Various alternative hypotheses have been
proposed to explain the signal content of caro-
tenoid-dependent ornaments (2—5). The relative
importance of carotenoid acquisition per se, as
influenced by foraging efficiency (24, 25), par-
asite effects on gut absorption (26), energetic
constraints (27), and carotenoid utilization for
immune function, in determining the expression
of sexual ornaments remains to be seen. How-
ever, our results show that immune function can
be limited by carotenoid availability in a species
with carotenoid-dependent ornamentation and
suggest that immunocompetence is one trait that
is revealed by the expression of such signals.
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Visualizing tmRNA Entry into a
Stalled Ribosome

Mikel Valle,* Reynald Gillet,2* Sukhjit Kaur, Anke Henne,?
V. Ramakrishnan,?{ Joachim Frank™4{

Bacterial ribosomes stalled on defective messenger RNAs (mRNAs) are rescued
by tmRNA, an ~300-nucleotide-long molecule that functions as both transfer
RNA (tRNA) and mRNA. Translation then switches from the defective message
to a short open reading frame on tmRNA that tags the defective nascent peptide
chain for degradation. However, the mechanism by which tmRNA can enter and
move through the ribosome is unknown. We present a cryo-electron micros-
copy study at ~13 to 15 angstroms of the entry of tmRNA into the ribosome.

The structure reveals how tmRNA could

move through the ribosome despite its

complicated topology and also suggests roles for proteins S1 and SmpB in the

function of tmRNA.

During the normal course of protein synthe-
sis, a problem occurs if the ribosome reaches
the 3’ end of a defective or degraded mRNA
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before it encounters a stop codon. This situ-
ation has two possible consequences: the ri-
bosome can stall, and the incomplete
polypeptide made as a result may be toxic to
the cell. In bacteria, both these problems are
solved simultaneously by the intervention of
an RNA molecule called 10Sa RNA, SsrA, or
most commonly, tmRNA, because it incorpo-
rates within a single molecule the functions
of both tRNA and mRNA (/-3). The tmRNA
molecule is ~260 to 430 nucleotides long,
depending on bacterial species, and contains
both a tRNA-like domain (TLD) that can be
charged with alanine at its 3" CCA end and an
internal stretch of RNA that contains a short
open reading frame (ORF). The molecule first
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binds in the A site of the stalled ribosome and
allows its alanine to be added to the nascent
polypeptide chain through its TLD. After pep-
tidyl transfer, the TLD must translocate to the
ribosomal P site. The template for translation is
then switched from the original defective
mRNA to the ORF of tmRNA, a process
termed trans-translation. Normal termination
occurs when the stop codon at the end of the
ORF is reached. The result is that the stalled
ribosome is rescued and the defective protein is
tagged for degradation at its C-terminus (4).
Apart from acting on defective mRNA, tmRNA
has also been implicated in acting on real stop
codons or internal mRNA sites (5, 6). Howev-
er, a recent study shows that the bacterial toxin
relE cleaves rare codons on mRNA in the A site

(7), so these cases of tmRNA rescue may also
involve truncated mRNAs. Although tmRNA
does not have to decode mRNA in the usual
way, it has been shown that EF-Tu (elongation
factor Tu) and GTP (guanosine triphosphate)
bind tmRNA to form a ternary complex as
they do with tRNAs (8, 9). However, it has
also been reported that EF-Tu cross-links to
two different sites on tmRNA (70). Apart
from EF-Tu, at least two other proteins have
been implicated in tmRNA function. A small
protein, SmpB, has been shown to be re-
quired for tmRNA-mediated peptide-tagging
activity (/7), and ribosomal protein S1,
which is known to bind single-stranded RNA,
has been proposed to be required for tmRNA
binding to the ribosome (12).

Fig. 2. Model for tmRNA, EF-Tu, and SmpB in the cryo-EM map of 70S ribosome in complex with
tmRNA. Cryo-EM map obtained for 70S-tRNA<EF-TustmRNA-SmpB in the presence of GTP and
kirromycin (A and B). The 50S subunit is depicted in blue, the 30S subunit in yellow, and the P-site
tRNA in green. Semitransparent ribosomal subunits in (B) show the relative position between
EF-Tu-tmRNA-SmpB and P-site tRNA. Landmarks on the 50S subunit: L1, stalk of protein L1; CP,
central protuberance; L7/L12, stalk of the proteins L7/L12; and GAC, GTPase-associated center.
Landmarks on the 30S subunit: h, head; b, beak; dc, decoding center; and ch, entrance of mRNA
channel. The density attributable to the EF-TustmRNA+-SmpB complex is colored in red and depicted
semitransparent in the stereo pair of (C) (orientation as in panel 2B). The docked atomic
coordinates are shown in a ribbons representation generated with the programs RIBBONS or
Insight. The fitting of the coordinates for EF-TuGTP analog [Protein Data Bank (PDB) code 1TTT]
(25) and the 3D model for tmRNA (29) did not account for the whole density. The coordinates for
SmpB (PDB code 1K8H) (26) were satisfactorily docked in the unexplained region. The ribbon colors
for elements of tmRNA model are the same as in the other figures: TLD, burgundy; loop within helix
H2, light green; helix H2b-d, dark green; PK1, orange; PK4, dark blue; PK3, red; PK2, light blue; and
helix H5, magenta.

