Translation of poly(A) tails leads to precise mRNA cleavage
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ABSTRACT

Translation of poly(A) tails leads to mRNA cleavage but the mechanism and global pervasiveness of this “nonstop/no-go” decay
process is not understood. Here we performed ribosome profiling (in a yeast strain lacking exosome function) of short 15-18
nucleotides mRNA footprints to identify ribosomes stalled at 3' ends of mRNA decay intermediates. In this background, we
found mRNA cleavage extending hundreds of nucleotides upstream of ribosome stalling in poly(A) and predominantly in one
reading frame. These observations suggest that decay-triggering endonucleolytic cleavage is closely associated with the
ribosome. Surprisingly, ribosomes appeared to accumulate (i.e., stall) in the transcriptome when as few as three consecutive
ORF-internal lysine codons were positioned in the A, P, and E sites though significant mRNA degradation was not observed.
Endonucleolytic cleavage was found, however, at sites of premature polyadenylation (encoding polylysine) and rescue of the
ribosomes stalled at these sites was dependent on Dom34. These results suggest this process may be critical when changes in

the polyadenylation site occur during development, tumorigenesis, or when translation termination/recycling is impaired.
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INTRODUCTION

The poly(A) tail is a fundamental feature of many cytoplasmic
mRNAs and is thought to promote translation in some cases
and prevent degradation of the message (Moore and Proud-
foot 2009; Chang et al. 2014; Subtelny et al. 2014). In general,
poly(A) tails are not translated because most mRNAs encode a
stop codon that terminates translation and prevents the ribo-
some from reaching the 3’ end of the message. However, it is
known that some number of transcripts are synthesized with-
out a stop codon due to premature cleavage and polyadenyla-
tion at “cryptic” poly(A) sites (Frischmeyer et al. 2002;
Ozsolak et al. 2010; Pelechano et al. 2013).

In such cases, translation of the poly(A) tail invokes an
mRNA degradation pathway known as “nonstop decay”
(NSD) and results in rapid loss of the message via a mecha-
nism that is not fully understood (Frischmeyer et al. 2002;
van Hoof et al. 2002) though the process is thought to begin
with a ribosome stalling event in poly(A). Subsequent exper-
iments revealed that ribosome stalling generally results in en-
donucleolytic cleavage of mRNA via a process called “no-go
decay” (NGD) (Doma and Parker 2006). The combined
“nonstop/no-go decay” (NSD/NGD) pathway is thought to
be self-perpetuating because any upstream ribosome that
reaches a cleaved 3’ end will arrest and can trigger additional
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mRNA cleavage (Tsuboi et al. 2012). The ribosomes that ar-
rest on the truncated ends are known to be “rescued” by the
factors Dom34/Hbs1/Rlil (Shoemaker et al. 2010; Pisareva
et al. 2011; Shoemaker and Green 2011; Guydosh and
Green 2014), (i) permitting them to be recycled for new
rounds of translation and (ii) deprotecting the 3’ end of the
mRNA for 3'-5" degradation by the ski complex-associated
exosome (Halbach et al. 2013; Kowalinski et al. 2016).
While cleavage has been observed in the vicinity of putative
stalls (Chen et al. 2010; Tsuboi et al. 2012), the relative roles
of endonucleases and exonucleases in the full degradation of
the message is not clear. Moreover, the prevalence of endo-
nucleolytic cleavage and no-go decay is unknown.

In principle, there are many potential mechanisms by
which the ribosome could detect an encounter with the
poly(A) tail and initiate the nonstop/no-go decay process.
The ribosome could detect the presence of poly(A) in the
mRNA entry channel or interact with poly(A)-tail binding
proteins and undergo a conformational change that would
recruit nonstop/no-go decay factors. Another reasonable
possibility is that translation of AAA codon repeats into poly-
lysine could stall the ribosome due to favorable interactions
between positively charged nascent peptide and negatively
charged rRNA (Lu and Deutsch 2008). In reconstituted
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systems, peptide bond formation between consecutive lysines
is known to be slow (Koutmou et al. 2015). Consistent with
this view that the ribosome arrests on messages encoding
polylysine, gel-shift assays on reporters that encode runs of
polylysine (Bengtson and Joazeiro 2010; Shao et al. 2013)
or allow translation of the poly(A) tail (due to the absence
of a stop codon) (Chiabudini et al. 2012; Shao et al. 2013)
suggest that the addition of multiple lysine codons to a
mRNA ORF does not result in the anticipated increase in
the size of the translated protein products; these observations
suggest that translation of lysines is minimal. It has also been
shown that other factors, including Ascl and the ubiquitin li-
gase Hel2, are involved in ribosome complex recognition and
ribosomal ubiquitylation for quality control when long tracts
of polybasic residues (arginine or lysine) are encountered
(Kuroha et al. 2010; Brandman et al. 2012; Ikeuchi and
Inada 2016; Juszkiewicz and Hegde 2016; Sundaramoorthy
et al. 2017). These factors were also shown to be important
during decoding of the I-A wobble pair at CGA codons
(Letzring et al. 2013; Wolf and Grayhack 2015). Whether
polybasic tracts are recognized in the same way as poly(A)
translation is not clear. Moreover, whether ribosome-profil-
ing data covering sequences encoding peptides with a net
positive charge support a general stalling model has been ex-
tensively debated (Brandman et al. 2012; Charneski and
Hurst 2013; Artieri and Fraser 2014; Sabi and Tuller 2015;
Weinberg et al. 2016). A recent comprehensive reexamina-
tion of many data sets has shown the extent of apparent paus-
ing when polybasic sequences are positioned in the exit
tunnel to be highly variable, depending, at least partly, on
whether cells were treated with cycloheximide (CHX) in cul-
ture (Hussmann et al. 2015; Sabi and Tuller 2015; Requiao
et al. 2016; Weinberg et al. 2016).

