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Abstract

In bacteria, the hybrid transfer-messenger RNA (tmRNA) rescues ribosomes stalled on defective
messenger RNAs (MRNAS). However, certain gram-negative bacteria have evolved proteins that
are capable of rescuing stalled ribosomes in a tmRNA-independent manner. Here, we report a 3.2
angstrom-—resolution crystal structure of the rescue factor YaeJ bound to the Thermus
thermophilus 70S ribosome in complex with the initiator tRNA;fMet and a short mMRNA. The
structure reveals that the C-terminal tail of YaeJ functions as a sensor to discriminate between
stalled and actively translating ribosomes by binding in the mRNA entry channel downstream of
the A site between the head and shoulder of the 30S subunit. This allows the N-terminal globular
domain to sample different conformations, so that its conserved GGQ motif is optimally
positioned to catalyze the hydrolysis of peptidyl-tRNA. This structure gives insights into the
mechanism of YaeJ function and provides a basis for understanding how it rescues stalled
ribosomes.

The rescue of stalled ribosomes ensures efficient protein synthesis and cell viability. In
bacteria, the most studied pathway involves a ribonucleoprotein complex comprising the
hybrid transfer-mRNA (tmRNA) and the small protein B (SmpB) (1, 2). The tmRNA system
is not essential for cell viability in several model bacteria, including Escherichia coli (3),
which suggests that these bacteria have alternate ribosome rescue pathways that function
independently of the tmRNA system.

Recently, the products of the yAdL and yaeJgenes, known as the alternative ribosome rescue
factor A (ArfA) and Yael, respectively, which promote the hydrolysis of peptidyl-transfer
RNA (peptidyl-tRNA) in stalled ribosomes, have been identified in £. coli (4-7). When
Yael is over-expressed, it competes with tmRNA to rescue ribosomes that are stalled at the
3’ end of nonstop MRNA and suppresses the lethal phenotype of cells lacking both tmRNA
and ArfA (6). Yael is classified as a putative release factor because it has sequence
similarity with domain 11 of class | release factors (RFs) 1 and 2. The GGQ motif found in
RF1 and RF2 is conserved in YaelJ (fig. S1) and catalyzes the aminoacy! ester hydrolysis of
peptidyl-tRNA on the ribosome stalled by either nonstop mMRNAs or mMRNAs containing rare
codon clusters (4, 6, 8). Mutations in the GGQ motif reduce the efficiency of peptidyl-tRNA
hydrolysis but do not affect the ability of YaeJ to bind the ribosome (4, 6). However, the
140- amino acid Yael is substantially shorter than RF1/2 (~360 amino acids) because it
lacks both the domains that are involved in stop-codon recognition (9). Taken together, these
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observations indicate that YaeJ functions as a ribosome-dependent, codon-independent
peptidyl-tRNA hydrolase that rescues stalled ribosomes independently of the tmRNA and
ArfA pathways (4, 6).

YaeJ homologs have been identified in many gram-negative bacteria and are completely
conserved in eukaryotic genomes (4). Recent biochemical data, together with sequence and
structural alignments of YaeJ [Protein Data Bank (pdb) 2JY9] and its human homolog ICT1
(10) [pdb 1J26 (11)] (figs. S1 and S2), show that the latter also has the GGQ motif, shares
the same fold, and harbors a positively charged C-terminal tail. Therefore, ICT1 is also
proposed to function as a ribosome-dependent codon-independent peptidyl-tRNA hydrolase
(10). Although the GGQ maotif is known to function in catalysis, the precise role of the
positively charged, unstructured C-terminal tail has remained obscure. Recent biochemical
studies suggest that the YaeJ tail is required for its binding to the ribosome (4, 6). In
addition, the C-terminal tail of SmpB has a similar charge distribution to that of the YaeJ tail
(6), but its specific role in ribosome rescue also remains poorly understood (12, 13).