The secondary structure of tmRNA is well
established (/3-15). In addition to the TLD
and ORF, the molecule typically contains
four pseudoknots, PK1 to PK4 (Fig. 1). Be-
cause of its function, tmRNA lacks an anti-
codon stem-loop. This is replaced by an
irregular helix, H2, that is broken by an
internal loop, followed by a disrupted helix
that is connected to the first pseudoknot,
PK1. The internal ORF follows PK1 and is
partially located within helix HS. It en-
codes a short hydrophobic peptide that is a
suitable substrate for multiple proteases
(16). The three other pseudoknots, PK2 to
PK4, connect the ORF back to the TLD. In
some species, tmRNA is made in two piec-
es that fold together to produce a similar
overall structure (/7).

We have determined the structure of a com-
plex of tmRNA with the ribosome by cryo-
electron microscopy (cryo-EM). Kirromycin
(kir) allows GTP hydrolysis by EF-Tu but stalls
the EF-TusGDP complex with tRNA on the
ribosome before the accommodation of the
tRNA into the peptidyl transferase site (/8-21).
To visualize the analogous state for tmRNA, we
formed a complex of the 70S ribosome from
Thermus thermophilus with initiator tRNA and
an mRNA that contains a Shine-Dalgarno se-
quence and ends with a start codon in the P site.
This complex, with no codon in the A site, was
reacted with alanylated tmRNA, SmpB, EF-Tu,
and GTP in the presence of kirromycin (22). A
cryo-EM map at ~13 A resolution was ob-
tained by single-particle reconstruction (Fig. 2,
A and B) (22). Density is clearly present for the
70S ribosome, as it is for the P-site tRNA,
whereas the E site is empty. By comparison of
the 70SetmRNA°EF-TusGDP*SmpB-<kir com-
plex with control 70S, a density attributable
to EF-Tu, SmpB, and tmRNA (in red in Fig.
2, A and B) is observed at the entrance of the
ribosomal inter-subunit space, between the
base of the L7/L12 stalk in the 50S subunit
and the decoding site in the 30S subunit. The
mass protrudes prominently along the beak of
the 30S subunit and forms an arc at the
solvent side that reaches the vicinity of the
mRNA channel entrance (23, 24).

Along with the secondary structure of tm-
RNA, the previously known structures of the
ternary complex of EF-Tu (25), SmpB (26), the
30S subunit and 70S ribosome-tRNA complex
from T. thermophilus (27, 28), and the cryo-EM
structure of the ternary complex bound to the
Escherichia coli ribosome (20, 21) allowed us
to interpret the cryo-EM density map. In addi-
tion, a three-dimensional model in the tmRNA
database (tmRDB) (29) was useful in providing
model structures of the helices and pseudoknots
suitable for fitting into the cryo-EM map as
modules. The resulting assignments of these
elements within the cryo-EM density map are
depicted in the model shown in Fig. 2C. Be-
cause a mass shaped like EF-Tu occurs in a
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location virtually identical to that in the cryo-
EM structure of the ternary complex bound to
the ribosome (/9-21), EF-Tu could readily be
placed. This immediately allowed the place-
ment of the TLD into the density, because its
contacts with EF-Tu are similar to those of
tRNA. However, in tmRNA an increased angle
of ~110° between the acceptor and “antico-
don” arms (rather than the ~90° of canonical
tRNAs) was predicted by transient electric bi-
refringence data (30). This increased angle is in
good agreement with the density obtained in the
present work. Although no prior evidence on
the role of kirromycin on EF-Tu bound to tm-
RNA existed, we reasoned that its effect on
EF-Tu would be the same as with canonical
tRNAs, and this effect indeed is observed. As
expected, EF-TusGDP is bound to tmRNA by
interacting with its acceptor arm, as with
tRNAs. This result suggests that, even though
tmRNA does not participate in normal decod-
ing of mRNA, GTP hydrolysis by EF-Tu is
essential for its function, just as it is for
tRNAs. Cross-linking experiments have sug-
gested unusual modes of interaction of EF-Tu
with tmRNA, including a second binding site
for EF-Tu (/0). These interactions are not
supported by our model for EF-Tu binding,
which is very similar to that of tRNA. How-
ever, it is possible that such interactions
could occur outside the ribosome.