Despite the lack of consensus on how sequences encoding
polybasic peptides are detected, it is clear that the peptides
from such translation events are ultimately degraded follow-
ing ubiquitination by the E3 ligase Ltnl (Bengtson and
Joazeiro 2010). More recently, it was shown that Ltnl is
part of a “ribosome quality control complex” (RQC) that as-
sociates with the 60S ribosome and includes the ATPase
Cdc48, the RNA binding protein Tae2, and another compo-
nent, Rqcl (Brandman et al. 2012; Shen et al. 2015). This
RQC was shown to tag nascent chains with C-terminal Ala-
Thr extensions or “CAT tails” (Shen et al. 2015), whose func-
tion is still being determined (Shen et al. 2015; Yonashiro
et al. 2016). There is clear substrate overlap between the
NSD/NGD pathway and the RQC pathway. Both processes
have been observed on ORF-internal polylysine reporters as
well as reporters where the ribosome translates authentic
poly(A) tail (Tsuboi et al. 2012; Shao et al. 2013; Shcherbik
et al. 2016). More generally, runs of polybasic residues in
the genome have been reported to increase mRNA cleavage,
possibly due to the NSD/NGD pathway (Peach et al. 2015).
However, it remains unclear whether these pathways operate
independently or specialize for particular substrates. Arguing
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that there may be some differences, several studies have sug-
gested that the C-terminal domain of the ski-complex mem-
ber Ski7 (Marshall et al. 2013; Kowalinski et al. 2016) is
required for nonstop decay [i.e., translation of the poly(A)
tail], but not for more general ribosome stalling, such as
for cleaved RNAs (Meaux and Van Hoof 2006; Tsuboi
et al. 2012).

Here we applied the short-read ribosome profiling meth-
odology that we previously introduced (Guydosh and
Green 2014) to examine the mechanism and extent of
mRNA-cleavage and ribosome rescue at sites of poly(A)
translation across the yeast transcriptome. Our method re-
vealed a number of new properties of nonstop/no-go decay,
including the existence of a frame for the endonucleolytic
cleavage of mRNA and the requirement that ribosomes be ar-
rested due to an actual failed translation event. In addition,
we show that polylysine stalling is initially observed after
just a few consecutive lysines are encountered, in the active
site of the ribosome. Finally, we reveal the widespread role
of Dom34 in rescuing ribosomes that stall in the vicinity of
prematurely polyadenylated sequences throughout the ge-
nome. Because premature polyadenylation is abundant and
often occurs in the middle of coding sequence (Ozsolak
et al. 2010; Pelechano et al. 2013), the NSD/NGD quality-
control pathway is likely active in regulating the levels of
many gene products with important implications for human
health (Klauer and van Hoof 2012).

RESULTS

Translation of poly(A) tails via nonsense suppression
triggers widespread mRNA cleavage

We previously showed that short (15-18 nucleotides [nt]) ri-
bosome footprints are generated by ribosomes that stall upon
reaching the truncated 3’ end of the HACI mRNA after cleav-
age by the endonuclease Irel (Guydosh and Green 2014).
Since these ribosomes are targeted by the factor Dom34
for recycling (Shoemaker et al. 2010), these footprints are
only detectable in a Saccharomyces cerevisiae strain where
DOM34 is deleted. Because stalled ribosomes are thought
to trigger endonucleolytic cleavage of the mRNA during non-
stop/no-go decay (Tsuboi et al. 2012), we reasoned that ribo-
some profiling of short footprints should offer new
mechanistic insights into this phenomenon. To trigger this
process, we transformed a dom34A yeast strain with the ochre
suppressor tRNA, SUP4-o, to allow low-level ribosome read-
through at UAA codons and then performed enhanced ribo-
some profiling of footprints 15-34 nt in size. Because cleaved
mRNAs can be degraded by the exosome, we performed
many of our experiments in a ski2A background (indicated
in some cases by [*]) to allow visualization of intermediates
(Tsuboi et al. 2012). In initial data sets, we found that short
footprints were heavily contaminated with fragments of
tRNA and rRNA. For the libraries prepared here, we used
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the Ribo-Zero kit to eliminate the rRNA oligonucleotide
reads by subtracting them from our purified RNA sample.
However, the kit appeared to introduce short oligos of un-
known origin that stochastically mapped across coding and
noncoding regions of the genome. Because these oligos typ-
ically generated very sharp (1-2 nt wide) peaks in the data, we
were able to eliminate them from our analysis with filtering
algorithms (described in Materials and Methods).