Here, we report the crystal structure of full-length £. coli Yael bound to the 7hermus
thermophilus 70S ribosome in complex with the initiator tRNA;fMet and a short mMRNA
fragment diffracting to a resolution of 3.2 A (14). We determined the structure by molecular
replacement using a model of the empty 70S ribosome at 2.8 A resolution (15) as a search
model. The initial difference Fourier map calculated using the Fgps — Fcalc amplitudes
revealed difference electron density for the initiator tRNA, mRNA, and YaeJ. However,
certain beta strands, the GGQ loop, and the C-terminal tail of YaeJ could only be
unambiguously modeled from the difference Fourier maps calculated using the Fops — Fons(*)
amplitudes (fig. S3) in which the Fopg(x) structure factors came from an isomorphous crystal
containing the 70Sribosome alone. The final model was refined to an Ryyork/Rree Of
18.8/24.5% (14) and is consistent with both the Fops — Fops(x) and Fops — Fealc difference
Fourier maps. The binding of YaeJ to the ribosome does not induce major conformational
rearrangements in the ribosomal subunits. The structure of this stalled ribosome model
system reveals that the N-terminal globular domain of YaelJ is bound in the A site of the 50S
subunit next to the P-site tRNA (Fig. 1B), and its C-terminal tail occupies the mRNA path
downstream of the 30S A site (Fig. 1, A and B). The binding of the tail in the mRNA entry
channel positions the GGQ motif of Yael in the peptidyl-transferase center (PTC) adjacent
to the CCA end of the peptidyl-tRNA, consistent with the role of the GGQ motif in peptide
release (16, 17).

The C-terminal tail, which is disordered in the nuclear magnetic resonance structure of YaelJ
alone (pdb 2JY9), extends from the globular domain and reaches the 305 subunit A site
more than 40 A away (Fig. 1B), which allows it to bind both ribosomal subunits in a manner
reminiscent of many ribosome-binding factors. It forms an a helix with the positively
charged surface of the tail accommodated inside the mRNA entry channel downstream of
the A site. In this position, the basic side chains of the YaeJ tail are free to interact with the
phosphate backbone of the ribosomal RNA (rRNA) that forms the walls of the channel. The
tail of Yaed spans the region between the decoding center and the central pseudoknot in the
3085 subunit. In this position, it mimics the mRNA in the mRNA entry channel downstream
of the A site (Fig. 1B), which is not compatible with the presence of an A-site codon primed
for codon-anticodon interaction (Fig. 1C), and this explains why YaeJ does not act on
ribosomes during normal translation (4). Because recent biochemical data suggest that YaeJ
can catalyze peptidyl-tRNA hydrolysis on ribosomes stalled by a rare codon cluster in vitro
(4), the possibility that a codon can occupy the A site cannot be excluded. However, we
speculate that the flexibility of the mRNA allows it to avoid a steric clash with YaeJ and still
accommodate a few codons downstream from the P site of our model.
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Because YaeJ does not have domains that are involved in the recognition of stop codons as
in the class | release factors, it uses a different mechanism to bind the ribosome. From
previous biochemical data (1, 12), it had been proposed that some rescue factors recognize
the empty mRNA entry channel in order to detect stalled ribosomes. Furthermore, nonstop
mRNAs and mRNAs with rare codon clusters are cleaved by endonucleases (1, 18), which
results in an empty mRNA entry channel, and consequently, ribo-some rescue is almost
always preceded by mRNA cleavage (1, 19). Consistent with these observations, the
structure presented here suggests that the YaeJ tail functions as a sensor that probes the
occupancy of the mRNA entry channel in order to distinguish between stalled and
translating ribosomes. The positioning of the YaelJ tail is also consistent with the proposed
position of the similar SmpB tail based on recent biochemical, cryo—electron microscopy
(cryo-EM), and homology modeling data on the tmRNA-SmpB rescue system (1, 12, 20,
21). Thus, the structure of YaeJ bound to the ribo-some provides direct structural evidence
for the use of its tail as a sensor to recognize a stalled ribosome in addition to providing a
rationale for the lack of domains required for stop-codon recognition in YaeJ.