With the position of the TLD defined, and
taking into account the connectivity in both
tmRNA’s secondary structure and the cryo-
EM density, we could assign all the elements
in the tmRNA molecule inside the isolated
density (Fig. 2C). Furthermore, after the
placement of EF-Tu and tmRNA in the three-
dimensional (3D) map, additional density in
the vicinity of the acceptor arm of the TLD
was still unexplained. This density was as-
signed to SmpB on the basis of its size, shape,
and previous biochemical data showing that
the protein interacts with the TLD (31, 32).
The NMR structure of SmpB from Aquifex
aeolicus (26) was positioned into the density
in a preferred orientation (Fig. 2C). The po-
sition of the docked protein agrees with pre-
vious footprinting data as well as mutational
analysis, which suggests that the protein in-
teracts with the elbow and the lower portion
of TLD through a contact surface that in-
cludes the C-terminus of the protein (31, 32).
In our interpretation of the cryo-EM map, the
protein bridges the TLD and helices H69,
H71, and H89 of the 23S rRNA (Fig. 3A),
thus enhancing the binding of tmRNA to the
ribosome. In the delivery of canonical
tRNAs, the interaction of H69 is established
with the tRNA itself (20, 27); thus, SmpB
seems to complement the TLD to facilitate
this contact. The close interactions of SmpB
with the 50S subunit and the TLD suggest
that SmpB may facilitate GTPase (guanosine
triphosphatase) activation by EF-Tu even in

www.sciencemag.org SCIENCE

the absence of a normal decoding signal from
codon-anticodon interactions. The proposal
that two or three copies of SmpB may interact
at the same time with tmRNA (33) is not
supported by the current maps, but its occur-
rence cannot be excluded during other stages
of trans-translation.

In our model, the TLD interacts with the
GTPase-associated center (GAC) in the
50S subunit (Fig. 3A) and with protein S12
in the 30S subunit (Fig. 3B), in a way
similar to that of tRNA during the elonga-
tion cycle (20, 21). In agreement with a
previous suggestion (30), the increased an-
gle of ~110° between the acceptor and
“anticodon” arms of the TLD places a high-
ly conserved internal loop between helices
2a and 2b deep into the decoding site. It is
bound to the vicinity of the tip of helices
h44 and h38 from the 16S rRNA of the 30S
subunit, with a resulting sharp turn in tm-
RNA’s structure (Figs. 2C and 3B). It is
possible that, independent of a codon, in-
teractions of this region of the tmRNA with
the 30S subunit trigger conformational
changes in the decoding site and the GTP
hydrolysis by EF-Tu, leading to the move-
ment of the TLD into the peptidyl-trans-
ferase site. The protein SmpB may also
play a role in this process. A direct inter-
action between H69 of the 50S subunit and
elongator tRNA (20, 21) is mediated
through SmpB in the case of tmRNA. Be-
cause H69 forms an intersubunit bridge
with h44 on the 30S subunit close to the
decoding site, this interaction may be im-

Fig. 3. Interactions of
SmpB-tmRNA with the
70S ribosome. Two differ-
ent ribosomal orienta-
tions are used to illustrate
the interactions of SmpB
and tmRNA with the 50S
subunit (A) and the 30S
subunit (B). The orienta-
tions are defined by ribo-
somal thumbnails on the
left. Landmarks on the
50S subunit (A): L1, L1
stalk; L7/L12, stalk of pro-
teins L7/L12; GAC, GT-
Pase-associated  center;
H69, H71, and H89, heli-
ces of the 23S rRNA. La-
beling on the 30S subunit
(B): ch, entrance of the
mRNA channel; dc, de-
coding site; b, beak; loop,
RNA loop within helix H2
of tmRNA; TLD, tRNA-like
domain of tmRNA; S12,
ribosomal protein S12;
h44 and h38, the position
of those helixes from 16S
rRNA. Color coding for
the tmRNA is as in Fig.
2C. For clarity, EF-Tu is
not shown.
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portant for transmission of the decoding
signal to EF-Tu. The rest of helix 2 of
tmRNA is redirected along the 30S subunit
beak, ending in the fork between the
pseudoknots PK1 and PK4 near the top of
the beak.

The single-stranded RNA that includes part
of the ORF is not visible, but it presumably
connects PK1 to helix 5, approximately in the
regions labeled with black dots in Fig. 2C. How-
ever, it is apparent that in this state, the resume
codon of the ORF cannot yet have entered the
decoding site in the 30S subunit and will do so
only after accommodation of the TLD into the
peptidyl-transferase site. The 3’ end of the
ORF forms part of the double-stranded helix
5. This part is close to the entrance of the
mRNA channel in the 30S subunit (23, 24).
However, the tmRNA ternary complex ana-
lyzed here is representative of the initial se-
lection step for the TLD. The movements that
result from accommodation of the TLD, pep-
tidyl transfer, and translocation of the TLD
into the P site will need to pull PK1 and its
downstream sequence toward the decoding
site to place the resume codon in the correct
position for decoding in the A site. It is very
likely that in this position, interactions be-
tween the highly conserved PK1 downstream
region and ribosomal elements are required
for the correct positioning of the resume
codon in the decoding site and resumption of
translation from the ORF.

