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tmRNA on its way through the ribosome

Two steps of resume and what next?
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Trans-translation is a universal qual-
ity-control process eubacteria use
to degrade incompletely synthesized
proteins and rescue ribosome stalled on
defective mRNAs. This process is facili-
tated by a ribonucleoprotein complex
composed of transfer-messenger RNA
(tmRNA)—a chimera made of a tRNA-
like molecule and a short open read-
ing frame (ORF)—and small protein B
(SmpB). Determination of the structure
of tmRNA and SmpB in complex with the
ribosome, at the stage when translation
has resumed on tmRNA, has provided an
increased understanding of the structure
of tmRNA as it transits the ribosome and
unique insights into the complex mecha-
nism of template switching on the ribo-
some and SmpB-driven selection of the
correct reading frame on tmRNA’s ORF.

In eubacteria, translation of a truncated
mRNA stalls the ribosome at the end of
the mRNA, which in the absence of a res-
cue mechanism would result in an incom-
plete, potentially toxic polypeptide and
render the ribosome unable to recycle. The
stalled ribosome is rescued by an inter-
vention by the transfer-messenger RNA
(tmRNA) and its protein partners (Fig. 1).

In E. coli, the tmRNA is a 363-nucleo-
tide RNA molecule that consists of several
structured domains (Fig. 2). The tRNA-
like domain (TLD), which lacks an anti-
codon stem-loop when compared to a
canonical tRNA, is readily recognized by
alanyl-tRNA synthetase and charged with
an alanine. It connects to the rest of the
tmRNA through the helix 2a. TLD from
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Aquifex aeolicus and Thermus thermophi-
lus has been co-crystallized with SmpB."?
These crystal structures confirmed earlier
reports that TLD has an ~120° inter-helix
angle,® as opposed to ~90° exhibited in
the tRNA. The position of SmpB in these
structures suggests that it acts as the anti-
codon arm of a tRNA while the linker
helix 2a mimics the long variable arm of a
class II tRNA. SmpB is indispensable for
all activities of tmRNA. 41

The ORF constitutes an essential seg-
ment of the mRNA-like domain (MLD)
and encodes 10 residues of a degradation
tag in E. coli. The latter connects to the
TLD through four pseudoknots, desig-
nated PK1 through PK4. Only the three-
dimensional structure of PK1 is presently
known at atomic resolution."

Upon recognizing the stalled ribosome,
the tmRNA*SmpB complex, with the help
of EF-Tu and GTP, binds to the ribosome
to occupy the empty A site on the 308 sub-
unit.’* The structure of this so-called pre-
accommodation complex has been solved
by cryo-EM.11¢ In these studies, the com-
plex of tmRNAeSmpB and the ribosome
was formed in vitro in the presence of kir-
romycin, an antibiotic that inhibits hydro-
lysis of GTP and stalls the EF-TueGDP on
the ribosome. These maps show a striking
arc structure, which is composed of the
pseudoknots, curving around the beak
of the 30S subunit and the mRNA entry
channel. As in the pre-accommodation
state in canonical translation, the complex
formed by TLD, SmpB and EF-TueGTP
adopts the A/T configuration, and EF-Tu
interacts both with the GTPase-associated
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Figure 1. Schematic of the trans-translation process. The complex formed by tmRNA«SmpB and EF-Tu recognizes ribosome stalled by truncated
mRNA, and binds to the empty ribosomal A site. Upon accommodation, EF-Tu leaves the ribosome, and the tmRNA accepts the incomplete poly-
peptide through the peptidyl transfer reaction. Next, tmRNA«SmpB is translocated to the ribosomal P site, while the reading frame of translation is
switched from the truncated mRNA to the open reading frame (ORF) of the tmRNA. Translation resumes until ribosome reaches the stop codon on the

ORF. Termination and recycling follow to release the tagged peptide and recycle the ribosome.

90-G—C
resume c__g

h H
1 H
H '
H
: A —360 :
= H
H = H
i 183§ TLD:
' - '
' 10 o '
' | = 350 i
I buaG— i H
: uc CGCCCwCA : PK3 2}08b 6 8a200
e e A UCccaa
G GCGGG ' 9 Ile
' v
A Ca12, | "V | GCCUGGGGUU
! uce;\: R ' LITle Sl
: I JmeAcuA
H 2a A= : f\ A UcaaA
: = ! e [gvgl10a
i
[ é oG ____ . A —U —250
30¢ LA A 250-A —U
u A ETy
G u GeuU
fw 0524 10b
€ u PK4
A 20—h  e=g 10c 190
G A 270 8§ =8\ 55
c A SEIE - c
; 355 :
U 30 e=¢ 11b N
2d {56 ot 226 11a 8
c—g, N
CA 300 u
f‘tll § 0 —
(AN
A
\ : AA
' c A
;
.

