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SUMMARY

Ribosomes that stall before completing peptide synthesis must be recycled and returned to the
cytoplasmic pool. The protein Dom34 and cofactors Hbs1 and Rlil can dissociate stalled
ribosomes in vitro, but the identity of targets in the cell is unknown. Here we extend ribosome
profiling methodology to reveal a high-resolution molecular characterization of Dom34 function
invivo. Dom34 removes stalled ribosomes from truncated mRNAs, but, in contrast, does not
generally dissociate ribosomes on coding sequences known to trigger stalling, such as polyproline.
We also show that Dom34 targets arrested ribosomes near the ends of 3 UTRs. These ribosomes
appear to gain access to the 3 UTR via a mechanism that does not require decoding of the mRNA.
These results suggest that ribosomes frequently enter downstream noncoding regions and that
Dom34 carries out the important task of rescuing them.

INTRODUCTION

During translation, the ribosome faces a number of obstacles that have the potential to
interrupt protein synthesis. Many such impediments originate within the mRNA, such as
stable secondary structures, cleavages within the coding sequence (CDS), or encoded
peptides that form stable interactions with the exit tunnel. Numerous other situations, such
as limited availability of a particular tRNA, noncanonical base pairing between the mRNA
and tRNA (i.e. wobble pairing), or damage to the ribosome itself may also impact the rate of
peptide elongation. In principle, these disruptions arise either as a result of an anomalous
perturbation, such as environmental stress, or as a programmed mechanism for regulating
gene expression.
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When ribosomes arrest with little or no chance of resuming translation, they must be either
degraded or recycled for subsequent translation rounds. In addition, the associated mRNA,
tRNAs, and unfinished protein must be removed from the ribosome for reuse or degradation.
Failure to disassemble these arrested complexes would eventually lead to a critical shortage
of translational machinery. However, such a rescue response is inappropriate for
translational pauses that are only temporary. Such short-lived events provide time to allow
folding of the nascent peptide (Zhang et al., 2009), change of reading frame (Dinman, 2012),
or recruitment of regulatory factors, such as chaperones (Liu et al., 2013) or specialized
elongation factors (Gutierrez et al., 2013; Ude et al., 2013). Pauses also allow time for the
ribosome to localize to specific cellular loci, such as membranes (Yanagitani et al., 2011) or
cytoplasmic projections (Chartrand et al., 2002). Other translational stalls are known to be
indefinite; ribosomes remain poised to resume translation once an environmental change,
such as starvation or exposure to toxins, triggers the ribosomes to resume translation (Wang
and Sachs, 1997; Yanagitani et al., 2011). One of the challenges faced by the cell is to
distinguish between those ribosomes that must be rescued to avoid a crisis and those that do
not require such action.

In bacteria, the trans-translation system rescues many classes of stalled ribosomes by
employing a specialized RNA called tmRNA (Moore and Sauer, 2007). In eukaryotes, no
homologous system has been found but numerous proteins are known to carry out the
individual steps of ribosome rescue, such as dissociation of ribosomal subunits and
degradation of the mRNA and incomplete peptide. In a recent study, an assembly of factors
termed the RQC complex was shown to associate with multiple classes of arrested
ribosomes (Brandman et al., 2012). Other studies have speculated that the dissociation of
stalled ribosomes detected by the RQC complex is facilitated by the protein Dom34 (PELO
in H. sapiens) (Shao et al., 2013).

Dom34 is a homolog of release factor 1 (eRF1) (Graille et al., 2008) that has been shown in
vitro to dissociate ribosome subunits when stimulated by the ATPase Rlil1 (ABCE1 in H.
sapiens) in a codon-independent fashion (Becker et al., 2012; Pisareva et al., 2011;
Shoemaker and Green, 2011). Biochemical data suggest that Dom34 preferentially targets
ribosomes where the 3" tail of the mRNA is somewhat shortened, a preference that is
conferred by the GTPase Hbs1 that gates this process (Shoemaker and Green, 2011).
Structural data nicely rationalize this biochemical observation as the N-terminus of Hbs1 is
positioned in the mMRNA entrance channel where sterics could play an important role
(Becker et al., 2011). Whether Hbs1 always functions as a gate for Dom34 activity in-vivo is
not known.

Consistent with the biochemistry, in-vivo experiments with internally truncated synthetic
reporter constructs indicated that Dom34 rescues ribosomes arrested at sites of truncation
(Shao et al., 2013; Tsuboi et al., 2012). Truncated mRNAs could arise quite readily in the
cell since many classes of stalled ribosomes in reporter systems appear to trigger upstream
cleavage of the mRNA, including those that arrest at sites of MRNA damage (Gandhi et al.,
2008), stable mMRNA secondary structures (Doma and Parker, 2006), encoded polybasic
peptides (Kuroha et al., 2010), poly(A) tails on genes targeted for “nonstop decay” (NSD)
(Tsuboi et al., 2012) or a series of slow CGA codons (Chen et al., 2010). While it remains
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unknown whether Dom34 targets the primary ribosomes that stall on these motifs, it is
generally agreed that Dom34 dissociates ribosomes that arrest at the resultant upstream
cleavage sites. The mRNA degradation that follows as a result of these cleavage events is
usually referred to as no-go decay (NGD) (Doma and Parker, 2006).

Clues about the importance of the ribosome rescue function of Dom34 to cellular fitness are
hinted at by a number of studies characterizing the effects of DOM34 knockout. In yeast,
reduction of small-subunit ribosomal protein levels by elimination of one of the duplicated
ribosomal protein genes is poorly tolerated by the dom34A strain (Bhattacharya et al., 2010).
Similarly, growth of the dom34A strain is particularly slow in situations where the supply of
ribosomes is thought to be reduced, such as during transition out of stationary phase (Davis
and Engebrecht, 1998) or when ribosomes are sequestered in an inactive state by
overexpression of STM1 (Balagopal and Parker, 2011; Ben-Shem et al., 2011). One
interpretation of these phenotypes is that Dom34 is important for maintaining a sufficient
supply of ribosomes by rescuing those that become arrested during translation. Evidence that
Dom34 is required for separation of free 80S subunits (van den Elzen et al., Embo J., in
press), maturation of ribosomal particles (Strunk et al., 2011), and rescue of damaged
ribosomes (Cole et al., 2009) are also consistent with this hypothesis. This rescue function
may become more important when the cell faces challenging environmental conditions. It is
known, for example, that the lag in logarithmic growth induced by the oxidizing agent
diamide lasts ~10-fold longer in the absence of DOM34 (Fernandez-Ricaud et al., 2007).
And, while DOM34 is not essential in S. cerevisiae, its absence is embryonic lethal in
mammals and variants of an HBSL ortholog in H. sapiens (HBSIL) lead to a variety of
changes in peripheral blood cells. These data suggest that ribosome rescue is critical for key
cellular processes (Adham et al., 2003; Menzel et al., 2007).

