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Abstract

Transfer-messenger RNA (tmRNA) acts first as a tRNA and then as an mRNA template to rescue
stalled ribosomes in eubacteria. Together with its protein partner, SmpB, tmRNA enters stalled
ribosomes and transfers an Ala residue to the growing polypeptide chain. A remarkable step then
occurs: the ribosome leaves the stalled mRNA and resumes translation using tmRNA as a template,
adding a short peptide tag that destines the aborted protein for destruction. Exactly how the ribosome
switches templates, resuming translation on tmRNA in the proper reading frame, remains unknown.
Within the tmRNA sequence itself, five nucleotides (UgsAGUC) immediately upstream of the first
codon appear to direct frame selection. In particular, mutation of the conserved A86 results in severe
loss of function both in vitro and in vivo. The A86C mutation causes translation to resume exclusively
in the +1 frame. Several candidate binding partners for this upstream sequence have been identified
in vitro. Using a genetic selection for tmRNA activity in E. coli, we identified mutations in the SmpB
protein that restore the function of A86C tmRNA in vivo. The SmpB mutants increase tagging in the
normal reading frame and reduce tagging in the +1 frame. These results demonstrate that SmpB is
functionally linked with the sequence upstream of the tmRNA template; both contribute to reading
frame selection on tmRNA.
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Stalled ribosomes in eubacteria are rescued and recycled by a highly conserved quality-control
mechanism. Ribosomes stall upon reaching the 3’-end of mMRNAs that lack a stop codon. With
empty aminoacyl-tRNA sites (A sites), these ribosomes are trapped on the defective mRNA
because they cannot efficiently bind release factors. Instead, stalled ribosomes recruit transfer-
messenger RNA (tmRNA) and its binding partner, small protein B (SmpB) to their empty A
sites. SmpB and aminoacylated tmRNA function first as a tRNA, adding alanine to the nascent
polypeptide. The stalled ribosome then resumes translation using tmRNA as a template,
translating a short open reading frame that encodes a protease-recognition sequence. Through
the action of tmRNA and SmpB, known as trans-translation, the aborted polypeptides are
tagged for degradation by cellular proteases and the ribosome is released at a stop codon and
recycled.1:2:3
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As the ribosome switches templates from the defective mRNA to tmRNA, how is the
appropriate codon in tmRNA selected for translation to resume? The global structure of tmRNA
plays little role in the selection of the correct frame. The four pseudoknots that dominate the
tmRNA structure (Figure 1A) can be replaced with unrelated sequences with little or no loss
of tmRNA activity.*>: Instead, the reading frame is chosen locally, by five bases immediately
upstream of the resume codon (Figure 1B).7:8:9 Mutations in this upstream sequence
(UgsAGUC) lead to reduced tmRNA function and errors in frame selection in vitro and in
vivo. Mutation of the first two of these nucleotides is particularly deleterious: the US5A
mutation, for example, partially shifts translation to the —1 frame.8:° Mutation of the universally
conserved A86 leads to severe loss of function;”:8 the AB6C mutation shifts translation entirely
to the +1 frame in vivo.? From these data, we proposed that the resume codon is chosen by its
placement in the ribosome as determined by the binding of an unidentified ligand to A86.°

A variety of candidates have been reported to bind the sequence upstream of the resume codon.
One suggestion is that the last of these upstream nucleotides, the so called —1 triplet (Gg7UC),
is recognized directly by rRNA in the ribosomal decoding center,10 although this hypothesis
does not withstand analysis of tmRNA activity in vivo.? Another candidate is ribosomal protein
S1, previously shown to crosslink to U85.11 Cryo-electron microscopy structures of tnRNA
bound inside 70S ribosomes reveal that S1 affects the structure of the tmRNA template
sequence.? Though S1 cannot interact directly with tmRNA on the ribosome, it has been
proposed that free S1 binds tmRNA and stabilizes a functional, open complex that is then
passed to stalled ribosomes.1? In support of this model, one study presents evidence that S1 is
required for tmRNA to serve as a template in vitro.13 There are also reports that refute this
proposed role for S1, however, using reconstituted translation systems4:1° as well as in vivo
functional analysis.16

