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by EF-Tu on ribosomes stalled on intact mRNA
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ABSTRACT

Messenger RNAs lacking a stop codon trap ribosomes at their 3’ ends, depleting the pool of ribosomes available for protein
synthesis. In bacteria, a remarkable quality control system rescues and recycles stalled ribosomes in a process known as trans-
translation. Acting as a tRNA, transfer-messenger RNA (tmRNA) is aminoacylated, delivered by EF-Tu to the ribosomal A site,
and accepts the nascent polypeptide. Translation then resumes on a reading frame within tmRNA, encoding a short peptide
tag that targets the nascent peptide for degradation by proteases. One unsolved issue in trans-translation is how tmRNA and its
protein partner SmpB preferentially recognize stalled ribosomes and not actively translating ones. Here, we examine the effect
of the length of the 3’ extension of mMRNA on each step of trans-translation by pre-steady-state kinetic methods and
fluorescence polarization binding assays. Unexpectedly, EF-Tu activation and GTP hydrolysis occur rapidly regardless of the
length of the mRNA, although the peptidyl transfer to tmRNA decreases as the mRNA 3’ extension increases and the
tmRNA-SmpB binds less tightly to the ribosome with an mRNA having a long 3’ extension. From these results, we conclude
that the tmRNA-SmpB complex dissociates during accommodation due to competition between the downstream mRNA and
the C-terminal tail for the mRNA channel. Rejection of the tmRNA-SmpB complex during accommodation is reminiscent of the
rejection of near-cognate tRNA from the ribosome in canonical translation.
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INTRODUCTION system for rescuing stalled ribosomes in bacteria consists
of transfer-messenger RNA (tmRNA) and its protein part-
ner, SmpB. Genetic deletion of tmRNA is lethal in some spe-
cies (Huang et al. 2000; Ramadoss et al. 2013), inhibits
pathogenesis in others (Thibonnier et al. 2008), and conveys
susceptibility to antibiotics and stresses (Muto et al. 2000;
Luidalepp et al. 2005; Thibonnier et al. 2008). In a subset
of bacteria, there are also redundant mechanisms for releas-
ing stalled ribosomes, including the alternative release fac-
tors ArfA, found in - and y-proteobacteria (Chadani et
al. 2010), and ArfB (Yae]), found in many Gram-negative
bacteria (Handa et al. 2010; Chadani et al. 2011). The fact
that tmRNA and SmpB constitute the predominant mech-
anism, however, is underscored by their presence in all
sequenced bacterial genomes (Gueneau de Novoa and
Williams 2004).

tmRNA and SmpB rescue stalled ribosomes through a re-
markable template-swapping mechanism known as trans-
translation (Keiler et al. 1996; Karzai et al. 1999). As its
name implies, tmRNA has a dual function (tRNA function

Messenger RNA transcripts lacking stop codons pose a threat
to the viability of all living organisms. Nonstop mRNAs not
only encode aberrant proteins with potentially toxic activities
but also deplete the pool of available ribosomes, because ri-
bosomes stall for extended periods of time at the 3’ end of
an mRNA when they cannot recruit release factors. In re-
sponse to this threat, several mechanisms have evolved to
detect and destroy nonstop mRNAs and release and recycle
stalled ribosomes. In the nonstop decay (NSD) pathway in
yeast, for example, translation past the end of an open read-
ing frame into the poly-A tail recruits Ski7, leading to degra-
dation of the transcript by the exosome, release of the
ribosome by Dom34/Hbs1, and targeting of the nascent poly-
peptide to the proteasome by the ubiquitin ligases Not4 and
Ltn1 (Shoemaker and Green 2012). A similar mechanism ap-
pears to operate in many if not all eukaryotes.

In bacteria, ribosomes stall not on a poly-A tail but at the
3’ end of a nonstop mRNA. The most common and effective
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Rejection of tmRNA-SmpB after GTP hydrolysis

and mRNA function). First, it acts like a transfer-RNA, its
terminal regions folding into a tRNA-like structure that is
aminoacylated with alanine (Komine et al. 1994; Ushida
et al. 1994). With SmpB bound to its tRNA-like domain
(TLD), Ala-tmRNA is delivered to the A site of stalled ribo-
somes by EF-Tu (Barends et al. 2001; Hanawa-Suetsugu
et al. 2002). The tmRNA-SmpB complex mimics the struc-
ture of a canonical tRNA, with the TLD of tmRNA forming
the acceptor stem and SmpB forming the anticodon stem—
loop, so that upon A-site-binding SmpB engages the decod-
ing center in the 30S subunit (Gutmann et al. 2003; Bessho
et al. 2007; Kurita et al. 2007). After the nascent polypeptide
is transferred to tmRNA, the ribosome dissociates from the
nonstop mRNA template and resumes translation on a short
open reading frame in tmRNA. Acting now as a messenger
RNA, tmRNA encodes 10 additional amino acids and the na-
scent polypeptide is released at a stop codon (Keiler et al.
1996; Himeno et al. 1997). The 11 amino acid tag added by
tmRNA targets the truncated protein for degradation by cel-
lular proteases (Keiler et al. 1996; Gottesman et al. 1998;
Herman et al. 1998; Choy et al. 2007).

