that are important to decipher to fully under-

stand trans-translation biology. The differences provide a foundation

for why trans-translation can be such a specific and effective target for

antibiotic development.
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