Another promising candidate is SmpB, a protein that plays a role in the stability and
aminoacylation of tmRNA and is required for its entry into the ribosome. SmpB binds the
tRNA-like domain (TLD) of tmRNA in a well-characterized interaction.1’ Interest in SmpB
has focused on its ability to license tmRNA entry into the ribosomal A site through interacting
with the decoding center.18:19:20 Recent reports suggest that more than one binding site for
SmpB exists in tmRNA, raising the possibility of additional functions for this protein. Felden
and co-workers showed that SmpB binding reduces the accessibility of the upstream sequence
to nucleases in probing assays and proposed that SmpB plays a role in resume codon selection.
21 After further characterization with surface plasmon resonance and filter binding assays, they
report that this interaction is higher in affinity than SmpB binding to the TLD.22 An interaction
between SmpB and the upstream region was likewise reported by Himeno and co-workers
using chemical probing assays. Intriguingly, the site of SmpB binding shifted in tmnRNA
mutants known to alter the frame in which translation resumes.2® On the other hand, several
crosslinking, chemical probing, and hydroxyl-radical cleavage assays have failed to detect an
interaction between SmpB and the tmRNA upstream sequence.24:25:26,27

The role of S1 and SmpB in frame selection remains controversial because binding has only
been detected in some assays in vitro and these RNA-protein binding events have not been
shown to affect tmRNA activity either in vitro or in vivo. To test for a functional interaction
between SmpB and the upstream region of tmRNA, we identified mutations in SmpB that
restore the function of an A86C mutant tmRNA. The A86C mutation strongly reduces tmRNA
activity in several assays and causes tmRNA to be translated exclusively in the +1 frame.®
Several SmpB mutations were identified which rescue tmRNA function and alter frame
selection on A86C tmRNA. These results demonstrate definitively that SmpB plays a
biologically relevant role in setting the frame on tmRNA.
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SmpB mutations restore A86C tmRNA function

We used a genetic selection to identify mutations in SmpB that suppress the defect (improper
frame selection) in A86C tmRNA. The selection relies on the tmRNA tagging process to
complete the synthesis of the kanamycin resistance protein (KanR).*9 Ribosomes are
programmed to stall at the end of a truncated KanR protein that lacks the C-terminal 15 amino
acids. tmRNA rescues these stalled ribosomes and tags the nascent polypeptide with the
missing 15 amino acids; these are encoded by an altered tmRNA template sequence. In this
way, tmRNA function completes the KanR protein and makes the cells kanamycin resistant
(Figure 2). While cells with wild-type (A86) tmRNA survive equally well with or without
kanamycin, only about 1 in 108 cells expressing the A86C tmRNA mutant form colonies on
selective media, even at the lowest stringency conditions (15 pug/mL kanamycin at 25 °C). This
low background survival rate allowed us to select for SmpB mutants that suppress the A86C
defect and restore high levels of tmRNA function and kanamycin resistance.

We generated a library of ~108 SmpB mutants using error-prone PCR and subjected it to the
KanR selection with A86C tmRNA, obtaining survival levels 100-fold higher than background.
The SmpB genes were recloned from this enriched pool and reselected, with nearly all the cells
surviving on selective plates. Sequencing revealed three related but distinct SmpB clones that
were designated Al, A2 and A5 (Table 1). The Al clone has two changes, Tyr24Cys and
Val129Ala. A2 has these and the additional Glu107Val mutation. A5 shares the same Tyr24Cys
mutation as Al and A2 but coupled instead with Alal30Gly. The tagging activity of these three
SmpB clones was measured by plating cells on media containing 15 pg/mL kanamycin at 25
°C. All three clones showed at least 50% survival, several orders of magnitude higher than the
background level of 1 in 106. These findings show that mutations in SmpB can compensate
for deficiencies in the function of the upstream region of tmRNA and the critical nucleotide
A86 in particular.

SmpB mutations affect frame choice on A86C tmRNA

To verify that the selected SmpB mutants restore tmRNA activity, we directly measured the
tmRNA tagging levels with immunoblots. In the immunoblot assay, tmRNA directs the
addition of a Hisg tag to the end of the full-length GST protein. The sequence Glu-Pro-Opal
was used at the C-terminus of GST to induce stalling during termination.28 The tmnRNA
template sequence was altered to encode ANDHgD. Tagging in the natural (or 0) frame was
detected by immunoblot using an anti-Hisg antibody. We also developed additional tools to
detect translation of the tnRNA template in other frames.® We created a +1 frame construct
by inserting a single G before G90, the first nucleotide in the resume codon. This tmRNA
encodes a Hisg-tag only if tmRNA is translated in the +1 frame (Figure 1B). Likewise, tmRNA
in which C98 is deleted only encodes the Hisg-tag when read in the —1 frame. These three
tmRNA constructs allow tagging in all three frames (=1, 0, +1) to be visualized on an
immunoblot for any given tmRNA and SmpB mutant pair.