One aspect of the trans-translation mechanism that re-
mains controversial is how the tmRNA-SmpB complex selec-
tively reacts with stalled ribosomes and not actively translating
ones in order to avoid aborting productive protein synthesis.
Initially, tmRNA-SmpB was assumed to target ribosomes
stalled at the 3’ end of truncated mRNA (Keiler et al. 1996).
Indeed, in vitro kinetic studies confirmed that the efficiency
of peptidyl transfer to Ala-tmRNA rapidly decreased as the
length of the mRNA increased downstream from the P-site
codon (Ivanovaetal. 2004; Asano etal. 2005). In contrast, sev-
eral in vivo studies seemed to suggest that trans-translation
occurs even in the middle of mRNA at several contiguous
rare codons, inefficient stop codons, and certain nascent pep-
tide sequences, all of which pause or arrest translation (Roche
and Sauer 1999, 2001; Collier et al. 2002; Hayes et al. 2002).
One solution to this paradox is that, regardless of the mecha-
nism, prolonged translational arrest in the middle of an
mRNA induces endonucleolytic cleavage in or around the
A-site codon, generating nonstop mRNA (Hayes and Sauer
2003; Sunohara et al. 2004; Li et al. 2007; Garza-Sanchez
et al. 2008). On the other hand, some in vivo studies observe
robust tmRNA activity on transcripts with 15-21 nt down-
stream from the P-site codon, following degradation of the
mRNA by 3'-5" exonucleases to the 3’ boundary protected
by the ribosome (Garza-Sédnchez et al. 2009; Janssen et al.
2013). The disparity between the in vitro and in vivo data
and the diversity of sequences used to induce stalling have
led to confusion over whether A-site cleavage is necessary
for trans-translation or what the mRNA length requirements
might be.

The recent crystal structure of the Thermus thermophilus
tmRNA-SmpB complex bound in the A site of the 70S ribo-
some sheds new light on how the trans-translation machinery
achieves selectivity for stalled ribosomes (Neubauer et al.

2012). Trapped by kirromycin, this complex represents the
preaccommodation state following activation of EF-Tu and
GTP hydrolysis but prior to the dissociation of EF-Tu. The
body of SmpB is positioned in the decoding center in the
30S subunit, near the conserved nucleotides A1492, A1493,
and G530 that are essential to canonical decoding. The struc-
ture confirms earlier biochemical findings that the C-termi-
nal tail of SmpB, residues 133-160 in the Escherichia coli
protein, lies within the A-site and the mRNA channel down-
stream from the A site (Kurita et al. 2007, 2010). The residues
after 142, although unstructured in solution, form a helix
within the mRNA channel, making interactions with 16S
rRNA and the S5 protein. Taken together, the biochemical
and structural evidence supports a model in which selectivity
for stalled ribosomes is the result of competition for the A-
site and mRNA channel, where mRNA blocks the binding
of the SmpB C-terminal tail and inhibits tmRNA activity
on actively translating ribosomes.

Given that the tail is bound in the channel prior to release of
EF-Tu in the crystal structure, it seems reasonable to hypoth-
esize that long mRNAs might block binding of tmRNA-SmpB
in the A site and subsequent activation of EF-Tu. In this work,
we test this hypothesis directly by examining the effect of
the length of the 3’ extension of mRNA on tmRNA-SmpB
binding, GTPase activation, and peptidyl transfer. We show
that tmRNA-SmpB can enter ribosomes and trigger GTP hy-
drolysis even in the middle of mRNA and that rejection of
tmRNA-SmpB from elongating ribosomes occurs during the
accommodation step, following GTP hydrolysis by EF-Tu
but prior to peptidyl transfer.