We first analyzed the size distribution of read lengths that
mapped near the 3’ ends of 315 mRNAs with UAA stop co-
dons (where readthrough was anticipated) and no in-frame
stop codons in their 3’UTRs [so ribosomes that read past
the main stop codon would generally read into the poly(A)
tail (Fig. 1A)]. In the dom34A* SUP4-o strain, the distribu-
tion of short reads was proportionately enriched for reads
15-18 nt in length. In contrast, the 15-18 nt footprints
were less abundant in strains where Dom34 was present
(and therefore able to recycle ribosomes stalled on truncated
ends) or where SUP4-0 was absent [and thus where read-
through into poly(A) tail is minimized]. When we expand
our analysis to compare the abundance of short (15-18 nt)
footprints to long (25-34 nt) footprints on all genes in
many data sets, we generally find that short footprints repre-
sent ~10% of the total reads and that strains lacking both
DOM34 and SKI2 usually have more. Getting a more quan-
titative estimate is hampered by the occurrence of contami-
nating oligos introduced during Ribo-Zero subtraction, as
noted above.

We next examined ribosome distributions in the dom34A*
SUP4-o0 strains for genes that encode a UAA stop codon and
no subsequent stop codons before the poly(A) tail. While the
majority of long footprints (25-34 nt) mapped to ORFs, we
also found long footprints that mapped to 3'UTRs, typically
enriched at the very 3’ end of the UTR and partially overlap-
ping the poly(A) tail (Fig. 1B; Supplemental Fig. S1A). To al-
low alignment of such chimeric reads, we trimmed the
terminal poly(A)s from those reads that failed to map to
the transcriptome in our initial alignment and then re-
mapped them. The short reads (15-18 nt), in contrast, only
sparsely covered ORFs but were strongly enriched in
3'UTRs (see examples in Fig. 1B). To examine this trend
globally, we averaged ribosome profiling data across all
such genes with a UAA stop codon and no further in-frame
stop codons in the 3’'UTR. With this analysis, it was clear that
short read enrichment extended upstream of the poly(A) tail
for hundreds of nucleotides (Fig. 2A), consistent with a
chain-reaction type mechanism whereby an initial stall at
the end of the 3'UTR triggers successive rounds of upstream
cleavage and ribosome stalling, in this dom34A* yeast back-
ground. When we performed a similar analysis with SKI2
present (Fig. 2A, yellow trace), we found that accumulation
of long footprints in the 3UTR was essentially unchanged
but that short footprints were diminished to a level somewhat
above the background. In this case, we define the background
as UAA genes with DOM34 present or non-UAA genes (all

A
o 0.67
2 !
o 057  UAAgenes -
S 0.4 it
5 —dom34A* SUP4-0 ! %
7 0.3 «e= SUP4-0* S
@ = dom34A*
[ -
(TR
15 18 21 24 27 30 33
Footprint length (nt)
B 50 rpm
5rpm
500 nt DAK1
15-18 nt reads
dom344A* SUP4-0 |4
" RO LN T Y
SUP4-0*
dom34A*
25-34 nt reads
|
Al lﬂ daik ) L (] b
ORF 3'UTR
50 rpm
5rpm | 200 nt 1518 nt reads SUR7
i Hl}\ b Wb wadul ij‘
| B i, L |
| i L
25-34 nt reads
‘l...l.l ]
ORF 3 UTR

FIGURE 1. Translation of the poly(A) tail leads to upstream mRNA
cleavage and ribosome stalling at the 3" ends of the resulting truncated
fragments. (A) Size distributions of short (15-34 nt) ribosome foot-
prints that mapped without mismatches to sequences comprised of
the 3'UTR of a gene and an equal length of ORF sequence immediately
upstream of the 3'UTR. Footprints mapping to any part of the poly(A)
tail were not included. (B) Examples of mapped footprints on genes
(DAK1 and SUR?) both containing UAA stop codons and no in-frame
stop codons in the 3’UTR. Data reveal enrichment of long reads near
poly(A) and short reads over a more extensive region upstream when
DOM34 is knocked out and the suppressor tRNA is present compared
to strains where only one of these mutations is present. In the case of
DAKI, long reads are already enriched in the absence of the suppressor
tRNA (as shown previously [Guydosh and Green 2014]) due to the ac-
cumulation of likely nontranslating ribosomes. However, short reads are
not enriched upstream in this case. Approximate region where polyade-
nylation takes place is indicated with a dotted arrow.
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FIGURE 2. Observation of stall-induced cleavage requires active trans-
lation and the absence of Dom34. (A) Average ribosome occupancy for
short reads (top dark traces) and long reads (bottom light traces) from
genes with UAA stop codons and no in-frame stop codons in the
3'UTR. Gene sequences are aligned at their stop codons and reads are
mapped by their 5" ends. ORF annotation drawn to coincide with ribo-
some A sites. (B) Average ribosome occupancy from genes with UAA
stop codons and no in-frame stop codons in the 3'UTR. Gene sequences
are aligned at their primary polyadenylation sites and reads are mapped
by their 5 ends and unshifted. Only genes translating 3'UTRs after non-
sense suppression generate mRNA cleavage and resultant short-read en-
richment in the dom34A strain.
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genes with a UAG or UGA stop codon). We included both of
these controls to ensure that any biases associated subsets of
genes under study did not affect our conclusions. These re-
sults suggest that the ribosomes protecting full-length foot-
prints stall independently of the generation of short
footprints. When SKI2 is present, the mRNAs are typically
degraded rapidly before ribosomes can reach the endonu-
cleolytically cleaved ends. These trends were also reflected
in a similar analysis of individual genes (Supplemental Fig.
S1B, red dots show higher short-read ratios than dark yellow
dots). These striking genome-wide observations of ribosome
distribution are broadly consistent with models previously
proposed based on observations of mRNA decay for reporter
mRNAs lacking stop codons (Tsuboi et al. 2012). We note
that the involvement of iterated endonucleolytic cleavage is
likely exaggerated by the particular yeast background used
(dom34A*) as under normal conditions the exosome would
be more actively involved once the first endonucleolytic
cleavage event has occurred (again, compare heavy yellow
and red traces in Fig. 2A).