Wild-type SmpB yields no detectable activity in the 0 frame and high levels of +1 frame tagging
with A86C tmRNA (Figure 3A). In contrast, the selected Al, A2, and A5 SmpB clones all
restore significant levels of tagging in the 0 frame; the A2 mutant is the most active. The A2
mutant also reduces the +1 frame tagging seen with wild-type SmpB (t-test P <0.01). It appears
that the total level of tagging remains constant in the A2 mutant—tagging in the +1 frame
decreases at about the same level as tagging in the 0 frame increases (Figure 3B). No significant
reduction of +1 frame tagging was detected with A1 or A5, but this is expected since these
mutants restore O frame tagging at lower levels. No tagging in the —1 frame was detected with
the wild-type or mutant SmpB clones (data not shown). The restoration of tagging in the natural
frame and reduction in the +1 frame suggests that these SmpB mutants rescue tmRNA function
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in the KanR selection by restoring the proper reading frame on A86C tmRNA. These data
corroborate the genetic findings that SmpB is functionally tied to the upstream region of
tmRNA. They also provide evidence that SmpB plays a role in selection of the reading frame.

Analysis of the role of the selected mutations in restoring tagging

The selected SmpB mutants alter the reading frame on A86C tmRNA, but what effect do they
have on wild-type tmRNA (A86)? We analyzed reading frame selection with SmpB clones
Al, A2, and A5 with wild-type (A86) tmRNA. Immunoblot analysis revealed no evidence of
increased translation in either the +1 or —1 frame (Figure 3C). A86C and U85A mutants were
used as positive controls to verify that tagging in the +1 or —1 frames, respectively, could be
visualized. This result shows that our SmpB mutants are not sufficient to alter frame recognition
alone—they only do so in the context of the A86C mutation.

Avre the selected SmpB clones specific for C86 or do they support tmRNA activity with the
wild-type tmRNA? Immunoblot analysis with A86 tmRNA revealed that the mutants show no
loss of function in the normal frame (Figure 3C). We also tested the A1, A2, and A5 clones in
the KanR assay against A86 tmRNA and found that the SmpB mutants did not lower the level
of survival. These findings indicate that specificity for the tmRNA upstream sequence was
relaxed, rather than altered to be specific for the cytidine nucleotide. Relaxed specificity is the
simpler solution in most cases; in directed evolution experiments a negative selection against
the wild-type sequence must be used to obtain truly altered specificity.2?

Which SmpB mutations are necessary to restore function and how do they work together? We
tested all four mutations found in A1, A2, and A5 both individually and in pairs. The following
mutants were assayed by immunoblot with A86C tmRNA: the single point mutations Y24C,
E107V, V129A, A130G, and double mutants Y24C/E107V, E107V/V129A, E107V/A130G,
and V129A/A130G. None of these yielded a detectable amount of tagging in the 0 frame (data
not shown), in contrast to the substantial signals seen with the original pairings. We conclude
that at least two mutations are required to rescue A86C tmRNA: Tyr24Cys and either
Vall29Ala or Alal30Gly.

When mapped onto the atomic structure of Thermus thermophilus SmpB, 17 these three residues
cluster in a junction at the bottom of the protein, away from the well-characterized tmRNA
binding site (Figure 4A). This junction is formed from the beginning of the C-terminal tail and
loops linked to helices 1 and 3. The fourth point mutation, Glu107Val, is found nearby in the
loop following helix 3. The clustering of these mutations at this single site implicates this
junction at the bottom of SmpB in the frame selection process.