RESULTS AND DISCUSSION

Long 3’ extensions in mRNA block peptidyl transfer
to tmRNA

Transfer of the nascent peptide from peptidyl-tRNA to Ala-
tmRNA occurs more efficiently in vitro when the 3" end of
the mRNA template does not extend far beyond the P-site co-
don (Ivanova et al. 2004; Asano et al. 2005). It remains un-
clear, however, whether mRNAs with longer 3’ extensions
specifically block peptidyl transfer or inhibit another step up-
stream of peptidyl transfer, including tmRNA-SmpB com-
plex binding, activation of EF-Tu, and accommodation into
the A site. We have developed in vitro trans-translation assays
to measure the activities of initial steps of trans-translation up
to and including peptidyl transfer (Konno et al. 2007; Takada
et al. 2007; Kurita et al. 2010; Miller et al. 2011; Miller and
Buskirk 2014). In this study, we used pre-steady-state kinetic
methods to determine the rate constants for GTP hydrolysis
by EF-Tu and for peptidyl transfer to tmRNA.

We replicated the findings of Ehrenberg and coworkers
that rates of peptidyl transfer to Ala-tmRNA are substantially
reduced by mRNA extending 12 or more nucleotides after the
P-site codon (Ivanova et al. 2004). We formed translation
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initiation complexes by incubating formyl-[**S]methionyl-
tRNAMet (fMet-tRNA™®Y) with E. coli ribosomes and an
mRNA having a Shine-Dalgarno (SD) sequence, an AUG
start codon, and varying lengths of the 3’ extension (Fig.
1A). The 3’ ends of the mRNA templates extended 0, 9, 15,
or 21 nt from the P-site codon into the A-site and the
mRNA-binding channel. Initiation complexes were reacted
with a quaternary complex containing Ala-tmRNA, SmpB,
EF-Tu, and GTP. The rate constant of trans-transfer was de-
termined by measuring the amount of f[>°S]Met-Ala dipep-
tide at various time points (Fig. 1B).

As expected from previous studies (Ivanova et al. 2004;
Asano et al. 2005), the peptidyl-transfer rate decreased signif-
icantly when the mRNA length past the P-site codon reached
a certain threshold. Although the rate decreased only twofold
with a 9-nt extension, it decreased >30-fold with the mRNA
having a 15-nt extension (Fig. 1C; Table 1). This is consistent
with a model in which short mRNA extensions are free to
move out of the way of the tmRNA-SmpB complex, but
longer mRNA extensions are held in place by the downstream
mRNA channel in the ribosome, blocking peptidyl transfer to
the tmRNA-SmpB complex.

A P-site  A-site
codon  codon

mRNA+0 AGG AGG UAU ACU AUG
mRNA+9 AGG AGG UAU ACU AUG UUC UAC AAA
mRNA+15 AGG AGG UAU ACU AUG UUC UAC AAAAAAAAA
mRNA+21 AGG AGG UAU ACU AUG UUC UAC AAAAAAAAA AAA AAA
Met
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FIGURE 1. Effect of the length of the 3’ extension of mRNA on trans-
transfer. (A) mRNAs used in the in vitro trans-translation system and
reaction scheme for trans-transfer. Each mRNA has an SD sequence,
AUG codon and +0, +9, +15, or +21 nt after the AUG codon. (B)
Time course of formation of the dipeptide fMet-Ala with an mRNA
+0 (closed circle), an mRNA+9 (open circle), an mRNA+15 (closed tri-
angle), or an mRNA+21 (open triangle). Stalled ribosome that contains
70S ribosome, mRNA, and f[*>*S]Met-tRNA™® was mixed with the
quaternary complex of Ala-tmRNA, SmpB, EF-Tu, and GTP. (C) The
rate constants of peptidyl transfer determined by monitoring the rate
of formation of the dipeptide fMet-Ala. All reactions were performed

at least twice and the SE is given.
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TABLE 1. Rate constants of GTP hydrolysis and trans-transfer

GTP hydrolysis (sec™) Trans-transfer (sec™")

mRNA+0 2.6+0.5 0.71+0.1
mRNA+9 2.1+£0.04 0.34 +0.06
mRNA+15 3.2+0.2 0.024 £ 0.0005
mRNA+21 26+0.3 0.014 £ 0.0002

Rate constants of GTP hydrolysis and trans-transfer. Representative
primary data are shown in Figures 1 and 2. The average rate of
two or more independent experiments is shown with SE.