100
' |
AAAAAAUAG—CGAAAACUAC

® ORF-hp

Figure 2. Secondary structure of the E. coli transfer-
tRNA-like domain; PK1-4: pseudoknots 1-4; ORF-hp, open reading frame hairpin; resume, resume co-
don; stop, stop codon. Labels 1-12 next to the helices refer to the standard numbering of the helices.

messenger RNA (tmRNA). Landmarks: TLD,

center (GAC) of the ribosome and the
elbow region of the TLD."

Next, the complex enters the accom-
modation state, in which the EF-Tu has
left the ribosome. The structure of this
accommodated complex has been solved
by cryo-EM, 101819 a5 well. While in the
carlier studies only part of the tmRNA
was visualized,!¢ the recent studies used
more sophisticated classification methods
and obtained structures with well-resolved
density of the entire tmRNA molecule.'®?
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Compared to the pre-accommodation
structure, the TLDeSmpB is completely
settled into the ribosomal A site, and the
OREF has moved closer to the neck of the
308, apparently ready to be inserted into
the mRNA entry channel.

Subsequently, TLD®SmpB is translo-
cated to the ribosomal P site, and the ORF
of the tmRNA enters the mRNA entry
channel to displace the defective mRNA
molecule.?®*" Translation resumes on the
ORF and continues until the ribosome
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reaches the stop codons on the ORFE. The
nascent polypeptide chain is then released
and the ribosome dissociated,”? probably
following the normal course of termination
and recycling. Through the addition of the
tag encoded by the ORF, the released poly-
peptide is marked for degradation.

The stages described in the last para-
graph have been studied extensively using
genetic and biochemical approaches. How
the correct reading frame is established,
at the point where the ribosome switches
from the stalled mRNA to the ORF of the
tmRNA, has remained a crucial question
in the study of trans-translation. Over the
last few years, researchers have focused on
the interaction between SmpB and the
region upstream of the tmRNA resume
codon. This region of an eleven nucleo-
tide-long single-stranded RNA has been
shown to bind to E. coli SmpB in vitro.?>*
Several studies have demonstrated that
mutations of the five nucleotides preced-
ing the resume codon—the -1 triplet and
the U85 and A86 nucleotides—induced
frame-shifting in the translation of the
ORF, and reduced or even completely
abolished tmRNA tagging activity.?"***
Moreover, it has been shown that certain
mutations in SmpB restore tagging activ-
ity of tmRNA mutated in the A86 nucleo-
tide.?**® These studies suggested that the
interaction of the SmpB with the upstream
nucleotides plays a critical role in the selec-
tion of the correct reading frame.

Another major question to be answered
in the studies of trans-translation is how
tmRNA passes through the ribosome
despite its complex topology and the
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constraints imposed by the tight intersub-
unit space. The cryo-EM structure of the
tmRNA-ribosome complex in the resume
state (the state in which the TLD has
moved to the ribosomal P site and trans-
lation is ready to resume on the ORF of
the tmRNA), obtained independently by
our group and the Gillet group, addressed
both of these questions.'**!

The two structures, published back-to-
back, are from two different organisms,
E. coli (our group) and T. thermophi-
lus (the Gillet group). Our complex was
formed in vivo. In order to facilitate its
purification, we inserted a MS2 hairpin
into the helix 5 of the tmRNA. In con-
trast, Weis and his coworkers assembled
the tmRNA:ribosome complex in vitro.
By binding EF-G to the accommodated
state complex, they induced translocation
of the A site-bound tmRNAeSmpB to the
P site. These approaches produced com-
plexes with the TLD®SmpB accommo-
dated in the P site but evidently illustrate
different states of the resume complex. In
our structure the A site is occupied by a
tRNAAR, while it is empty in the Weis
complex. The opposite is true for the E
site, which is empty in our structure but
occupied in the complex created by Weis
and coworkers. Thus, the in vitro-formed
complex might be depicting an early state
of the resume complex, where transloca-
tion of TLD*SmpB has been completed
and the A site is ready to accept the ami-
noacylated tRNA. In the in vivo-formed
complex, apparently, the presence of the
A site-bound tRNA implies that the
E-site. tRNA had already dissociated
from the ribosome.