While Dom34 has been observed to act on some classes of stalled ribosomes in vitro, the full
scope of Dom34 targeting in the cell remains unknown. To reveal the cellular targets of
Dom34, we enhanced the recently-developed ribosome profiling method (Ingolia et al.,
2009) to uncover detailed aspects of ribosome pausing across the transcriptome of S
cerevisiae. We found that Dom34 rescues ribosomes that stall at the 3" end of mMRNAs that
are truncated, such as HAC1. Of particular interest, we also found that Dom34 rescues
ribosomes in the 3" untranslated region (3~ UTR) of many genes. Surprisingly, many
ribosomes populate this noncoding region and even more unexpectedly, these ribosomes
seem to move along the mRNA without recognizing codons, presumably not translating, and
eventually arrest just short of reaching the poly(A) tail.

Ribosomes Protect Multiple Footprint Sizes

Ribosome profiling provides a snapshot of where ribosomes are bound throughout the
transcriptome by using high-throughput sequencing to examine a transcriptome-wide
ribosome footprinting experiment (Ingolia et al., 2012). The number of ribosome-protected
footprints that map to the transcriptome (the “ribosome occupancy’) tends to be enriched at
locations where ribosomes are known to pause (Ingolia et al., 2011), indicating that the
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relative length of time the ribosome spends at a given position is correlated with the site’s
ribosome occupancy.

To quantify Dom34 activity, we performed ribosome profiling on wild-type and dom34A
yeast strains with the expectation that ribosome occupancy would be augmented at Dom34
targets in the knockout strain. Ribosomes were stabilized prior to footprinting by adding the
elongation inhibitor cycloheximide (CHX) to the lysis buffer. We avoided adding CHX to
the cell culture as it has been shown that doing so can artifactually increase ribosome
occupancy at start codons as initiation continues after elongation is inhibited (Ingolia et al.,
2012). To rule out the possibility that addition of CHX at this later stage did not introduce
artifacts or mask trends in the data, we tested alternative approaches for ribosome
stabilization. In the presence of CHX, footprints over a length range of 25-34 nt were tightly
distributed around a peak ~28 nt in length (Figure 1A), as observed in previous reports
(Ingolia et al., 2009). Substituting CHX with GMP-PNP, a mixture of GMP-PNP and CHX,
high (10 mM) MgCls, or no extra additive led to only minor changes in the properties of the
footprints obtained (Figure S1A) and negligible effects on the distribution of mapping across
the transcriptome (Figure S1B). The most noticeable difference was a slight increase in the
size of protected fragments in the presence of GMP-PNP. Given that differences between
these datasets are minimal and that the broad trends described below were found in all
samples, the five datasets were pooled for all comparative analysis (yielding a depth of 30—
40 million mapped reads in both the wild-type and knockout datasets). Subsequent ribosome
profiling experiments were stabilized only with CHX.

Footprints of shorter lengths were also isolated since we suspected that the footprint of a
ribosome stalled on a truncated mRNA would be smaller if the ribosome translated until the
truncated end entered the A site. Since truncated transcripts are more vulnerable to 3" to 5
degradation by the exosome, we performed this experiment in a ski2A strain to disable this
activity (Anderson and Parker, 1998). In the distribution of fragment lengths from 15-24 nt,
we discovered peaks at approximately 16 and 21 nt (Figure 1A). In general, the 5" ends of
reads taken from a region around each peak started mapping ~13 nt upstream of the start
codon, just like reads taken from around the 28-nt peak (Figure S1C). This alignment
coincidence suggests that the 3" end of the shorter reads is truncated rather than the 5" end.
The distribution correlation across the transcriptome between the 21-nt reads and the 28-nt
reads was reasonably high whereas the correlation between the 16-nt reads and 28-nt reads
was poorer (Figure S1D). An interpretation of these data that has been reported elsewhere
(L. Lareau, personal communication) is that the 21-nt reads are derived from an alternative
state in the peptide elongation cycle where the 3" end of the mRNA is more vulnerable to
RNase treatment. As we believe that the 16-nt reads represent truncated mRNAs, we do not
expect them to be strongly correlated with 28-nt reads across the transcriptome.

We also looked for cases where ribosomes had collided to form stacked “disome” structures
that would be expected to protect longer mRNA fragments (Wolin and Walter, 1988). We
therefore examined 40-80 nt fragments from the disome peak (Figure 1B) and found that
these reads protected a broad range of sizes under ~65 nt in length (Figure 1A). The peak in
disome occupancy from ribosomes that were paused at the stop codon was shifted ~30 nt
upstream from the peak generated by a single terminating “monosome,” a distance
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consistent with the presence of an extra ribosome in the disome (Figure S1E). Overall levels
of ribosome coverage in the disome-protected reads were only somewhat correlated with
25-34 nt monosome reads, consistent with the expectation that disomes should be enriched
upstream of sites where single ribosomes tend to pause (Figure S1D). Intriguingly, disome-
protected reads were rare in the first ~25 nt of the open reading frame (ORF) (Figure S1F),
suggesting that the ribosome does not start translation if a previously-initiated ribosome is
blocking access to any of the first ~25 nt of the mMRNA. One reason the initiating ribosome
may require this extra space is to accommodate the size of initiation factors.