Active translation is critical for cleavage induction

We noticed in our analysis of individual genes (e.g., DAKI in
Fig. 1B or SMX2 in Supplemental Fig. S1A, and many exam-
ples in Supplemental Fig. S1B) that ribosomes protecting
long (25-34 nt) footprints were strongly (>10X) enriched
in the 3’UTRs in the dom34A* strain (black reads), even in
the absence of nonsense suppression. We previously ob-
served this phenomenon on a subset (~11%) of genes in
our previous study of dom34A yeast (Guydosh and Green
2014) and attributed this density to ribosomes that primarily
were not engaged in active translation. To reconcile our new
data with our old observations, we examined average ribo-
some density after alignment of genes at the ends of their
3'UTRs for the dom34A* strain in the presence or absence
of SUP4-o (Fig. 2B); importantly, in this analysis, we only in-
cluded genes with UAA stop codons and no subsequent in-
frame stop codons. Long footprints were indeed enriched
in the dom34A* background regardless of whether the sup-
pressor tRNA was present. However, short footprints were
only present when SUP4-0 was present and ribosomes were
translating through the 3'UTR. These observations provide
striking evidence for the idea that ribosomes must be actively
translating to trigger endonucleolytic mRNA cleavage.

Trimming by RNase 1 at 5’ ends is imprecise

To better understand the mechanism of mRNA cleavage dur-
ing nonstop/no-go decay, we performed a careful analysis of
the reading frame to which footprints aligned. To first estab-
lish the positioning of the ribosome in our dom34A* SUP4-o0
strain, we plotted ribosome density averaged across all genes
aligned at their start codons (Fig. 3A). Reads were assigned by
either their 5’ or 3’ ends and the separation in footprint peaks
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FIGURE 3. Analysis of mapped reading frame in 3’ UTRs. (A) Schematic
diagram of ribosome associated with long or short footprint reads. Short
reads are always observed such that the 3’ end of the mRNA is positioned
at the first nucleotide position of the A site. For reference, data under-
neath is average ribosome occupancy of long reads aligned by either 5’
or 3’ ends at start codons. Data are taken from the dom34A* SUP4-o strain
on genes with non-UAA stop codons. This analysis also shows that the
3’ end of footprints maps more precisely to a single reading frame than
the 5" end (leading to reduced blurring of peaks at each codon). (B)
Fraction of 5" (left, dotted) or 3’ (right, solid) read ends mapping to
each reading frame for long (top) and short (bottom) reads. Data derived
from the dom34A* SUP4-o strain for 3 UTRs preceded by a UAA stop
codon and no subsequent in-frame stop codons. (C) Fraction of 3’
read ends mapping to each reading frame for pooled short (15-18 nt)
reads. Footprint reads from the dom34A* SUP4-o strain in cases where
3'UTRs are preceded by a UAA stop codon at the end of the ORF and
include no subsequent in-frame stop codons are shown (black line) to
preferentially occur in frame 0. In contrast, footprint reads from the
same strain in cases with a non-UAA stop codon (purple line) are found
equally well in all three reading frames. Similarly, mRNA-seq reads
derived from the dom34A* strain for 3’ UTRs preceded by a UAA stop
codon at the end of the ORF and no subsequent in-frame stop codons
in the 3'UTR (blue line) are equally distributed in all three frames.

by these two methods was 28 nt apart, as anticipated for the
footprint of a ribosome protecting the mRNA (Wolin and
Walter 1988). The distance from the 5" end of the footprint
to the first nucleotide of the P site was 12 nt, again similar
to what has been reported in other studies (Ingolia et al.
2009; Guydosh and Green 2014).

We then checked the reading frame to which the 5" and 3’
ends of a subset of long footprints (limited here to 27-30 nt)

aligned (Fig. 3B, top). As has been observed previously (Ji
et al. 2015), the 5" ends for a given read length generally
mapped to a single frame, but the frame to which they
mapped varied according to read length; in contrast, the 3’
ends of all footprint lengths generally aligned to a single
frame (frame 0). These results suggest that the majority of
variation in footprint length occurs on the 5 end of the
read (these heterogeneities could reflect ribosome-based
events or technical issues associated with library prepara-
tion). These results imply that 3" alignment is superior in ap-
plications where reading frame analysis is critical, a finding
that has been clearly established for profiling of bacterial ri-
bosomes (Woolstenhulme et al. 2015). Increased resolution
of average ribosome density peaks (Fig. 3A) in the 3 aligned
reads supports this conclusion.