The Tyr24 side chain makes hydrophobic interactions with several other residues in this
junction region. We introduced mutations to test the importance of these hydrophobic
interactions for overall SmpB function (paired with wild-type tmRNA). Replacement of Tyr24
with charged residues Glu or Arg results in a complete loss of SmpB function (Figure 4B),
while mutation to Leu is well tolerated. Mutation to the smaller side chains Cys or Ala also
has little or no effect on SmpB activity. Since Ala is tolerated at residue 24, we wondered it
could substitute for Cys in our selected SmpB clones, all of which contain the Tyr24Cys
mutation (Table 1). Perhaps the loss of the aromatic side chain of Tyr24 introduces structural
plasticity in this junction region; alternatively, the Cys side chain itself may play a role in the
new activity of these clones. To distinguish between these possibilities, we replaced the
Tyr24Cys mutation with Tyr24Ala in the A2 mutant. The resulting SmpB protein showed
survival levels similar to the original A2 mutant in the KanR assay with A86C tmRNA.
Together these data show that Tyr24 is in a hydrophobic environment and loss of its side chain
is a key component in allowing our SmpB mutants to function on A86C tmRNA.
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Analysis of the atomic structure suggests that one residue that interacts with Tyr24 is Ala130.
Mutation of Ala130 to the charged Glu or the bulky Leu dramatically reduce SmpB function
(Figure 4B). Deletion of Ala130, effectively replacing it with Lys131, likewise destroys SmpB
function. These mutagenesis results support the conclusion that Tyr24 and Ala130 form
hydrophobic interactions that are essential for SmpB activity. The mutations identified in our
screen, taken individually, do not inhibit SmpB activity (Figure 4B), but likely introduce subtle
structural changes while retaining the basic structure of this region. We propose that the
Tyr24Cys, Val129Ala, and Alal30Gly mutations identified in our selection introduce
structural plasticity required to restore A86C tmRNA function and proper frame selection.

Conclusions

Our findings demonstrate that SmpB and the region upstream of the resume codon on tmRNA
are functionally linked; both play a role in establishing the reading frame on tmRNA. The
AB86C mutation in tmRNA leads to the total loss of 0 frame tagging and high levels of +1 frame
tagging. We identified several SmpB mutants that restore the function of A86C tmRNA both
in a genetic selection and in a direct assay for the addition of the tmRNA tag. The A2 mutant,
for example, restores 0 frame tagging at about the same level that it reduces +1 frame tagging
(Figure 3B). This suggests that the overall tagging efficiency is the same and that A2 increases
tmRNA activity by simply restoring the proper frame in tmRNA translation.

How might SmpB set the frame during trans-translation? SmpB binds to the tRNA-like domain
of tmRNA to form a structure that mimics normal tRNAs.17 Positioned as an anticodon stem
mimic, SmpB licenses the entry of the SmpB-tmRNA complex into the ribosomal A site.
Following accommodation and peptidyl transfer, this complex moves to the P site.27:30 SmpB
binds the 30S P site with high affinity even without tmRNA.25:31 We envision a model in which
interactions with the P site position SmpB precisely such that it draws tmRNA into the A site.
With the first codon (GCA) lying in the mRNA channel in the decoding center, translation
begins with tmRNA as a template. Intriguingly, the SmpB residues identified in our selection
as affecting frame selection (Tyr24, Val129, and Alal30) cluster together in a hydrophobic
pocket located on what would be the A-site face of SmpB. We propose that the selected
mutations act together to induce structural plasticity at this site. The changes in SmpB structure
induced by these mutations may alter the positioning of the conserved K;31GKK sequence
found at the beginning of the C-terminal tail and immediately downstream of the VVal129Ala
and Alal30Gly mutations. Interestingly, these residues were recently implicated in SmpB's
interaction with the ribosomal decoding center.20 These conserved amino acids (Tyr24 and
V120AKGKK) may therefore play a critical role in decoding and a role in frame selection.

How might SmpB draw the tmRNA template sequence into the A site and position the resume
codon for translation to resume? Several studies have reported a direct interaction between
SmpB and the region upstream of the tag template in tmRNA (especially U85). Our results
demonstrate a genetic and functional link between these molecules but cannot determine
whether their interaction is direct or indirect. Experiments are underway to further characterize
biochemically the binding interface between SmpB and the upstream sequence of tmRNA.
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Figure 1.

Sequence and structure of tmRNA. A) Secondary structure of E. coli tmRNA, including the
tRNA-like domain (TLD), four pseudoknots (PK1-4), and the resume and stop codons boxed
at either end of the tag template sequence.32 B) Fragment of the tnRNA sequence including
the first five codons in the tag template as well as five nucleotides of the upstream sequence
known to play a role in frame selection. The resume codon is underlined. The His 0 template
encodes ANDHgD in the natural frame. Addition of a G before G90 leads to the synthesis of
this tag only when the +1 frame is read in the His +1 reporter. Likewise, deletion of C98 leads
to synthesis of RKRHgD only upon translation in the —1 frame in the His —1 reporter.
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Figure 2.