Most Paused Ribosomes are Not Targeted by Dom34

To broadly quantify pausing, we computed a pause score (Ingolia et al., 2011) at every
nucleotide position in the transcriptome by taking the ratio of the ribosome occupancy at
each position and the median occupancy of the gene. Yeast strains with a greater number of
paused ribosomes should have a greater proportion of sites with high pause scores. To test
this expectation, we treated yeast with the drug 3-amino-1,2,4-triazole (3-AT), an inhibitor
of histidine biosynthesis (Klopotowski and Wiater, 1965), to induce widespread ribosome
pausing. As expected, significant pauses appeared at His codons, leading to a dramatic shift
in a cumulative histogram of pause scores (Figure 1C). If knocking out DOM34 also resulted
in a widespread increase in pausing, we would expect a shift in the cumulative histogram for
the knockout strain. Instead, the histogram was not shifted in the knockout strain, either in
the presence or absence of 3-AT, suggesting that Dom34 is not essential for rescuing many
classes of stalled ribosomes.

Similarly, other classes of known pauses, such as peptide tunnel stalls (Kurian et al., 2011;
Wang and Sachs, 1997) or proline-rich motifs (Gutierrez et al., 2013; Ingolia et al., 2011,
Woolstenhulme et al., 2013) did not exhibit Dom34-dependent differential ribosome
occupancy (Figures S2A and S2B). To perform a more exhaustive search for enrichment of
ribosome occupancy in the knockout strain, we computed the enrichment ratio of reads
between the knockout and the wild-type strain for nucleotide positions with adequate read
density across the transcriptome (Figure 1D). Analysis of these values revealed a site on the
gene HAC1 with ~30-fold enrichment in the dom34A strain. In addition, a few other sites of
enrichment emerged. Many correspond to known sites of premature polyadenylation that are
subject to NSD, such as those within the ORF of the gene SIR1, and are known to be targets
of Dom34 (Frischmeyer et al., 2002; Ozsolak et al., 2010; Tsuboi et al., 2012). This dearth
of robust Dom34 targets was also evident when we instead assessed the change in gene-wide
density (read occupancy per length of gene) of ribosome footprints when we knocked out
DOM34 (Figure S2C). A similar analysis of mMRNA-Seq density revealed no large changes
in mRNA level for any gene in the knockout strain. While it is possible that Dom34
regulation is small in magnitude, it is also possible that it occurs abundantly but without
specificity for particular sites or that it primarily affects lowabundance transcript isoforms
that would only be revealed by deeper sequencing. Additionally, it is possible that redundant
mechanisms exist that mask phenotypes associated with a DOM34 deletion (for example
MRNA decay pathways).
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Dom34 Dissociates Ribosomes that Stall at Sites of mMRNA Truncation

The increased density on HAC1 in the dom34A strain primarily results from higher ribosome
occupancy at a distinct site in the 25-34 nt fragment sample from the monosome fraction
(Figure 2). A similar increase in occupancy was apparent in the 40-80 nt disome-protected
footprint sample and the magnitude of this peak is more than 10-fold greater (Figure 2, note
adjusted vertical scale). This pattern is consistent with a model where ribosomes at this
position are stacked against a stalled ribosome downstream. When we looked downstream
for the primary stalling event, we found a peak in occupancy in the 15-18 nt reads taken
from the monosome peak of the sucrose gradient. These reads exactly overlapped the very 3
end of the first exon, suggesting that the exon had been severed from the intron but not
ligated to the second exon. In such a scenario, the ribosomes would stall as they arrive at this
truncation point (Figure 2) and then be rescued by Dom34. In the knockout strain, the
ribosomes at the truncated end are not rescued and additional upstream ribosomes then
collide with this stalled ribosome. In support of this model, the majority of these disome
reads measured ~47 nt in length, the approximate size expected for a fragment composed of
one ribosome protecting a full ribosome footprint (28—30 nt) and another protecting a
smaller footprint at a site of MRNA truncation (16-17 nt).

Why do there appear to be isolated copies of the first exon of HAC1 (XBP1 in higher
eukaryotes) in the cytoplasm? In S. cerevisiae, the HACL transcript is exported from the
nucleus with its intron retained and is then spliced only in the presence of protein folding
stress (Aragon et al., 2009; Cox and Walter, 1996; Yanagitani et al., 2011). Translation of
this mRNA is normally minimal because sequences in the intron base pair with the 5’UTR
and block most ribosome initiation until endonucleolytic cleavage by the membrane-bound
factor Irel excises the intron. In response to certain cellular stresses, the two exons are
ligated together by tRNA ligase RIgl to complete splicing (Mori et al., 2010; Sidrauski et
al., 1996). Importantly for our result, a recent study isolated a population of mMRNA enriched
in severed 5" ends and found evidence for constitutive cleavage between the first exon and
the intron in the absence of any cellular stress (Harigaya and Parker, 2012). The isolated first
exon has also been directly observed by Northern blot though in relatively low abundance
(Cox and Walter, 1996). These data support our interpretation of read assignment on HACL.
Initiation of translation is presumably more efficient on the excised first exon because the
inhibitory intron is missing, allowing ribosomes to translate the mRNA and then stall at the
site of cleavage, protecting a short (15-18 nt) footprint. Ribosome profiling enriches for
ribosomes found on the rare isolated first exon in comparison with the essentially ribosome-
free unspliced transcript.

Interestingly, we observed an enrichment on HAC1 in the 15-18 nt monosome-protected
footprints at a position ~40 nt behind the stacked ribosomes in the knockout strain. These
observations are consistent with the idea that the original stalling event (at the excised intron
junction) induces a secondary endonucleolytic cleavage ~70 nt upstream from the 3" end of
the first exon, similar to observations of reporter constructs that were designed to induce
NGD (Tsuboi et al., 2012). Stacked ribosomes were also apparent mapping ~30 nt further
upstream of this second cleavage site in both the 25-34-nt monosome- and disome-protected
reads. These data offer a high-resolution view of the NGD process where a stalled ribosome
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induces upstream mRNA cleavage events. We note that there was no enrichment in this
region in the 19-24 nt reads obtained from the monosome-protected peak from the dom34A
strain, suggesting that reads of this size are not created by ribosomes that are stalled on
truncated messages nor by ribosomes that stall after colliding with a downstream ribosome.