Endonucleolytic cleavage of mRNA during nonstop/
no-go decay occurs primarily in a single reading frame

We next turned to alignment of short ribosome footprints.
Much like 5 alignment of long footprints, we found that
the reading frame to which the 5" ends of short-reads aligned
was uniform for a given fragment size but varied with length
(Fig. 3B, bottom). This finding suggests that RNase 1 cleaves
the mRNA upstream of ribosomes stalled on truncated
mRNAs in much the same way as it does for all ribosomes.
We then examined the frame to which 3’ ends mapped
with no expectation that the reading frame would be the
same for all read lengths since the 3’ end of the read is set
by endonucleolytic cleavage that takes place during no-go de-
cay and not by RNase 1. Surprisingly, we found that the read-
ing frame for the 3’ ends of all footprint lengths consistently
mapped to a single reading frame (72% in frame 0). Thus, for
these short reads, the ribosome stalls on truncated footprints
in a single frame where the end of the mRNA aligns to the
first nucleotide position of the A site (and thus there is an in-
complete codon that cannot be deciphered). Similar analysis
for short reads mapping to genes without a UAA stop codon
or for mRNA-seq reads (also cut to lengths of 15-18 nt) re-
vealed no bias in the reading frame to which reads mapped on
their 3’ ends (all three frames similar in blue/purple traces
versus frame 0 preferred in black traces, Fig. 3C). These latter
observations rule out artifactual causes from library cloning
or computational alignment for the strong frame exhibited
by the 3’ end of short reads. This unexpected finding implies
that the endonuclease that cleaves the mRNA during non-
stop/no-go decay is intimately associated with the triggering
stalled ribosome (presumably on its upstream end).

Only three lysines are necessary to stall the ribosome

Our results point to a model where ribosomes that translate
into the poly(A) tail eventually stall and trigger a precise en-
donucleolytic cleavage upstream. We wondered what molec-
ular features can induce a sufficient initial stalling event to
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trigger efficient mRNA cleavage. We therefore tested the idea
that ribosomes stall because of iterated lysine incorporations
(since AAA encodes lysine). We tested this idea by averaging
ribosome profiling data from coding regions that include
tracts of 1-4 consecutive lysines (Fig. 4). Long (25-34 nt)
footprints provided clear evidence for ribosome pausing
when the ribosome was positioned with three sequential ly-
sine codons in the A, P, and E sites (light traces, highlighted
with red arrow and shown for replicate samples). Separate
analysis of AAA and AAG codon stretches also revealed
that the stalling evident in the long-read data was readily ob-
servable for both types of codon, implying that stalling in-
duced by three consecutive lysines is triggered by the

Lys dom34A*

Footprints | 15.18

Replicate footprints [ Nt
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FIGURE 4. Ribosome profiling data reveals minor pausing on polyly-
sine sequences but no mRNA cleavage upstream. Average fraction of ri-
bosome occupancy from the dom34A* strain over a window around one
or more consecutive Lys codons found within open reading frames.
Only the first instance of multiple repeats was included when multiple
repeats were consecutively encoded. Data are shifted so that the ribo-
some P site corresponds to the first codon position (0-2 nt) on the
plot (16 nt shift). The appearance of accumulating ribosomes (pausing)
when Lys codons are positioned in the E, P, and A sites of the ribosome
is indicated with a red arrow for the KKK motif. Replicate data sets are
from a previous study (Guydosh and Green 2014). Yellow line indicates
continuing pausing when the lysines move into the exit tunnel. Green
underline indicates region of artifactual short read enrichment down-
stream from pause region in only one replicate.
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chemical properties of lysine rather than the sequence spec-
ificities of the mRNA:tRNA interaction (light gray traces,
Supplemental Fig. S2A). Importantly, no accumulation of
reads was observed at these locations in mRNA-seq data
(light blue traces, Fig. 4 or Supplemental Fig. S2A), ruling
out the possibility that these signals result from artifacts of
preparing the deep-sequencing library [or sequencing issues
related to poly(A) tracts]. We were even careful to cut
mRNA-seq fragments of the same size range (from 25-34
nt) to eliminate the possibility that longer fragments typically
used for mRNA-seq may not accurately reproduce cloning
biases present in the 25-34 nt footprint library. We have ob-
served this three lysine pause trigger in every data set that we
have analyzed, including those with DOM34 present (light
gray traces, Supplemental Fig. S2B), strongly supporting the
generality of this finding. In addition, we asked whether
runs of multiple arginines (also positively charged) exhibited
a similar phenotype (light gray traces, Supplemental Fig.
S2C) and found that arginine codons stall ribosomes to a
very small extent with a single codon in the A site, and the
signal is modestly increased as additional arginine codons
are added to the sequence. We note that these average gene
analyses become increasingly bouncy as the number of ly-
sines or arginines increase since there are diminishing num-
bers of such sequence motifs in the genome.

In addition to these very immediate effects from lysine co-
dons, we also saw evidence for weak stalling when the lysines
were positioned deeper in the peptide exit tunnel (yellow line,
Fig. 4), consistent with previous analyses that, while variable,
show some pausing when polybasic peptides are positioned
in the exit tunnel (Brandman et al. 2012; Weinberg et al.
2016).

Is translation of consecutive lysines or polybasic
sequence sufficient to induce endonucleolytic
cleavage?