mRNA in the A site does not block
EF-Tu activation

Given the structural data showing that SmpB binds in the
A-site and mRNA channel where mRNA is normally posi-
tioned, even while EF-Tu is still bound to the complex in
the preaccommodation state, we expected that EF-Tu activa-
tion and GTP hydrolysis would also be inhibited on complex-
es with mRNAs with long extensions after the P-site codon.
To measure GTP hydrolysis by EF-Tu, nonlabeled initia-
tion complexes were combined with the quaternary complex
of Ala-tmRNA, SmpB, EF-Tu, and [y-**P]GTP. The levels of
free radioactive inorganic phosphate were monitored at var-
ious time points (Fig. 2A) and the GTP hydrolysis rate cons-
tant was determined by fitting the data to a first-order
exponential equation. We confirmed that GTP hydrolysis de-
pends on the presence of SmpB as described in our previous
report (Miller et al. 2011) and that no significant sponta-
neous GTP hydrolysis was observed in the absence of the in-
itiation complex. Surprisingly, the rate constants for GTP
hydrolysis were roughly the same regardless of the mRNA
length (Fig. 2B; Table 1), indicating that GTP hydrolysis is
not inhibited by the downstream mRNA. We conclude that
delivery of the tmRNA-SmpB complex and activation of
EF-Tu are not compromised by the presence of mRNA in
the A-site or downstream mRNA channel. Although binding
of tmRNA-SmpB to actively translating ribosomes induces
GTP hydrolysis in an apparently wasteful manner, it is likely
that this does not significantly impact cellular energy resourc-
es, because the concentration of tmRNA is low relative to ca-
nonical tRNAs (Lee et al. 1978; Dong et al. 1996) and tmRNA
also has a lower affinity for EF-Tu (Barends et al. 2000).

With mRNA bound in the A-site and the downstream
channel, how does the tmRNA-SmpB complex activate EF-
Tu? In the crystal structure of the preaccommodation com-
plex, SmpB residue His136 stacks with G530 of 16S rRNA,
a key nucleotide in the canonical decoding mechanism
(Neubauer et al. 2012). Mutation of His136 dramatically re-
duces the rate constant of GTP hydrolysis (Miller and Buskirk
2014), suggesting that the stacking of the histidine side chain
on the guanine base plays a key role in EF-Tu activation. The
fact that EF-Tu activation occurs rapidly regardless of mRNA
length raises the possibility that tmRNA-SmpB places His136
in contact with G530 early on in the binding process.
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FIGURE 2. Effect of the length of the 3’ extension of mRNA on
GTP hydrolysis. Stalled ribosome that contains 70S ribosome, mRNA,
and fMet-tRNA™® was mixed with the quaternary complex of Ala-
tmRNA, SmpB, EF-Tu, and 32p_labeled GTP. (A) Time course of
GTP hydrolysis with mRNA+0 (closed circle), mRNA+9 (open circle),
mRNA+15 (closed triangle), or mRNA+21 (open triangle). (B) The rate
constants of GTP hydrolysis determined by monitoring the rate of pro-
duction of **P-labeled inorganic phosphates. All reactions were per-
formed at least twice and the SE is given.

The fact thatlong 3’ extensions of mRNA do not reduce EF-
Tu activation rates is compatible with our previous kinetic
work showing that the latter portion of the C-terminal tail
of SmpB plays little or no role in EF-Tu activation (Kurita
et al. 2010; Miller et al. 2011). Truncation of the tail after res-
idue 153 or preventing helix formation by mutating Lys151 to
Pro reduced GTP hydrolysis rates by only twofold to fourfold,
whereas peptidyl-transfer rates were reduced by 30- to 60-fold
(Miller et al. 2011). These defects are indicative of an inability
of the tmRNA-SmpB complex, once released from EF-Tu, to
be accommodated into the A site with the proper geometry for
peptidyl transfer to take place. Presumably the interaction of
the latter portion of the C-terminal tail with the mRNA chan-
nel stabilizes the tmRNA-SmpB complex within the A site in
order to promote accommodation without dissociation of
the complex. By interfering with binding of the tail in the
channel, long mRNAs block accommodation and peptidyl
transfer but not EF-Tu activation, giving the same kinetic de-
fects observed when the tail is mutated or truncated.

tmRNA-SmpB binds more weakly to ribosomes
translating longer mRNAs

If the tmRNA-SmpB complex is delivered to the ribosome
and activates EF-Tu equally well regardless of mRNA length,
then perhaps the reason that peptidyl transfer to tmRNA oc-
curs slowly on longer mRNAs is that the complex fails to ac-

commodate properly in the A site and dissociates from the
ribosome. To directly test if the affinity of ribosomes for the
tmRNA-SmpB complex is reduced by the presence of mRNA
in the A-site and mRNA channel, we performed fluorescence
polarization (FP) studies using labeled SmpB. FP is a method
to characterize molecules by rotational diffusion and thus
molecular weight. The polarization of the light used for exci-
tation is retained by slowly rotating, larger molecules, while
quickly rotating, smaller molecules lose polarization. By la-
beling the SmpB protein, we monitored the binding of the
tmRNA-SmpB complex to the ribosome through observing
the increase in the polarization signal as the ribosome slows
rotation of SmpB.