We did observe a handful of other sites where a similar pattern of footprint mapping (a
cluster of 45-50 nt disome-protected reads positioned ~30 nt upstream of a cluster of 15-18
nt monosome-protected reads) implies that the mRNA is truncated under normal conditions
and the ribosomes are rescued by Dom34 (for example PANG in Figure S3). While we
suspect that Dom34 generally plays such a role on all truncated mRNAs, many truncation
sites will be stochastically generated by the cell, for example when translated mRNAs
undergo 3" to 5" degradation, and therefore escape detection by a global approach like
ribosome profiling.

To ask whether this Dom34 activity on HAC1 was important for the gene’s known role in
the protein-misfolding response, we assessed the growth rate of the dom34A strain in the
presence of protein misfolding agents such as tunicamycin and DTT, but found no
substantial differences when compared to that of the wild-type strain (data not shown). We
also performed ribosome profiling in the presence of DTT and found that HAC1 was spliced
and efficiently translated in both strains (data not shown). It is conceivable that Dom34 may
be critical to other putative functions of HAC1, for example, as suggested by the observed
activation of HACL during late-stage meiosis (Brar et al., 2012).

We also asked whether Hbs1, the GTPase binding partner of Dom34, contributes to
ribosome rescue events in the cell and whether it plays a particular role in substrate
selection. To test these ideas, we performed ribosome profiling on a hbslA strain.
Interestingly, the observed pattern of read occupancy on HAC1 mirrored that observed in the
dom34A strain, though the trends were a bit less dramatic (Figure S4A). These data are
consistent with models where these factors work together as a complex on the ribosome
(Shoemaker et al., 2010; van den Elzen et al., 2010).

Many Ribosomes Are Found in 3" UTRs and Are Rescued by Dom34

We next examined whether ribosomes were enriched on portions of the transcript other than
the ORF in the dom34A strain. In sharp contrast to the canonical view that 3" UTRs are
generally unpopulated by ribosomes, the 3" UTRs of many genes in the dom34A strain were
heavily enriched in ribosome occupancy relative to those in the wild-type strain (Figure 3A).
We estimate that ~11% of genes are more than 3-fold enriched in ribosome occupancy in the
knockout strain. Closer examination of these 3" UTR reads revealed that footprints were
clustered at the very 3" end of the UTR and often included part of the poly(A) tail (Figure
3B). As for the HACL1 data, the pattern of reads in the hbsl1A strain mimic what was
observed in the dom34A strain, though somewhat muted in intensity (Figure S4B). As with
all the reported phenomena in the dom34A strain, use of CHX to stabilize ribosomes in the
lysis buffer and sucrose gradients did not affect ribosome accumulation in 3" UTRs (Figure
S4C).
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To determine the average pattern of ribosome occupancy across all 3" UTRs, a “gene-
average” plot for was created by aligning 3° UTRs by their annotated sites of
polyadenylation (Nagalakshmi et al., 2008) and then averaging the ribosome occupancy
(Figure 3C). As expected, substantially more occupancy was present in the knockout strain,
on average. We note that the peak in occupancy is broad, likely because the sites of
polyadenylation are known to be heterogeneous, even among transcripts of the same gene
(Ozsolak et al., 2010). Ribosomes that accumulate at the end of the 3" UTR seem to
originate upstream because a second peak, indicative of stacked ribosomes, was apparent
when the gene average was limited to a set of genes with high ribosome occupancy in the 3
UTR (Figure 3D). Consistent with this interpretation, reads from the disome peak of the
sucrose gradient also mapped to this region of the 3" UTR for some genes (Figure S4D).

To determine how far ribosomes advance into the poly(A) tail, we counted the number of
consecutive 3~ As on all ribosome footprints prior to genomic alignment (Figure 3E). To our
surprise, we found that ribosome footprints never protected more than ~15 consecutive As at
their 3" end. To rule out the possibility that the sequencing methodology could not capture
tracts of polyA, we performed this analysis on our mRNA-Seq data and found that a
significant fraction of those reads consisted of more than 30 As. These results show that, at
most, the poly(A) tail only reaches the P site of the ribosome.

To ask whether ribosomes at the end of the 3" UTR are truly arrested, we performed a
ribosome runoff experiment by starving the yeast of glucose for 1 minute prior to harvesting
(Ashe et al., 2000). As expected, based on the estimated rate of peptide bond formation of 6
aa/sec (Ingolia et al., 2011), ribosome occupancy at the 5 end of ORFs was reduced for the
first ~1000 nucleotides, on average (Figure 3F). When we looked at reads mapping to
MFA2, a gene where the ORF and 3" UTR are short enough that ribosome density should be
reduced in both regions if ribosomes are progressing similarly along the mRNA, ribosome
occupancy was strongly enriched in the 3" UTR relative to the ORF after runoff (Figure 3F).
These data suggest that the 3" UTR-bound ribosomes are immobilized on the timescale of
the experiment. Other genes with short CDSs, such as HUB1, showed a similar effect (data
not shown).

3" UTR Occupancy Is Modulated by Sequence

To test whether the sequence of the 3" UTR is important for the accumulation of ribosomes
in the knockout strain, we examined pairs of duplicate ribosomal protein genes where the
amino-acid sequences are identical or nearly identical but the 3" UTR sequences are
considerably different. For example, data from the knockout strain showed accumulation of
ribosome occupancy at the end of the 3" UTR for RPL19B but not RPL19A, where ORF
amino-acid sequences are identical (Figure 3G). We observed a similar trend between
RPS19A and RPS19B (Figure 3G). These observations suggest that the 3" UTR in some way
specifies the accumulation of ribosomes in the dom34A strain. To further test this finding,
we created a reporter plasmid that encodes CPR5 (Figure S5A), a gene where ribosomes
accumulate in the 3" UTR in the absence of DOM34 (Figure 3B), and found that changing
the 3" UTR sequence strongly diminished this accumulation. To gain insight about the
sequence elements that might contribute to this phenomenon, we analyzed the nucleotide
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content of 201 3" UTRs that showed significant ribosome enrichment in the dom34A strain
(Table S1). We performed further analysis to consider properties of these 3° UTRs such as
sequence content (Figures S5B, S5C, and S5D), length (Figure S5E), gene ontology
classification (Boyle et al., 2004), and choice of stop codon and its adjacent codon context,
but found no significant trends. Overall, our finding that no one parameter serves as a robust
identifier of 3" UTRs that accumulate ribosomes in the dom34A strain suggests that the
elements responsible may not be simply defined.