We next asked whether the modest pauses induced by three
consecutive lysines were sufficient to trigger upstream endo-
nucleolytic cleavage of the mRNA. When we examined the
short read data (darker traces, Fig. 4), we noticed an accumu-
lation of density just “downstream” from the pause (black
traces, green underline regions). This effect is likely due to
an artifact (and not stalled ribosomes) because it was not ob-
served in the replicate and it was also observed in DOM34
cells (Supplemental Fig. S2B), where we never observe sub-
stantial short-read accumulation in 3'UTRs. When we fil-
tered our sequences for those including exclusively three
AAA or AAG codons (Supplemental Fig. S2A), it became
clear this effect is limited to AAA codons and could also be
detected by mRNA-seq in this case (dark blue trace, green
underline regions), arguing that the short read accumulation
may not be related to translation but more likely stems from a
sequencing/cloning artifact. Importantly, there was no short-
read enrichment “upstream” of the polylysine sequence as we
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would have expected based on our SUP4-0 analysis of au-
thentic 3’ poly(A) translation (above). We conclude that
short (3—4) runs of consecutive lysine residues do not trigger
mRNA cleavage.

Since it appeared that modest stalling on short runs of lysine
(or arginine) is insufficient to trigger upstream endonucleo-
Iytic cleavage and rescue by Dom34, we wondered whether
longer runs of lysine are required. Given prior estimates of
poly(A) tail length in yeast, it is conceivable that ribosomes
would need to translate >10 lysine codons before reaching
the end of the poly(A) tail (Subtelny et al. 2014). Interestingly,
however, in the ribosome profiling data, we never observe
footprints with more than ~15 consecutive As on their 3’
ends suggesting that at most one lysine is typically incorporat-
ed after encountering poly(A) tail (Supplemental Fig. S3A);
these observations are similar to those we made previously
for primarily nontranslating ribosomes found in the 3'UTR
of mRNAs in the dom34A strain (Guydosh and Green
2014). However, we cannot rule out the possibility that ribo-
somes do translate further into the poly(A) tail (and possibly
reach the end of the transcript) because the absence of more
A-rich reads could be explained by (i) the preferential dissoci-
ation of such sequences from ribosomes during sample prep-
aration (KS Koutmou and R Green, unpubl.) and (ii) the poor
ability of the Illumina machine to sequence runs of consecu-
tive As.

We therefore tested whether a long run of nine AAA or
AAG lysine codons would induce endonucleolytic cleavage
when placed directly into the middle of an open reading
frame. Since such long runs do not exist in the genome, we
took advantage of a previously described reporter gene that
included nine (either AAA or AAG) lysine codons inserted
between thioredoxin-HA and mCherry protein ORFs
(Koutmou et al. 2015). We placed this sequence under the
control of a constitutive promoter and performed ribosome
profiling (Supplemental Fig S3B). Long and short reads
were collected together in a single gel slice and both were nor-
malized against long read footprint density on the plasmid’s
URA3 marker.

The most striking observation in these data is that ribo-
somes appear to read through both iterated lysine motifs (9
AAA or AAG codons) since ribosome density before and after
the insertion site is approximately equivalent. This observa-
tion rules out the possibility of any severe stalling or extensive
ribosome rescue due to translation of the lysine tract. We also
notice that while there are a modest number of reads in the
insert region for the AAG construct, there are essentially no
reads in this region for the AAA construct. We suspect that
the aforementioned challenges of preparing libraries of ribo-
somes on poly(A) sequences continue to confound this anal-
ysis of pausing on polylysine/basic tracts.

Despite these limitations, we were able to ask whether en-
donucleolytic cleavage was triggered by translation of these
sequences by looking at the density of short footprints in
the regions just upstream of the poly-lysine insert. We did

not observe strong enrichment of short (15-18) reads up-
stream of the poly-lysine tract as we observed when ribo-
somes read into the poly(A) tail. Given the lack of cleavage,
it seems likely that either longer poly-lysine tracts or tracts
positioned specifically at the end of an mRNA [and/or bound
to poly(A) binding protein] are required to trigger a robust
no-go decay effect.

Iterated nucleolytic cleavage is the major source
of short footprints in the absence of the exosome

With this better understanding of the molecular signature of
ribosome-mediated endonucleolytic cleavage, we next inves-
tigated the loci where short reads are found in the transcrip-
tome in the absence of suppressor tRNA. Previously, we
showed that some such reads are found at a known (rare)
site of endonucleolytic cleavage (on HACI, an endogenous
target of Irel). To ascertain the scope of short footprints
across the transcriptome, we computed the ratio of short
versus long reads that align to ORFs in the dom34A* relative
to the WT* strain (Fig. 5A). We found the long and short
read ratios covered a wide range of values, reflecting large
variation in the number of ribosomes that require rescue
by Dom34 on any given gene. Indeed, the positive correla-
tion in both long and short reads in this analysis is consis-
tent with the idea that ribosomes stall in poly(A) tracts
(protecting long footprints) and induce endonucleolytic
cleavage; the subsequent ribosomes then stall on the cleaved
ends, generating the correlated number of 16-nt reads. The
fact that we observe an enrichment in the long reads amid
the normal background of translating ribosomes suggests
that a substantial number of ribosomes accumulate on these
particular transcripts at steady state when Dom34 is not
present.