SmpB was labeled with the fluorophore Atto633 at an en-
gineered, unique Cys residue. We previously prepared a series
of SmpB mutants in which two naturally occurring cysteine
residues at 82 and 123 were replaced by alanine and single
cysteine mutations were introduced throughout the protein
(Kurita et al. 2007). Here we used the SmpB mutant in which
a cysteine residue had been introduced at position 22 (H22C)
to site-specifically label the protein with Atto633. We con-
firmed that H22C mutant has trans-transfer activity compa-
rable with that of wild-type SmpB (Fig. 3A). To form the
quaternary complex, labeled SmpB was incubated with excess
Ala-tmRNA, EF-Tu, and GTP. Using fluorescence polariza-
tion, we confirmed nearly full participation of 2 nM SmpB
in a tmRNA-SmpB complex when 22 nM Ala-tmRNA was
added (Fig. 3B).

The interaction between the ribosome and the tmRNA-
SmpB complex was characterized by incubating the fluores-
cently labeled quaternary complex with various concentra-
tions of initiation complexes. To prevent peptidyl transfer to
tmRNA, which would irreversibly trap the tmRNA-SmpB
complex within the ribosome and prevent an accurate deter-
mination of its apparent affinity, the initiation complexes
were formed using deacyl-tRNA™ bound to the P site.

We tested the effect of mRNA length on the binding of
tmRNA-SmpB complexes to ribosomes programmed with
an mRNA with no 3’ extension past the P-site codon (mRNA
+0) or having a long extension (mRNA+21). As shown in
Figure 3C, polarization of SmpB increased when higher con-
centrations of either initiation complex were added. When
mRNA+21 was used, however, complex formation required
an approximately sevenfold higher concentration of ribo-
somes than it did when mRNA+0 was used. These data con-
firm that the tmRNA-SmpB complex preferentially binds
ribosomes programmed with mRNA having no 3’ extension.
This is consistent with a previous study showing that deacyl-
tmRNA binds preferentially to the complex of SmpB-ribo-
some programmed with mRNA having no 3’ extension
(Gillet et al. 2007).

We also tried to measure the ribosome binding capacity of
Ala-tmRNA-SmpB before GTP hydrolysis using the nonhy-
drolysable GTP analogs GDPNP, GDPCP, and GTPyS, but
were unable to do so because no quaternary complex could
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FIGURE 3. Binding of the Ala-tmRNA-SmpB complex to the stalled ri-
bosome after GTP hydrolysis. (A) Activity of trans-transfer for H22C
mutant of SmpB. N—formy1[14C]Met[3H]Ala formation was examined
by bench-top assay. (B) Fluorescence polarization binding analysis of
Atto633-labeled SmpB to Ala-tmRNA, EF-Tu, and GTP. Polarization
was plotted against concentration of Ala-tmRNA. Measurement was re-
peated five times. (C) Fluorescence polarization binding analysis of the
quaternary complex containing Atto633-labeled SmpB mutant (H22C)
to the stalled ribosome with a short mRNA (mRNA+0, closed circle) or
along mRNA (mRNA+21, open circle). Binding of the quaternary com-
plex containing Atto633-labeled SmpB mutant (H22C/W147A) to the
stalled ribosome with a short mRNA (mRNA+0, closed triangle) was
monitored. (D) Binding of the synthetic peptide corresponding to res-
idues 133-160 of the C-terminal tail of SmpB to the stalled ribosome
with a short mRNA (+0, closed circle) or a long mRNA (+21, open cir-
cle) by fluorescence polarization analysis. The peptide was labeled with
TAMRA at the N-terminus. Closed triangle shows the binding of a syn-
thetic peptide that contains W147A mutation to the ribosome stalled by
mRNA+0.
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be obtained. We also could not measure ribosome binding
in the step immediately after GTP hydrolysis, but prior to
release of tmRNA from EF-Tu, because kirromycin does
not effectively block trans-translation mediated by tmRNA
(Shimizu and Ueda 2006; Miller and Buskirk 2014).

The importance of binding of the SmpB C-terminal
tail within the mRNA channel

Having observed that binding of the tmRNA-SmpB complex
is weakened by mRNA with long 3’ extensions, we next asked
if this loss of binding affinity resulted from displacement of
the C-terminal tail of SmpB from the mRNA channel. We
previously showed that a tryptophan residue within the C-
terminal tail of SmpB, Trp147, is critical for trans-transfer
(Kurita et al. 2010). In the preaccommodation structure of
T. thermophilus, the corresponding residue contacts the S5
protein within the mRNA channel. We compared the ability
of the labeled tmRNA-SmpB complex to bind to initiation
complexes containing mRNA+0 using SmpB with or without
the Trp147Ala mutation. We observed that the Trpl147Ala
mutant required >10-fold higher concentration of ribosomes
for complex formation, roughly the same loss of binding af-
finity seen when mRNA+21 was used above. These data are
consistent with the idea that the interaction of the tail and
the mRNA channel contributes extra binding affinity that is
essential for stable binding of the tmRNA-SmpB complex
to the A site during accommodation. The hydrophobic inter-
action of Trp147 with the S5 protein may be an important
contributor to this binding energy.