Many Ribosomes in the 3" UTR Are Not Translating

We next wished to determine the mechanism by which ribosomes might access the 3" UTR.
Normally, ribosomes should terminate translation and be recycled at stop codons,
eliminating opportunities for reading into the 3" UTR (Dever and Green, 2012). One
possible explanation is that termination is inefficient and ribosomes mistakenly incorporate
an amino acid at stop codons (“nonsense suppression”) and continue translating into the 3
UTR. To rule out this hypothesis, we examined the reading frame to which the reads
mapped and found that while 94% of 28-nt reads mapped to one frame of the ORF, no more
than 36% of reads mapped to any one frame of the 3" UTR (Figure 4A).

Several alternative explanations could account for the abundance of ribosomes in the 3
UTR and in all three reading frames. One possibility is that ribosomes may translate the 3
UTR in all three reading frames if the ribosome also regularly shifts frame at stop codons,
though we know of no robust mechanism for such a hypothesis. Alternatively, it is possible
that ribosome termination is efficient and that partial recycling occurs, but that the 40S
subunit (which is not isolated in our sucrose gradient preparation) remains associated with
the 3" UTR and translation reinitiates at downstream AUG codons. Another possibility is
that ribosomes in the 3" UTR are produced by a total recycling failure. The 80S ribosomes
generated by such a failure might “scan” downstream and either reinitiate translation or
continue to the end of the 3 UTR in a scanning mode. In these situations where recycling is
incomplete, we should see evidence for a population of non-translating ribosomes.

To more carefully assess whether the ribosomes in the 3" UTR carry out translation, we
looked for ribosome pausing at His codons in the data obtained from dom34A yeast treated
with 3-AT. On several genes that were enriched in 3" UTR ribosome occupancy, we failed
to observe a substantial rise in ribosome occupancy at His codons in any frame (Figure 4B).
Moreover, when we performed an average gene analysis to ask the same question, we found
that in ORFs, average ribosome occupancy on His codons was substantial while in the 3
UTR, ribosome occupancy was scarcely above background (Figure 4C). These data suggest
that many ribosomes in the 3" UTR are not translating.

To further evaluate the evidence for 3"-UTR translation in any frame, we looked at a number
of 3 UTRs where stop codons were present in all 3 reading frames. In each case, we noticed
that ribosomes still accumulated at the end of the 3" UTR in the dom34A strain (Figure 4D),
implying that the stop codons were not recognized by the ribosome. Moreover, unlike
termination codons at the end of ORFs, where average ribosome occupancy decreased by
about 3 orders of magnitude following the stop codon, we found that the average occupancy
was similar before and after stop codons in the 3" UTR (Figure 4E). Given that this hallmark
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for ribosome translation (Guttman et al., 2013) was not met, these data again imply that a
substantial population of ribosomes found in the 3" UTR are not translating.

The alternative (trivial) explanation that reads mapping to the 3" UTR are not ribosome
footprints is unlikely because several hallmarks of ribosome protection are met, including a
fragment size distribution that very closely mirrors the peaks found in both the monosome-
and disome-protected samples (Figures S1A, S6A, and S6B). Additionally, we found that
the size of the footprints in the 3" UTR changed with addition of GMP-PNP, much like those
in the ORF (Figure S1A).

Nonsense Suppression Reveals that 3" UTRs Can Be Efficiently Translated

Since existing models for translation do not address the status of ribosomes in the 3" UTR,
we assessed the general capacity of ribosomes to translate 3° UTR sequence by performing
ribosome profiling on a strain that was transformed with an ochre suppressor tRNA, SUP4-
0, so that 3" UTRs of genes ending with a UAA stop codon would be translated (Pierce et
al., 1987). We found that ribosome occupancy in the 3" UTR was enriched, on average, by
about 2 orders of magnitude for genes with UAA stop codons relative to those with UGA
and UAG stop codons (Figure 5A), indicating that the suppressor tRNA is specific and
reasonably efficient.

Reads that appeared in the 3" UTR in the presence of the suppressor tRNA mapped to a
single reading frame nearly as well as those in the ORF (Figure 5B), consistent with these
ribosomes being engaged in active translation. These ribosomes also seemed to efficiently
terminate once they reached downstream stop codons in the 3" UTR since ribosome density
decreased, on average, after the first in-frame stop codon (Frame 0) in the 3 UTR (Figure
5C). We note that the observed drop in ribosome occupancy fell short of the 3 orders of
magnitude change observed for normal ORF stop codons (Figure 4E), likely from dilution of
signal by the ubiquitous level of ribosomes that enter the UTR via a non-translating
mechanism as well as the readthrough that results from the expressed suppressor tRNA
(UAA-specific). These results argue that the 3" UTR, like the ORF, is readily translated by
the ribosome.

Dom34-targeted 3" UTR Ribosomes Increase in the Presence of Diamide

In a final set of experiments, we asked whether conditions known to exacerbate the
phenotype of a DOM34 deletion strain also augmented the molecular signatures that we
identified by ribosome profiling. We therefore performed ribosome profiling on yeast strains
treated with the oxidizing agent diamide and found that the proportion of reads that were
positioned near the poly(A) tail increased in both the wild-type and dom34A strain (Figure
5D). This effect is unlikely due to the suppression of stop codons since the proportion of
reads mapping to the primary reading frame did not increase (Figure 5E). These results
suggest that diamide augments the number of non-translating ribosomes in the 3" UTR that
must eventually be rescued by Dom34, a result that correlates well with the known
exacerbation by diamide of the dom34A-delayed growth phenotype (Fernandez-Ricaud et
al., 2007).
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DISCUSSION

We have introduced a number of technical innovations to the ribosome profiling method that
improve its capability to reveal mechanistic details about the function of ribosomes engaged
throughout the transcriptome. In addition to the previously studied 28-nt ribosome footprints
(Ingolia et al., 2009), and more recently 21-nt footprints (L. Lareau, personal
communication), we found that single ribosomes also protect mMRNA fragments of 15-18 nt
in length at a known site of mRNA truncation. We also found that stacked ribosome
footprints (40-65 nt in size) from disome fractions are a clear signal of ribosome stalling.
Finally, we show that pauses induced by histidine starvation or the drop in ribosome
occupancy following stop codons serve as signals for establishing whether ribosomes are
engaged in active translation. We anticipate that these tools will be particularly useful for
future studies defining ribosome pausing and ribosome interaction with noncoding regions.