The remaining string of pseudoknots PK4-
PK2 and helix 5 form the aforementioned arc
that wraps around the beak of the 30S subunit
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Fig. 4. Comparison of maps
of tmRNA complexes with
and without S1. Cryo-EM
maps for the 70S-tRNA-EF-
Tu-tmRNA-SmpB complex
in the presence (A) and ab-
sence (B) of ribosomal pro-
tein S1. Different colors for
the density attributable to
EF-TustmRNA-SmpB are
used to allow a comparison
in (C), where the purple
semitransparent map from
(B) is depicted together with
the solid red from (A). In the
absence of S1 (B) an addi-
tional connection is seen be-
tween PK1 and helix H5 of
the tmRNA (D) that reveals
the presence of the folded
OREF.

(Figs. 2C and 3B). Those elements are not
required for tmRNA function and can be re-
placed by single-stranded RNA, which suggests
that they are involved in stabilizing tmRNA
rather than participating directly in its function
(34). Our model provides a structural explana-
tion of this finding, because the dispensable
pseudoknots PK2 to PK4 form the arc outside
the head of the 30S subunit without forming
extensive contacts with it. Such an absence of
extensive contacts could be required to allow
movement of the arc while the ORF and TLD
progress inside the ribosome during trans-
translation. Nevertheless, the existence of the
pseudoknots suggests that they play a role in
the presentation of the tmRNA to the ribo-
some and in helping to orient the ORF and
TLD. These pseudoknots are positioned such
that, despite their large size, they would not
interfere with the subsequent binding of
elongation factors and tRNAs. Our model
supports the idea that the unwinding of
RNA from helix 5 allows movement of the
OREF through the ribosome without requir-
ing a large change in the conformation of
the rest of tmRNA.

Ribosomal protein S1 is thought to be asso-
ciated with tmRNA and to be required for
tmRNA function (/2). Although the 70S com-
plex described was formed in the presence of
S1, the protein could not be localized in our
map, either on tmRNA or on the 30S subunit.
Ribosomal protein S1 was localized in E. coli in
the shoulder of the 30S subunit (35), which is
far away from the position that tmRNA dis-
plays in our map. However, it is known that the
association of S1 with the ribosome is weak and
reversible (36). A separate reconstruction of the
identical tmRNA complex in the absence of S1
reveals interesting features (Fig. 4). First, the
ternary complex of tmRNA can stably bind
ribosomes in the absence of S1 (Fig. 4B). How-
ever, in this case, an extension of density from
PK1 is now visible, suggesting that a portion of

the single-stranded region including the 5’-end
of the ORF is more structured in the absence of
S1. By contrast, in the presence of S1 (Fig. 4A)
this element cannot be seen, probably because it
is unfolded. This difference suggests that S1,
without being bound to the ribosome, may play
a role in unwinding part of the single-stranded
region, thus allowing correct presentation of the
OREF. This role would be consistent with prior
biochemical evidence showing that S1 can dis-
rupt helical regions in mRNAs (37). Previous
UV-induced cross-linking experiments showed
the importance of nucleotide U85 from E. coli
tmRNA in the binding of S1 (/2). This nucle-
otide is situated in the vicinity of the 86 to 88
span, a major determinant for the correct posi-
tioning of the resume codon at nucleotides 90 to
92 (38, 39). Similarly, nucleotides in, and up-
stream of, the resume codon become more ac-
cessible to structural probes when S1 binds
(40). Regardless of the exact role of S1, it is
clear that a stable complex of tmRNA with the
ribosome can be formed in the absence of S1,
contrary to previous suggestions (/2).

The cryo-EM structure presented here
addresses a number of interesting questions
regarding the functioning of tmRNA. It
shows that EF-Tu brings aminoacylated tm-
RNA to the ribosome in a manner similar to
canonical tRNAs. The protein SmpB bridg-
es tmRNA and the 50S subunit. A mimicry
of codon-anticodon base pairing between
distal parts of tmRNA is shown to be un-
likely; rather, an internal loop between he-
lices 2a and 2b is situated close to the
decoding site. Protein S1 is potentially in-
volved in unwinding a portion of the ORF.
In addition, the cryo-EM structure reveals
the locations of the pseudoknots and sheds
some light on their individual roles.
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