We obtained additional direct evidence that the C-terminal
tail of SmpB competes with the 3’ extension of mRNA for
the channel. Using the FP assay, we monitored the interaction
between initiation complexes and a synthetic peptide corre-
sponding to the C-terminal tail of SmpB (residues 133-
160). The tail peptide is expected to bind to the mRNA chan-
nel in the same manner as the C-terminal tail of full-length
SmpB because it blocks the binding of SmpB to the A site and
inhibits EF-Tu activation and peptidyl transfer to tmRNA
(Kurita et al. 2010; Miller and Buskirk 2014). When mRNA
+21 was used, complex formation required an ~10-fold
higher concentration of ribosomes than when mRNA+0
was used (Fig. 3D). When we used the synthetic peptide
that contains the Trp147Ala mutation, the complex forma-
tion almost completely disappeared even on mRNA+0, high-
lighting the importance of Trp147 to the interaction of the
C-terminal tail of SmpB with the mRNA path of the ribo-
some. Taken together, these results demonstrate that binding
of the tmRNA-SmpB complex to ribosomes is reduced when
the mRNA extends into the mRNA channel. Selectivity for
empty A sites arises from reduced affinity due to competition
between the 3’ extension and the C-terminal tail for the
mRNA channel.

How does the SmpB tail move from its disordered state in
solution to form an a-helix when bound within the mRNA
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channel? Given the length of the tail (>20 residues), it proba-
bly moves through an opening in the mRNA entry channel
rather than sliding into the channel from the decoding center.
An open conformation of the mRNA channel has been ob-
served in structures of initiation and translocation complexes
(Passmore et al. 2007; Ramrath et al. 2012). Like SmpB, the
ArfB protein (YaeJ) has a C-terminal tail that forms an a-helix
upon binding to the mRNA channel (Gagnon et al. 2012).
ArfB also contains the GGQ domain, common to release fac-
tors, that hydrolyzes the peptidyl-tRNA linkage (Handa et al.
2010; Chadani et al. 2011). Remarkably, addition of 44 resi-
dues to the C-terminus of ArfB had no effect on its activity,
suggesting that even with this long extension, the tail is capa-
ble of productively binding in the channel (Kogure et al.

[Short 3’ extension

Peptidyl-tRNA

deacyl-tRNA

truncated mRNA mRNA path

2

Ala-tmRNA

EF-Tu/GTP
SmpB

2014). These considerations further support a model in which
the channel opens to allow the SmpB tail to enter.

A new model of the early steps in trans-translation

Based on our results, we propose a new model of trans-trans-
lation to explain how tmRNA-SmpB selectively recognizes
stalled ribosomes (Fig. 4). Initially, Ala-tmRNA-SmpB in
complex with EF-Tu and GTP binds the vacant A site of a
stalled ribosome without interaction of the latter portion of
the C-terminal tail of SmpB with the mRNA channel; GTP
hydrolysis is triggered regardless of the length of the 3’ exten-
sion of mRNA. After GTP hydrolysis, the Ala-tmRNA-SmpB
complex is released from EF-Tu. If the mRNA channel is free,
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FIGURE 4. Schematic representation of the process after the stalled ribosome is recognized by the quaternary complex. The “latter half” of the
C-terminal tail of SmpB is colored orange. The quaternary complex enters the stalled ribosome and triggers GTP hydrolysis regardless of the length
of 3’ extension of mRNA. After GTP hydrolysis, tmRNA-SmpB is rejected from the ribosome stalled in the middle of mRNA, while it is accommodated

in the ribosome stalled at the 3’ end of mRNA for trans-translation.
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and the SmpB C-terminal tail binds there, Ala-tmRNA-SmpB
is accommodated in the A site of ribosome and peptidyl
transfer occurs. On the other hand, if the mRNA channel
is occupied by mRNA, the C-terminal tail of SmpB cannot
interact with its binding site in the mRNA channel, and
Ala-tmRNA-SmpB dissociates from the ribosome without
peptidyl transfer. This model explains how the fate of the
Ala-tmRNA-SmpB complex is determined after GTP hydro-
lysis through binding competition between mRNA and the
latter half of the C-terminal tail of SmpB for the mRNA
path. Following rejection, the stalled ribosome may accept
an additional Ala-tmRNA-SmpB complex to perform pep-
tidyl transfer, and in fact more GTP molecules are hydrolyzed
per peptidyl-transfer reaction when a longer mRNA is used.