In comparing the results of the two
studies, we note that there is evidence
of greater residual heterogeneity in the
study of Weis and coworkers, which may
be linked to differences in the purifica-
tion and classification methods employed.
A telltale of heterogeneity is resolution
achieved with a given number of particles
[13.6 A with 20,873 particles, as opposed
to 18.4 A (FSC = 0.5 applied to the pub-
lished” FSC curve) with 70,761]. As a con-
sequence, the cryo-EM density maps differ
somewhat in the degree of detail, especially
in the density attributable to the tmRNA,
but the atomic structures inferred for the
linked complex of tmRNA and SmpB
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of 23S rRNA; H2, helix2 of tmRNA.

Figure 3. The interactions between the ribosome, tmRNA and SmpB at the point where the tRNA-
like domain/SmpB is bound at the ribosomal P site. Left, cryo-EM density map of the resume state
ribosome, superimposed with the atomic model of the ribosome (PDBID: 3FIH and 3FIK) and the
modeled structure of tmRNA/SmpB (PDBID: 31Z4). Right, zoomed-in view of the outlined region
on the left. The 23S rRNA is colored in blue, 16S rRNA in yellow, large subunit ribosomal proteins
in cyan, small subunit ribosomal proteins in orange, tmRNA in magenta and SmpB in green. Land-
marks: L5, ribosomal protein L5; S13, ribosomal protein S$13; h30; helix 30 of 16S rRNA; H69, helix 69

(PDBID: 3174;® PDBID: 3IYRY) are
nevertheless in remarkable agreement.

Of particular interest is the region
surrounding the ribosomal P site, which
is occupied by TLDeSmpB. After fitting
all the helices and pseudoknots into the
cryo-EM maps, the single-stranded RNA,
including the ORF and its upstream
region, was modeled taking into account
the structural constraints imposed by
the ribosomal environment and the pres-
ence of the resume codon and tRNA in
the A site. Consistent with the biochemi-
cal results, the density of SmpB is seen to
be in contact with nucleotides upstream
of the resume codon, the helix 69 of the
23S rRNA and helix 30 of the 16S rRNA
(Fig. 3). Such pattern of interaction is con-
sistent with previous biochemical studies.**
The E. coli SmpB contains a ~20-amino
acids-long C-terminal tail that is not pres-
ent in the SmpB from 7. thermophilus. In
our density map, the C-terminal tail of the
SmpB appears to interact with the region
upstream of the resume codon, as the crys-
tal structure of the 77 thermophilus SmpB
cannot account for all the density that
makes contact with the upstream region’s
nucleotides. The resolution of our map is
not sufficient to infer the structure of the
C-terminal tail, but, based on secondary
structure prediction, it is very likely that
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the tail is a long alpha helix. According to
our cryo EM map and atomic model, the
five nucleotides upstream of the resume
codon (-1 triplet, U85 and A86) are likely
to interact with the loop preceding the
C-terminal tail.

Our model also suggests the pos-
sible existence of an interaction between
the 85UA86 nucleotides and a segment
encompassing residues 18 through 24.
Because tmRNA activity is relatively tol-
erant to modifications of the upstream
nucleotides,” we have proposed that
these interactions could rely partly on
contacts established with their back-
bone. Actually, the model published by
Weis and coworkers suggests a similar
mode of interaction between the SmpB
and the five nucleotides upstream of the
ribosome. However, we noticed that the
secondary structure of the SmpB in the
Weis model is distorted to some extent.
In fact, the proportion of Ramachandran
outliers of the Weis model, estimated
using MolProbity,” is ~12%), while that
of ours is less than 1%. This distortion of
the SmpB structure, possibly a result of
the use of Molecular Dynamics Flexible
Fitting on the lower-resolution structure,
implies that the interaction pattern sug-
gested in the Weis study may be associ-
ated with some uncertainty.
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PK1, pseudoknot PK1 of the tmRNA.