Here we took advantage of these advances to reveal the in-vivo substrates of Dom34 and to
address a number of mechanistic questions about the nature of ribosomes that engage the 3
UTR. To our surprise, Dom34 does not target numerous known classes of paused ribosomes,
including those induced by histidine starvation, implying that target selection is highly
specific. A key example of a Dom34 target in the cell is a shortened isoform of the gene
HAC1 (Figure 2). Our high-resolution data indicate that ribosomes do engage this rare
isoform of HAC1 under normal conditions, and that Dom34 rescues these ribosomes.
Moreover, it shows that no-go decay takes place on HAC1 and clearly illustrates the pattern
of upstream stalling and mRNA cleavage that is apparently characteristic of the process.
Given this evidence for NGD on an endogenous substrate, we anticipate that Dom34 broadly
rescues ribosomes stalled at truncation sites, entrusting it with an important cellular role that
was hinted at by previous evidence that Dom34 targets ribosomes stalled on truncated
synthetic reporter mRNAs (Pisareva et al., 2011; Shao et al., 2013; Shoemaker and Green,
2011; Tsuboi et al., 2012). For example, we anticipate that ribosomes encountering the
randomly-located mRNA truncations generated by exosome activity in the cell will be
routinely rescued by Dom34 (Garneau et al., 2007).

In addition to these targets, we found a new class of Dom34 substrate that comprises
ribosomes immobilized near the junction between the poly(A) tail and the 3" UTR (Figure
3). Intriguingly, we found that the majority of such ribosomes arrive at this noncoding
location by a mechanism other than translation of the entire 3° UTR (for example, as might
be permitted by nonsense suppression or a frameshift event at the stop codon). In this
regime, we find that the ribosome does not maintain a 3-nt reading frame, akin to the
proposed scanning process that the small (40S) ribosomal subunit is thought to carry out in
the 5" UTR while it searches for the start codon during the initiation phase of translation
(Hinnebusch and Lorsch, 2012). Evidence for “80S scanning” has been reported in bacteria
when ribosome recycling factor (RRF) is mutated (Janosi et al., 1998), in yeast during the
nonsense mediated decay response at premature termination codons (Amrani et al., 2004), or
more generally when certain mammalian post-termination complexes are not recycled
(Skabkin et al., 2013). Taken together, our data are consistent with a majority of the 3" UTR
bound ribosomes moving along the mMRNA in an unconventional, non-translating mode for
at least some distance (Figure 4).
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Our data are also consistent with a fraction of ribosomes in the 3" UTR eventually carrying
out translation (Figures 4C and 4E) since it is conceivable that some scanning ribosomes
may reinitiate translation of the mMRNA, as has been observed for scanning bacterial
ribosomes when RRF is mutated (Janosi et al., 1998). This reinitiation model could
accommodate a scenario where the scanning phase is carried out by 40S or 80S ribosomes.
In general, however, exclusive reinitiation models are unappealing because ~21% of the top
3" UTRs targeted by Dom34 lack a start codon that would allow ribosomes to read to the
observed arrest point for ribosomes without terminating. A reasonable explanation might
include a combination of scanning ribosomes (including 80S or 40S) with reinitiation by a
subset of these. This sort of mechanism could explain reports indicating that ribosomes
bound to lincRNAs seem to bypass stop codons (Guttman et al., 2013).

A plausible explanation for the origin of the unexpected ribosomes that populate many 3
UTRs (and are then rescued by Dom34) is that the canonical termination and recycling
process are not always efficient (Figure 6). In these situations, the subunit dissociation steps
may not reach completion due to a defect in or inadequate levels of the recycling factor Rlil
or any potential cofactors that stimulate this step. As a result, the 80S or 40S ribosome could
remain associated with the mRNA after peptide release and, unable to immediately resume
translation, would scan along the mRNA. In principle, this process could be bidirectional,
however, the downstream flow of translating ribosomes would tend to push the scanning
ribosomes toward the 3" UTR. This model also offers a potential explanation for the
diamide-induced increase in the number of non-translating ribosomes in the 3" UTR
(Figures 5D and 5E). Because diamide is known to inactivate FeS proteins (Philpott et al.,
1993), such as the recycling factor Rlil (Barthelme et al., 2011), it is plausible that diamide
exposure leads to Rlil inactivation and a failure of ribosome recycling, and thus ultimately
to an increase in 3" UTR ribosome occupancy.

It is puzzling that these ribosomes become arrested at the 3" end of the UTR, sometimes
after partially engaging the poly(A) tail. One mechanism to explain why these ribosomes do
not fully enter the poly(A) region is that poly(A) binding protein (Pabl) or another 3> UTR
associated protein simply blocks movement of the ribosome once it reaches the end of the
UTR. Alternatively, the poly(A) sequence itself may have affinity for the mRNA entry
channel that prevents the ribosome from moving once a small series of As is stably bound (a
“trap”).