Itis illuminating to compare the mechanism of rejection of
tmRNA-SmpB with the proofreading mechanism in canoni-
cal translation. During the decoding of canonical tRNAs,
there are two consecutive selection steps, initial selection and
proofreading (for review, see Zaher and Green 2009). While
noncognate tRNAs are efficiently rejected during the initial
selection step prior to GTP hydrolysis, some proportion of
near-cognate tRNAs escape this screening process and are
rejected in the second selection (proofreading step) following
GTP hydrolysis. This step entails accommodation of the
whole tRNA body into the A site with the CCA-end dissoci-
ating from EF-Tu and moving into the peptidyl-transferase
center. This strategy of multistep discrimination is required
to achieve high fidelity translation because a single selec-
tion based on base-pairing between the codon and anticodon
alone is not sufficient to discriminate between the correct
and incorrect substrates. In contrast, two consecutive selec-
tion steps are unnecessary for tmRNA-SmpB due to the ab-
sence of confusingly similar molecules; selectivity can be
achieved in a single step, accommodation of tmRNA- SmpB
into the A site.

Binding of ribosome-rescue factors to the mRNA channel
is a widespread solution to the problem of discriminating be-
tween stalled and actively translating ribosomes. In bacteria,
another ribosome-rescue factor, ArfB, uses its a-helical C-ter-
minal tail to bind the mRNA channel in a manner very similar
to SmpB. This implies that ArfB activity should be inhibited
by long 3’ extensions in mRNA transcripts, which has been
supported by a recent biochemical study (Shimizu 2012). In
eukaryotes, the Dom34/Hbs1 complex rescues stalled ribo-
somes in an mRNA length-dependent manner. The mamma-
lian complex discriminates against transcripts with RNA >13
nt downstream from the P-site codon (Pisarevaetal. 2011). In
yeast, the cutoff is not as sharply defined: Subunit splitting oc-
curs rapidly with transcripts shorter than 23 nt after the P-site
codon, at intermediate rates between 23 and 30 nt, and signif-
icantly slower on transcripts longer than 30 nt after the P-site
codon (Shoemaker and Green 2011). This length dependence
is thought to be mediated by the N-terminal domain of Hbs1,
which binds the ribosome near the mRNA entry channel in a
cryo-EM reconstruction (Becker et al. 2011). Our studies of
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tmRNA-SmpB suggest that although ArfB and Dom34/Hbs1
may bind transiently to actively translating ribosomes in the
middle of a transcript, they probably also require significant
interactions in the mRNA channel for stable and productive
binding and ribosome rescue.

MATERIALS AND METHODS

Preparation of translation components

IF1, IF2, IF3, EF-Tu, MetRS, and AlaRS were purified as described
(Miller et al. 2011). mRNAs were synthesized by transcription by
T7 RNA polymerase using a template assembled by annealing sense
and antisense oligonucleotides. tRNA™" was purchased from
Sigma-Aldrich. Formyl-[*>S]Met-tRNA™¢" was prepared as de-
scribed (Moazed and Noller 1991). 70S ribosome, tmRNA, and
His6-tagged SmpB were prepared as described previously (Kurita
et al. 2010; Miller et al. 2011).

Ribosome complex formation

The 70S initiation complex was formed by incubating 4 uM ribo-
somes, 10 uM mRNA, 6 uM fMet—tRNAfMﬁ, 5 uM each of IF1, IF2
and IF3, and 2 mM GTP in buffer A for 45 min at 37°C. Buffer A con-
tains 50 mM Tris—HCI (pH 7.5), 70 mM NH,Cl, 30 mM KCl, 7 mM
MgCl,, and 1 mM dithiothreitol as previously described (Miller et al.
2011). To purify the complex, this solution was layered on a 1.3-mL
sucrose cushion (1.1 M sucrose, 20 mM Tris—HCI [pH 7.5], 500 mM
NH,CI, 10 mM MgCl,, and 0.5 mM EDTA) followed by centrifuga-
tion at 258,000¢ in a TLA100.3 rotor for 2 h. The resulting pellet was
resuspended in buffer A and stored at —80°C.