To more accurately assess the fraction of short footprint ri-
bosomes engaged in nonstop/no-go decay, we tallied the
reading frame assignment for the 3’ ends of short footprints
across all ORFs in a cumulative histogram for footprints from
strains with and without DOM34 (and for mRNA-seq data as
a control) (Fig. 5B). We reasoned that the number of reads
mapping to frame 0, which we previously showed correlates
with cleavage induced during no-go decay (Fig. 3B), can serve
as a metric for the fraction of short reads originating from
nonstop/no-go decay. As expected, the median mRNA-seq
frame was ~0.33 since all reads map equally to the three read-
ing frames. Strikingly, around 54% of short reads mapped to
frame 0 in the WT* strain, on average, and nearly 73%
mapped there in the dom34A* strain, reflecting the preserva-
tion of stalled ribosomes on endo-cleaved mRNAs in the ab-
sence of Dom34. As we showed earlier (Fig. 3C) that ~72% of
the short footprints in the 3'UTR of the critical subset of
genes (with a UAA stop codon and no further in frame
stop codons) mapped to frame 0 when the suppressor
tRNA induced translation of the poly(A) tail, our observation
that 73% of short reads are in that same frame is consistent
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FIGURE 5. Ribosome stalling and mRNA cleavage identifies premature polyadenylation sites ge-
nome-wide. (A) Enrichment ratio (dom34A:DOM34) of short (15-18 nt) reads is plotted as a
function of the ratio of long (25-34 nt) reads in a ski2A background. Genes in the upper right
quadrant correspond to those with relatively high levels of premature polyadenylation, and those
in the lower left are those with relatively low levels of premature polyadenylation. Genes included
in analysis had >20 rpkm in the short reads and >5 rpkm in the long reads in either strain. (B)
Cumulative histograms of frame to which the 3’ ends of 15-18 reads map across individual genes
(thresholded at 10 rpm). A baseline median value of 0.33 is obtained for mRNA-seq data, as an-
ticipated. A great proportion of footprint reads in WT* strain maps to frame 0 (previously shown
to be diagnostic for endonucleolytic activity upstream of ribosome stalls). In the absence of
DOM34, even more ribosomes go without rescue, increasing the fraction of short footprint reads
in frame 0 to ~73% on average. This value is roughly equal to the ~72% fraction found when
3'UTRs are translated in the presence of a suppressor tRNA and therefore suggests most short
footprints in this strain result from NSD/NGD. (C) Examples of footprints mapped to genes
(YAPI and RNAI14) with known premature polyadenylation sites (green data, from Pelechano
et al. 2013). Data reveal enrichment in short and (to a lesser extent) long reads at and upstream
of known poly(A) sites in the dom34A strain. To be included in analysis, a threshold of 10 rpkm
was required in total for all three frames. (D) Ratio of short to long reads is plotted against two
previously published ratios of ORF (premature) poly(A) reads to 3'UTR (at the end of the full-
length transcript) poly(A) reads. Spearman correlation coefficients (R*) were computed for
each comparison and argue that translation (and resultant endonucleolytic cleavage) of prema-
turely polyadenylated genes is widespread. Footprint data were thresholded to require a minimum
of 5 rpkm for long reads or 20 rpkm for short reads.

with the interpretation that the majority of short footprints in
this strain are generated by ribosomes stalled at sites of endo-
nucleolytic cleavages generated during nonstop/no-go decay
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in our dom34A* strain. We note that
because the exosome was lacking in these
strains (ski2A), we fail to observe the like-
ly synergistic contributions of exonucleo-
Iytic decay that follow once the initial
endonucleolytic cleavage has occurred.
Nevertheless, since short footprints usu-
ally make up around 10% of total foot-
prints in the dom34A strain, it is
conceivable that ribosome rescue by
Dom34 occurs with some regularity in
the cell.

Premature polyadenylation is a major
source of short footprints

Because premature polyadenylation
events very clearly lead to endonucleolyt-
ic cleavage and the accumulation of short
footprints, we compared our short read
footprint data with existing data sets doc-
umenting premature polyadenylation.
Two different studies using sophisticated
sequencing approaches revealed that pre-
mature polyadenylation sites are surpris-
ingly widespread in the yeast genome
(Ozsolak et al. 2010; Pelechano et al.
2013). When we checked specific exam-
ples of genes with substantial premature
polyadenylation in these earlier data
sets, we found that the annotated sites
largely matched the enrichment sites of
short footprints in our dom34A* strain
(Fig. 5C). And, as anticipated from our
suppressor (SUP4-0) analysis, we also
observed long read footprints enriched
at these positions (sometimes containing
a number of uncoded A residues).

To perform a more quantitative com-
parison of these data, we compared the
number of premature poly(A) sites mea-
sured previously (Pelechano et al. 2013)
[computed here as the ratio of ORF
poly(A) reads to 3'UTR poly(A) reads]
to the ratio of short:long reads in our
dom34A* strain (Fig. 5D). We found sig-
nificant correlation (Spearman R* values
of 0.25-0.3) between these different data
sets and our own metric, implying that
many of the short footprints are generated
by the endonucleolytic cleavage triggered
by translation of premature poly(A) tails.

Though strong, the correlation was not perfect; we suggest
that this may be because loss of the normal 3'UTR may result
in reduction of the rate of initiation (Szostak and Gebauer
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2013) and therefore reduces the number of ribosomes that
respond to premature poly(A) to initiate NSD/NGD. Such
transcripts would then undergo degradation by an alternative
pathway.