Given the number of transcripts (~11%, Figure 3A) where termination and/or recycling
appear to be somewhat inefficient, it is worth speculating whether non-translating ribosomes
in the 3" UTR serve some useful purpose. It has been proposed, for example, that
translational readthrough resulting from a deficiency in release factor 3 (eRF3) activity (i.e.
through activation of the [PS+] prion in S. cerevisiae) may facilitate adaptation during
periods of stress (Serio and Lindquist, 1999). Similarly, scanning readthrough may also be a
signature of a larger system that regulates gene expression. For instance, 3" UTR-binding
proteins could regulate the efficiency of proper termination/recycling against an alternative
pathway that releases the nascent peptide (perhaps to be degraded) but leaves the ribosome
intact and capable of scanning into the 3" UTR (and somehow affecting gene regulation).
The importance of 3" UTR sequence in determining the number of ribosomes that
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commence scanning after encountering the stop codon may derive from the sequence
specificity of regulatory factors that, for example, impact recycling. Another hypothesis is
that scanning ribosomes in the 3° UTR may be able to directly funnel useful components of
the translational machinery from the 3" to the 5 end of the mRNA for more efficient
translation (Hinnebusch and Lorsch, 2012).

In general, our data are consistent with the view that Dom34 is critical for regulating the
overall level of ribosomes in the cell by liberating specific classes of stalled ribosomes; as
such, Dom34 contributes to determining the amount of ribosomes available for the initiation
of translation. This role in homeostasis of ribosome components reasonably accounts for
why the dom34A strain is so poorly tolerant of situations that limit the supply of ribosomes.
Because ribosome availability closely tunes the rate of cell growth, further studies of Dom34
may be useful for understanding various phenomena, such as cancer, where growth rates
become uncontrolled. In addition, our unexpected finding that ribosomes populate the
noncoding 3" UTR of the cell raises a number of questions about the regulation of efficient
termination and recycling at the end of open reading frames and the significance of
ribosome occupancy on noncoding RNAs in the cell. We anticipate that future ribosome
profiling studies will unveil a number of mechanistic insights to address these puzzles.

EXPERIMENTAL PROCEDURES

Preparation of Ribosome Footprint Libraries

Ribosome footprints were prepared essentially as described (Ingolia et al., 2012). Briefly,
yeast cells were rapidly extracted from the media via vacuum filtration and frozen in liquid
nitrogen. Cells were lysed in a freezer mill with lysis buffer (20 mM Tris pH 8, 140 mM
KCI, 1.5 mM MgCly, 1% Triton X-100) that sometimes contained an added stabilizing
agent: 0.1 mg/ml CHX, 5 mM GMP-PNP (plus equimolar MgCl,), both CHX and GMP-
PNP, or 10 mM MgCl,. Monosomes and disomes of RNase treated samples were separated
by sucrose gradient and purified mMRNA footprints were ligated to a universal linker.
Following reverse transcription, circularization, rRNA subtraction, and PCR amplification,
cDNA fragments were sequenced on an Illumina HiSeq2000 or HiSeq2500 machine at
facilities at UC Riverside or the Johns Hopkins Institute of Genetic Medicine.

Growth Conditions

All cells were grown in YPD (BD Biosciences) media with the following exceptions: those
expressing SUP4-0 (CSM-His), the CPR5 reporter (CSM-Ura), or those that were 3-AT
treated (CSM-His) (All CSM media was from Sunrise Science Products). All media was
sterile filtered and cultures were grown at 30°C. Cultures were usually harvested at an OD
of ~0.6 after ~5 doubling times. For the 3-AT experiments, cells were grown for ~2.5
doubling times in 100 mM 3-AT prior to harvest. For experiments with diamide, cultures at
an OD of ~0.3 were treated with 2 mM diamide and 300 uM CaCl;, for 2 hours before
harvest. For glucose starvation experiments, cells at OD ~0.6 were pelleted from YPD
media, resuspended in YP, and shaken for 1 min prior to harvest.
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Basic Read Preparation and Sequence Alignment

The R64-1-1 S288C reference genome assembly (sacCer3) was used for all analysis
(Saccharomyces Genome Database Project). De-multiplexed sequences were first processed
to remove low quality reads (any position with Phred score <20 or assigned N). Following a
search for the linker (footprints) or truncation at 35 nt (MRNA-Seq), contaminating gel
ladder oligos were removed and alignment to the RNA gene database (http://
downloads.yeastgenome.org/sequence/S288C _reference/rna/archive/
rna_coding_R64-1-1_20110203.fasta.gz) was performed to remove noncoding
contaminants. Remaining reads were then aligned to the genome and those that did not align
were aligned to a database of annotated splice junctions. In some cases, footprint reads left
over at this stage were then trimmed of consecutive 3" As and realigned to the genome and
splice junction database. Matches in these various alignment rounds were pooled for
calculation of ribosome occupancy. All reads that aligned to multiple sequences were
discarded. Read occupancy was set by giving one count per read 5" end and then shifted to
correlate with various active sites in the ribosome. Read counts were then normalized to
units of reads per million (rpm) (by dividing by the total number of million mapped reads in
a sample). Alignments were performed with Bowtie 0.12.7 (Langmead et al., 2009)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of Ribosome Footprint Size and Pausing
(A) Size distributions of untrimmed ribosome footprints that mapped without mismatches to

the genome or splice junctions. Short monosome-protected fragments (15-24 nt, orange),
long monosome-protected fragments (25-34 nt, black), and disome-protected fragments
(40-80 nt, purple). Each distribution came from a separate sample and thus sums to 1.0.
Black and purple distributions obtained from wild-type cells and orange from ski2A cells.
(B) Sucrose gradient profile for dom34A yeast showing both RNase-treated and untreated
control samples. Monosome and disome peaks are indicated.
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(C) Effect of DOM34 knockout and 3-AT on ribosome pausing. Cumulative histogram of
pause score values (smoothed reads at a position / median reads in gene) computed for all
positions in the transcriptome with adequate read density. (Inset) Ribosome footprint reads
that map to an example gene (PGK1). Histidine codons are marked with gray arrowheads.
(D) Enrichment ratio of reads mapped at single nucleotide positions in the dom34A strain
compared to the wild-type strain shown as a function of knockout pause score (smoothed
reads at a position / average reads in gene) for all positions in the transcriptome with
adequate read density. Sites where pauses are amplified by knockout of DOM34, such as on
HAC1, are located in the upper right quadrant.