Peptidyl-transfer reaction

The 70S initiation complex was diluted to 100 nM. The tmRNA-
SmpB quaternary complex was prepared by incubating 5 pM
charged tmRNA, 30 uM SmpB, and 1 mM GTP in buffer A for 5
min at 37°C; 20 pM EF-Tu was added, and the reaction mixture
was incubated for another 5 min at 37°C. Peptide-bond formation
reaction was carried out at 37°C by mixing equal volumes of 70S ini-
tiation complex with the quaternary complex described above. The
reaction was stopped with hydrolysis of the peptidyl-tRNA at de-
sired time points by the addition of KOH to a final concentration
of 0.3 M on a KinTek RQF-3 quench-flow instrument. Reaction
products were resolved using cellulose TLC plates in pyridine acetate
(pH 2.8) and analyzed by autoradiography (Youngman et al. 2004).
Data were fit to a first-order exponential equation with GraphPad
Prism5 software.

Peptidyl-transfer reactions were also performed by bench-top
assay. One micromolar 70S ribosome was incubated with 4 pM
mRNA+0 and 2 pM N-formyl["*C]Met-tRNA at 37°C for 10 min
in 80 mM Tris—HCI (pH 7.8), 7 mM MgCl,, 150 mM NH,CI, 2.5
mM dithiothreitol, 0.2 mM GTP, and 2 mM spermidine. They
were subsequently incubated with 0.1 uM [*H]Ala-tmRNA, 1 uM
SmpB, and 2 uM EF-Tu at 37°C for 90 sec. After incubation, aliquots
(8 pL) of reaction mixture was stopped by addition of 8 pL 1.2 N
NaOH and subsequently incubated at 37°C for 10 min. Then 32
uL of H,SO, was added to reaction mixture. The peptide containing
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["*C]Met was extracted with ethyl acetate and radioactivity was
measured by a liquid scintillation counter.

GTP hydrolysis reaction

The 70S initiation complex was formed as described above except
that nonradioactive fMet-tRNA™® was used and the complex was
diluted to 500 nM. The quaternary complex was prepared by incu-
bating 5 uM tmRNA, 20 uM SmpB, 20 uM EF-Tu, 17.5 puCi of
[y->*P]GTP (6000 Ci/mmol), 3 mM phosphoenol pyruvate, 0.1
mg/mL pyruvate kinase, 20 mM L-alanine, 2 mM ATP, and 10
uM AlaRS in buffer A for 1 h at 37°C. The mixture of quaternary
complex was passed through P30 columns twice to remove excess
[y-*P]GTP. The rate constant of GTP hydrolysis was measured us-
ing a KinTek RQF-3 quench-flow instrument at 20°C, where equal
volumes of the 70S initiation complex and the quaternary complex
described above were mixed and quenched with 40% formic acid at
the desired times. Reaction products were resolved on PEI cellulose
TLC plates in 0.5 M KH,PO, (pH 3.5) and [**P]P; was quantified by
autoradiography. Data were fit to a first-order exponential equation
with GraphPad Prism5 software.

Fluorescence polarization analysis

SmpB (1 nmol) was labeled with Atto633-maleimide (10 nmol) in
50 pL of solution containing 50 mM MOPS (pH 8.2), 100 mM
NaCl, 1 mM EDTA, and 5% glycerol at 37°C for 1 h. Unreacted flu-
orophore was removed by ultrafiltration (Amicon ultra-0.5 mL 10
kDa) and gel-filtration. The buffer was exchanged for a stock buf-
fer containing 50 mM MOPS (pH 8.0), 120 mM NaCl, 0.1 mM
EDTA, 10 mM MgCl,, and 10% glycerol. To form the quaternary
complex, labeled SmpB (100 fmol) was incubated with alanyl-
tmRNA (1.1 pmol), EE-Tu (25 pmol), and GTP (0.2 mM) in 25
uL of solution containing 80 mM Tris—-HCI (pH 7.5), 7 mM
MgCl,, 150 mM NH,CI, 2.5 mM dithiothreitol, 2 mM spermidine,
and 0.05% Tween 20 at 37°C for 10 min. Simultaneously, indicated
amounts of 70S ribosomes, mRNA (mRNA+0 or mRNA+21, 100
pmol), tRNAM (100 pmol), and GTP (0.2 mM) were incubated
in 25 uL of solution at 37°C for 10 min. Quaternary complex (or
100 fmol-labeled synthetic peptide containing TAMRA at the
N-terminus) was mixed with the ribosome mixture and incubated
at 37°C for 10 min. The reaction mixtures were applied to a glass-
bottomed microplate and set in a MF20 single molecule fluores-
cence spectroscopy system (Olympus). The measurement of po-
larization was performed with excitation wavelength at 633 nm
and laser power of 100 pW. Data acquisition time was 5 sec per
measurement.
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