Genetic selection for SmpB mutants that restore A86C tmRNA activity. Translation of a
truncated KanR gene is stalled during termination at the sequence Glu-Pro-Stop. The resulting
KanR protein lacks the C-terminal 15 amino acids (red) and is inactive unless these stalled
ribosomes are rescued by tmRNA that has been altered to encode the last 14 amino acids,
ANKLQFHLMLDEFF.4 Roughly 108 SmpB mutants were screened to identify those that
restore tagging levels sufficient to synthesize KanR and confer cellular survival on kanamycin
plates. SmpB library construction — Eagl and EcoRV cloning sites in the selection plasmid®
were used to insert the SmpB gene mutagenized by error-prone PCR33 with the following
primers:; 392, GGTATCAACAGGGACACCAGG and 470,
CCAGTCACGTAGCGAAGATC. The SmpB library was introduced into MegaX DH10B
competent cells (Invitrogen) by electroporation and was amplified, purified, and then
introduced into the AssrA-smpB strain (a gift from Brice Felden)34 for selection in the KanR
assay. KanR assay for tmRNA activity — 4ssrA-smpB cells expressing AB6C tmRNA and SmpB
from the selection plasmid were grown overnight in 2xYT with ampicillin. Saturated cultures
were diluted to an ODggq of approximately 0.3 in fresh media containing 2% arabinose to
induce KanR expression and grown for 4 hours. The cells were plated onto selective media:
2xYT, ampicillin, chloramphenicol, 2% arabinose, and 15 pg/mL kanamycin. Growth
comparisons (selective vs. non-selective plates) were made after incubation for 48 h at 25 °C.
Mutant smpB genes from selected clones were amplified by PCR and cloned into fresh selection
vector and re-introduced into the selection strain to verify their phenotype.
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Page 10

SmpB mutants alter frame selection on A86C tmRNA but not wild-type tmRNA. tmRNA was
altered to express an ANDHgD tag in the —1, 0, or +1 frame (see Fig. 1B). The complete GST
protein with the known stalling signal Glu-Pro-Stop at the C-terminus served as a substrate for
tagging. Addition of the tag was visualized with an anti-Hisg antibody as described.® An anti-
GST control was visualized on the same blot. Note that the higher band recognized by the anti-
GST antibody corresponds to GST containing the tmRNA tag. A) 0 and +1 frame tagging by
A86C tmRNA with the selected SmpB clones. B) Quantification of the level of A86C tmRNA
tagging divided by the level of GST expression, normalized to the level of +1 tagging with
wild-type SmpB. Error bars report the standard deviation of three independent experiments.
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C) Tagging by wild-type tmRNA (A86) in all three frames in combination with various SmpB

clones. A86C and U85A were used as positive controls for the detection of +1 and —1 frame
tagging, respectively, with wild-type SmpB (the “+” lanes).
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Figure 4.

Structure and mutagenesis of SmpB. A) The structure of the SmpB-tmRNA complex from T.
thermopbhilus is shown with the tRNA-like domain of tmRNA in orange and SmpB in blue.
17 Residues mutated in the selected SmpB clones are shown in red. The first three amino acids
in the C-terminal tail (K131GK) are shown in yellow. Residue labels depict the E. coli
numbering and sequence. The corresponding T. thermophilus residues are Y14, K96, and
L119ARGK. Created with Pymol. B) Tagging of stalled GST was measured by immunoblot as
in Fig. 3 but with wild-type (A86) tmRNA encoding ANDHgD in the natural (0) frame. This
series of SmpB mutants was designed to test the structural role of residues at the junction where
the C-terminal tail begins.
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Table 1

SmpB clones that restore AB6C tmRNA activity

Clone
Al
A2
A5

SmpB mutations
Tyr24Cys Vall29Ala
Tyr24Cys Glul07Val Vall29Ala
Tyr24Cys Alal30Gly

Changes in the SmpB sequence are shown for three clones that survived the KanR selection for tmRNA activity. The codons for the Tyr24Cys and
Val129Ala mutations are the same at the DNA level in each clone that they appear.
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