The binding of YaeJ to the ribosome induces perturbations in the decoding center and helix
69 (H69) (Fig. 2A). As is seen in standard decoding and in termination that is mediated by
stop co-dons, the binding of the YaeJ tail also induces G530 to switch from synto anti
conformation by the stacking of Arg!18 (R118) on G530 (Fig. 2B), mimicking the stacking
normally made by the third nucleotide of the stop codon (22, 23). The positions of A1492
and A1493 in the present complex appear different from those induced by tRNA binding,
presumably to avoid a steric clash with the YaeJ tail (Fig. 2C). The side chain of R117
interacts with C518 and Ser®? (S50) of ribosomal protein S12 (Fig. 2B) and replaces the
interaction that the latter normally makes with position N6 of A1492 during regular
decoding (Fig. 2C). In their new orientation, A1492 is stacked within h44 and A1493 stacks
with A1913 from H69 (Fig. 2A) to avoid a steric clash with the YaeJ tail (Fig. 2C). The
observed stacking between A1493 (h44) and A1913 (H69) was previously reported in the
structures of RF1 and RF2 bound to the ribosome (22, 23).

We propose a model based on this structure for how the binding of the YaeJ tail in the
mMRNA entry channel influences the accommodation of the GGQ loop in the 505 subunit A
site. The binding recognition element (C-terminal tail) and the catalytic GGQ loop of Yael
are spatially separated by at least 95 A and span both ri-bosomal subunits (Fig. 1, A and B).
However, biochemical data suggest that binding of the YaeJ tail to the ribosome is required
for peptide release (4, 6). Hence, the binding of YaeJ to a stalled ribosome is likely coupled
to the rearrangements of its catalytic GGQ loop to ensure efficient rescue. The globular
domain and the C-terminal tail of YaeJ are physically connected by a short linker that spans
residues 101 to 108. Even though the tail is relatively ordered, some of the residues in the
linker region are poorly ordered, as indicated by increased temperature factors and their
discontinuous electron density in the 2 /s — Fealc Map. On the basis of these observations, it
is tempting to suggest that the binding of the YaeJ tail in the mMRNA entry channel allows
the movement of its globular domain to position the GGQ loop adjacent to the CCA end of
the peptidyl-tRNA. Pro!10 (P110), which is anchored by its stacking with the conserved
A1493 (Fig. 3A), can act as a hinge to fix the conformation of the tail on one side while
allowing free movement of the globular domain through the flexible linker. Notably, the
presence of a hook like feature at the C terminus of YaeJ (residues 129 to 133), where the
tail turns toward the 16 STRNA central pseudoknot (Fig. 3B), appears to stabilize the
position of he tail on the other end. This proposed stabilization is consistent with
biochemical data showing that deletion of the last 10 residues in YaeJ abolishes its binding
to the ribosome (4). Taken together, the structure suggests communication between two
distinct regions of the protein where the rigidity conferred by the anchored tail and the
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flexibility of the linker allow the N-terminal domain to interact with the 505 sub-unit A site,
which results in the proper positioning of the GGQ loop in the PTC primed for catalysis.

The essential GGQ motif containing residues 26 to 28 is positioned in the PTC of the
present complex, which is consistent with its involvement in the peptidyl-tRNA hydrolase
activity of YaeJ (4, 6). As observed in previous structures of release factors, the unstructured
GGQ loop in YaeJ becomes ordered when it binds the ribo-some and adopts a short a-
helical structure (Fig. 3C) (22, 23). A network of interactions between the side chains of
YaeJ and the rRNA bases in the A site of the 505 subunit seen in this structure plays a
pivotal role in positioning the GGQ loop in the PTC to promote efficient catalysis and is
also consistent with previous biochemical data (Fig. 3C) (22-24). The positions of all the
residues that are involved in catalysis are identical to their counterparts in the structure of
the ribosome in complex with RF2, which suggests a similar mechanism of peptide release
(22). The side chain of the catalytic GIn?8 was modeled with its carbonyl oxygen within
hydrogen-bonding distance of the 3"-OH of A76 of the P-site tRNA (Fig. 4A). As proposed
earlier (22), a small change in the dihedral angles of the glutamine side chain can
accommodate the water molecule that acts as a nucleophile poised for an inline attack on the
peptidyl-tRNA ester bond (Fig. 4B). The position of the nucleophilic water can be inferred
by a superposition on the structure of a peptidyl-tRNA analog bound to the 505 subunit (Fig.
4B) (25).