See also Figures S1, S2, and S6.
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Figure 2. Dom34 Targets Ribosomes on a Truncated mRNA
Mapped footprints of varied sizes from wild-type (darker shades) and dom34A (lighter

shades) strains on the gene HAC1. Data were collected from the disome and monosome
fractions of a sucrose gradient. Note that scales vary according to sample and reads are
plotted at approximate position of the ribosome A site. Ribosome drawings below the plots
illustrate how the first set of ribosomes stall at the end of the exon and the second set of
ribosomes stall at an upstream cleavage site, presumably caused by the stalled ribosomes
downstream. Data for short (<25 nt) reads were taken in a ski2A background (indicated by *)

to inhibit NSD.

See also Figures S3 and S4.
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Figure 3. Dom34 Targets Arrested Ribosomes in the 3" UTR
(A) Enrichment ratio of reads on genes is plotted for 3" UTRs as a function of ORFs

between wild-type and dom34A strains. Vertical asymmetry of distribution indicates read
enrichment in the dom34A 3" UTRs. Genes were included with >10 rpkm in the ORF and
>0.17 rpm (5-6 raw reads) in the 3" UTR in both strains.

(B) Examples of mapped footprints on genes (SGE1 and CPR5) showing enrichment near
the end of the 3" UTR in the dom34A strain. Reads that mapped only after consecutive As
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were removed from the 3" ends are shown in a lighter shade. Approximate region where
polyadenylation takes place is indicated with a dotted arrow.

(C) Average ribosome occupancy from 3" UTRs aligned at the annotated site of
polyadenylation for wild-type and dom34A strains.

(D) Same as (C) except that only 99 genes with high 3" UTR ribosome occupancy in the
dom34A strain were included (>0.33 rpm and >3x as many reads as in the wild-type sample)
and a broader 5" window region was used to reveal ribosome stacking.

(E) Histogram of A count on the 3" ends of footprint reads before alignment to the genome.
(Inset) Cartoon of a ribosome after a 16-nt incursion into the poly(A) tail (dashed line
indicates poly(A)).

(F) Normalized average ribosome occupancy from genes aligned at their stop codons for
dom34A cells under normal or runoff conditions (top). Traces were normalized to the
average value of ribosome density over the last 200 nt of data shown. Footprints mapping to
the MFA2 gene in the dom34A strain (bottom) reveal that reads in the 3° UTR are enriched
relative to those in the ORF during starvation.

(G) Examples of mapped footprints on ribosomal protein genes with identical (RPL19) or
nearly identical (RPS19) ORF amino-acid sequences and very different 3" UTR sequences.
Data show substantial differences in 3" UTR ribosome occupancy in the dom34A strain.
Reads that mapped only after consecutive As were removed from the 3" ends are shown in a
lighter shade. Note that ORF reads are truncated by the vertical axis scaling and are missing
in some places because reads cannot be uniquely mapped. In each case, overall ORF
ribosome density differs by a factor of 1.4 between the two copies of the gene.

See also Figures S4 and S5. See also Tables S1 and S2.
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Figure 4. Many Ribosomes Do Not Translate the 3° UTR
(A) Fraction of 28-nt reads that map (without mismatches) to each reading frame in the ORF

and 3" UTR for dom34A cells. Normalized data were averaged from ribosomes stabilized
with CHX, 10 mM MgCl,, or no extra additive, but not GMP-PNP as frame was less well
preserved.

(B) Examples of mapped footprints from dom34A cells treated with 3-AT on genes (PTC2
and HUBL) with in-frame His codons (indicated with red arrows) in the 3" UTR. Note that
the vertical axis scaling truncates the upper range of ORF reads for PTC2.

Cell. Author manuscript; available in PMC 2014 August 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guydosh and Green

Page 25

(C) Average fraction of ribosome occupancy within a 20-nt window around His codons in a
given frame. Data are shown for all three reading frames in ORFs and 3" UTRs from
dom34A cells treated with 3-AT.

(D) Examples of mapped footprints from dom34A cells on genes (LAT1 and OST5) with stop
codons in all three reading frames of the 3" UTR. Stop codons and their respective reading
frame before the poly(A) tail are indicated (red arrows and values 0-2). Note that the
vertical axis scaling truncates the upper range of ORF reads.

(E) Average fraction of ribosome occupancy within a 20-nt window around the first
occurrence of a stop codon in a given frame. Data are shown for all three reading frames in
ORFs and 3" UTRs in dom34A cells.
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Figure 5. Ribosome Occupancy in 3" UTR is Modulated by a Suppressor tRNA or Addition of
Diamide
(A) Average fraction of ribosome occupancy in a region around the stop codon of annotated
ORFs. Data taken from ski2A cells transformed with the SUP4-o0 tRNA. Only reads that

measured 28 nt in length and mapped without mismatches are plotted. Readthrough is

increased only when the stop codon is UAA.

(B) Fraction of 28-nt reads that map (without mismatches) to each reading frame in the ORF
and 3" UTR for ski2A cells transformed with the SUP4-0 tRNA.
(C) Average fraction of ribosome occupancy within a 20-nt window around the first

occurrence of a stop codon in a given frame. Data are shown only in 3" UTRs that follow
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ORFs terminating with a UAA stop codon. Data from ski2A cells transformed with the
SUP4-0 tRNA.

(D) Histogram of A count on the 3" ends of footprint reads before alignment to the genome.
Data for wild-type and dom34A yeast in the presence and absence of diamide are shown.

(E) Fraction of 28-nt reads that map (without mismatches) to each reading frame in the ORF
and 3" UTR for dom34A cells treated with diamide.
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Figure 6. Model for Dom34-mediated Rescue of 3" UTR-located Ribosomes
When the ribosome reaches the 3" end of an ORF, release factors (eRF1 and eRF3)

recognize the stop codon in the A site and bind the ribosome (1). After peptide release, Rlil
typically mediates ribosome recycling (perhaps with other unknown factors) making the
individual subunits available for reuse (R1). If the recycling step fails, the 80S ribosome (2)
“scans” along the 3 UTR. The ribosome then arrests upon reaching the poly(A) tail and
rescue factors (Dom34 and Hbs1) bind the ribosome (3). These factors target the ribosome
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for recycling by RIlil, making the subunits available for reuse (R1). In some cases, the
ribosome may reinitiate translation in the 3" UTR prior to rescue.
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