Figure 4. Interaction between the ribosome, tmRNA and SmpB inferred from a fitting of the
tRNA-like domain/SmpB into the ribosomal E site according to the positioning of the canonical
E-site tRNA (PDBID: 3FIH3*). Left, cryo-EM density map of the resume state ribosome, superim-
posed with ribosome model (PDBID: 3FIH, 3FIK34) and the proposed tmRNA/SmpB model that
binds at the ribosomal E site. Right, zoomed-in view of the region outlined on the left. The various
components of the structure are colored in the same way as in Figure 3. The white arrow, in the
lower right corner of the right panel, indicates the mRNA exit channel. Landmarks: L1, L1 stalk of
the large subunit; L5, ribosomal protein L5; S13, ribosomal protein S13; S7, ribosomal protein S7;

Based on the published structure of the
tmRNA-ribosome complex in the accom-

1819 the aforementioned

modated state,
interactions between SmpB and the five
nucleotides upstream of the resume codon
are unlikely to exist when the TLD*SmpB
complex occupies the A site. Thus, they
must be established during the transloca-
tion of the TLD®SmpB from the A to the
P site. The structural alignment analysis
of the tmRNA suggests that the resume
codon may constitute a part of the loop
capping a small hairpin (referred to as
ORF-hp in Fig. 2). We speculate that
such a structure might exist in both the
pre-accommodation and accommodated
states, where the arc opening is narrower
than in the resume state, so that the sin-
gle-stranded part of the ORF does not
need to be stretched. We believe this hair-
pin structure may play a role in resuming
the stalled translation by initiating the
interaction with SmpB.

The other important question, of
how tmRNA passes through the ribo-
some sterically and dynamically, remains
largely open. Our cryo-EM studies show
that tmRNA maintains a stable structure
at least up to the resume state. In both
resume complexes, helix 2 of the tmRNA
has passed the intersubunit bridge Bla and
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inserted itself into the space between the
central protuberance of the 50S subunit
and the head of the 30S subunit, while PK1
remains on the other side of bridge Bla. As
for the next step of translocation, for TLD
to move from the ribosomal P site to the E
site, the biggest hurdle would be for helix
2 to pass through the intersubunit bridge
B1b, formed by ribosomal protein S13 and
L5. We note that in our resume complex,
the head of the 30S subunit tiles slightly
toward the solvent side. This displacement
breaks bridge Blb to create enough space
for the helix 2 to pass through the ribo-
some (Fig. 3). During its transit through
the ribosome, helix 2 is expected to interact
with both flanking proteins S13 and L5,
with its second internal loop made up by
mismatched base pairs. This part of helix 2
is thinner than a regular RNA helix made
up by canonical base pairs and thus it is
plausible that helix 2 can pass through the
bridge B1b without unfolding.

To examine the potential interactions
past this point, we moved the tmRNA
model to make its TLDeSmpB struc-
ture fit into the canonical E-site tRNA3®
(Fig. 4). We note that in the resulting
position of tmRNA, SmpB presents the
-1 triplet right at the intersubunit side
of the mRNA exit channel, allowing the
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insertion of the single-stranded region of
the tmRNA into this channel. In fact,
SmpB comes to lie very close to ribo-
somal protein S7, which surrounds the
mRNA exit channel, suggesting that
SmpB might interact with S7 to facili-
tate the insertion. The TLD, just like a
canonical E-site tRNA,” would inter-
act with the L1 stalk through the elbow
region. This interaction could facilitate
the exit of TLD®SmpB, presumably in
the same manner as in canonical transla-
tion.”” We also note that in the proposed
model, PK1 would experience a number
of clashes with ribosomal proteins S13
and L5, even if it could pass through the
Bla bridge in its entirety. Although we
cannot exclude the possibility that the
head of the 30S subunit has enough flex-
ibility to open up more, we believe that at
this point PK1 unfolds at least partially.
This suggestion is consistent with recent
observations that PK1 can be replaced
by a hairpin without affecting tmRNA
tagging activity.*** The unfolding could
also make the insertion of the single-
stranded region of tmRNA into the
mRNA exit channel easier.

In future studies, our model could be
used to guide mutation studies to further
investigate the mechanism of reading
frame selection. In addition, improving
resolution of this complex could help in
building more precise models, and would
be particularly beneficial for studying the
structure and function of the C-terminal
tail of the E. coli SmpB. To investigate the
question of how tmRNA passes through
the intersubunit space, we need to obtain
the structure of the ribosome-tmRNA
complex in the later stages of trans-trans-
lation. These complexes are perhaps easier
to form in vitro. However, as we discussed
in our original publication,® the insertion
of the MS2 hairpin in our tmRNA con-
struct might have over-stabilized the helix
5 that contains part of the ORF, resulting
in the vast majority of our in vivo-formed
complexes being stalled at the resume
state. Thus, to form the complex that
depicts later stages of trans-translation in
vivo, we could probably insert one or more
codons into the single-stranded part of the
ORE. This might just allow the TLD to
translocate to the ribosomal E site, or any
later stages of interest.
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