The structure presented here supports the following model for YaeJ-dependent rescue of
stalled ribosomes. The C-terminal tail of YaeJ functions as a sensor to detect a stalled
ribosome based on the occupancy of the mRNA channel. Subsequently, the binding of the
Yael tail in the mRNA entry channel allows its N-terminal globular domain to sample
different orientations through its flexible linker region. A network of interactions between
the globular domain of YaeJ and the 505 A site can then stabilize the GGQ loop in the PTC
in a conformation that promotes catalysis. After pep-tide release, the ribosomes may become
a substrate for the ribosome recycling factor (RRF), which, together with the elongation
factor G (EF-G), dissociates ribosomes into subunits (26). Beyond addressing the critical
role of the protein tail in the recognition of a stalled ribosome, this study raises questions
about the unassigned roles of extended tails present in many ribosome-binding factors.
Together with the recently determined structures of the eukaryotic ribosome (27, 28), our
structure reveals the details of how protein segments can mimic RNA to perform important
functions. Additional structural studies of other rescue factors are required to establish
common architectural features governing the rescue of stalled ribosomes.
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The structure of YaeJ bound to the ribosome. (A) Cartoon representation of YaeJ shown in

its ribosome-bound conformation. (B) Overview of YaeJ

, P-site tRNA, and mRNA bound to

the 70S ribosome. The 505 and 305 subunits are shown in light blue and yellow,
respectively. Portions of the ribosome are omitted for clarity. The N-terminal domain of
Yael is bound in the A site of the 50S subunit, adjacent to the CCA end of the peptidyl-
tRNA, and the C-terminal tail occupies the mRNA entry channel in the 30S. (C) Pasitioning
of the a-helical YaeJ tail in the mMRNA entry channel. The mRNA in the present complex
(magenta) ends in the P site. The mRNA making codon-anticodon interaction in the A site
(shown as a black outline) [2J00, (15)] was superimposed on our model to reveal the steric

clash with the YaeJ tail.
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Fig. 2.

Interactions of the YaeJ tail with the universally conserved nucleotides in the decoding
center. (A) Overview of the YaelJ tail in the decoding center and its interaction with the key
bases that are labeled. (B) Close-up view of the stacking between G530 (16 SrRNA) and
R118 of YaeJ shown as space-filling representation in orange and green, respectively.
Putative hydrogen bonds of R117 with C518 (16 SrRNA) and S50 from ribosomal protein
S12 are shown as black dashes. (C) Conformational differences between A1492 and A1493
from our model (shown in orange) relative to their counterparts from a structure with an A
site—bound tRNA [2J00 (15)] (shown in light blue) reveal that the latter sterically clash with
the YaeJ tail. The positioning of these key bases in the present complex is indicated by the
curved arrows.
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Fig. 3.

Stabilization of the YaeJ tail in the mRNA entry channel (A and B) and the GGQ loop in the
PTC (C). (A) Stacking between Prol10 (P110) from YaeJ (green), A1493 from h44 (orange),
and A1913 from H69 (blue). (B) Interaction of the C-terminal end of YaeJ (residues 129 to
133) with the 16 STRNA central pseudoknot consisting of helix 1 (nucleotides 9 to 13 and 21
to 25) and helix 2 (nucleotides 17 to 19 and 916 to 918). A1493 from h44 in the decoding
center (orange), A1913 from H69 (blue), and P110 from YaeJ (green) are shown in the
background. The interactions shown in (A) and (B) together anchor the YaelJ tail in the
mMRNA entry channel. (C) The potential hydrogen bonds are shown as black dashes. The H-
bonds between C2573 and R21, R78, and C75 of the P-tRNA and the stacking between
A2602, R78, and V30 (shown as space-filling representation) help to position the GGQ loop
next to the CCA end of the P-tRNA.
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Fig. 4.

Positioning of the GGQ loop and catalysis. (A) oa-weighted 2/, s — Fealc electron density
map contoured at 1.2o showing the interactions of the GGQ loop at the site of catalysis.
Putative hydrogen bonds between GIn28, A2451, and the riboseofA76 are shownasblack
dashes. (B) Proposed catalytic mechanism reveals that a small change in dihedral angles of
GIn?8 as indicated by the arrow (green versus yellow) allows it to coordinate the
nucleophilic water [shown as a gray ball modeled based on 1VQ7 (25)] that attacks the
aminoacyl ester bond. (C) Schematic representation of the proposed catalysis reaction
shown in (B).
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