DISCUSSION

In this study, we took advantage of our recently introduced
short-read ribosome profiling methodology to find ribo-
somes stalled on mRNA 3’ ends and address the question
of how translation of poly(A) sequences brings about degra-
dation of the mRNA via the nonstop/no-go decay pathway. In
a dom34Aski2A (dom34A*) background, we observed ribo-
somes trapped on endonucleolytically cleaved mRNAs hun-
dreds of nucleotides upstream of a leading ribosome that
translated into the poly(A) tail: We suggest this is the molec-
ular signature of NSD/NGD that is exaggerated by the
dom34A* background. These data are strongly consistent
with the model (Fig. 6) where an initiating ribosome stalling
event in the poly(A) tail recruits an endonuclease that cleaves
the mRNA upstream. Normally, the exosome would likely
play a major role in mRNA degradation subsequent to this
initial endonucleolytic cleavage event, but in the absence of
the exosome, repeated rounds of mRNA cleavage and ribo-
some stalling dominate, ultimately resulting in complete deg-
radation of the mRNA. Dom34 plays a key role in rescuing
the ribosomes stalled on the truncated ends in this scenario.
In the presence of the exosome, the kinetics of ribosome-re-
cruited endonucleolytic cleavage versus exosome recruitment
and processivity determine the relative contributions of these
pathways. Our observation of some short reads in the pres-
ence of SKI2 is a signature that the iterated cleavage pathway
discernibly contributes to decay in the cell (Fig. 2A, heavy yel-
low trace).

Our data also constrain the model for how the ribosome is
coupled to mRNA cleavage. To improve the resolution of
the reading frame assignment of mapped reads, we intro-
duced 3’ end assignment, a technique previously shown to
be useful for improving reading frame detection in bacteria
(Woolstenhulme et al. 2015). Similarly, in yeast, 3’ end as-
signment enhances the visualization of the reading frame
for long (full-length) reads, and therefore promises to im-
prove profiling resolution in the future. Interestingly, by us-
ing 3’ end assignment of short footprints, we found that most
cleavage events occur in only one of the three reading frames
of the coding sequence. This result is consistent with a model
where the endonuclease that is recruited or activated by
translation of the poly(A) tail is tightly associated with the
stalled ribosome, likely on its upstream face (5" end of the ri-
bosome near the mRNA exit channel). We therefore predict
that the mRNA is degraded into fragments of ~16 nt, a length
set by the distance between the A site and this upstream face
of the 80S ribosome. These data rule out other models where
the endonuclease is recruited separately to the mRNP or the
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FIGURE 6. Model for translation-coupled mRNA cleavage during
NSD/NGD. Ribosomes that translate the poly(A) tail and stall (top 2
rows) in the poly(A) tail (option 1) or at the end of the transcript (option
2). Stalled ribosomes recruit an endonuclease that cleaves the message
upstream of the stalled ribosome (orange arrow). Upstream ribosomes
in turn stall at these truncated ends, propagating the cleavage iteratively
upstream. Once begun, this repetitive process may be interrupted by
binding of the exosome to a truncated end. It can then carry out pro-
cessive 3’5" decay until the transcript is degraded or the exosome
collides with an upstream ribosome. Nontranslating ribosomes, such
as those that fail to recycle properly at stop codons, do not bring about
this iterative degradation pathway (bottom row).
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poly(A) tail. Given this tight specificity, it seems unlikely that
the downstream mRNA fragment is degraded through this it-
erated endonuclease pathway. We therefore assume that the
3’ mRNA cleavage product is degraded by another pathway.
Importantly, we also found that ribosomes that are naturally
present in the 3'UTR/poly(A) tail (i.e., in the absence of non-
sense suppression) and are not thought to be translating
(Guydosh and Green 2014) do not trigger upstream endonu-
cleolytic cleavage. These observations indicate that some
property of a translating ribosome is required to recruit the
endonuclease.

In addition to an enrichment of 3'UTR short reads in the
dom34A strain in the presence of a suppressor tRNA, we also
found long reads were enriched in 3'UTRs as previously doc-
umented (Guydosh and Green 2014). There are at least two
formal possibilities to explain the enrichment of ribosomes
protecting long footprints. The ribosomes could translate
to the end of the poly(A) tail and stall at the 3’ end of the mes-
sage. Such ribosomes would protect a short footprint and the
ribosomes observed to be stalled further upstream in the
3’UTR would result from the accumulation of ribosomes
that follow. We were unable to provide direct support for
this model because we detected little to no footprints (long
or short) that are completely comprised of poly(A). The oth-
er possibility is that the translation of the repeated AAA co-
dons into polylysine stalls the ribosome early within the
poly(A) tract, leading to stacking of ribosomes protecting
long footprints. Importantly, the observation that these reads
are Dom34-dependent implies that Dom34 is functioning to
rescue ribosomes positioned on an intact mRNA despite its
known biochemical preference for truncated mRNAs
(Pisareva et al. 2011; Shoemaker and Green 2011). Our pre-
vious work (Koutmou et al. 2015) suggests that poly(A)
mRNA has unusual properties that may preclude efficient
Lys-tRNA""* binding, thus leaving the A site relatively unoc-
cupied. Given the lack of significant ribosome accumulation
(stalling) or upstream mRNA cleavage on translation of nine
consecutive lysines in a synthetic ORF (Supplemental Fig.
S3B), we conclude that either stalling becomes more severe
with >9 lysines [as in a true poly(A) tail] or that stalling in
the poly(A) tail is somehow different from stalling in an
ORF-internal poly(A) sequence.

Additionally, the stalling we did observe on runs of con-
secutive lysine codons in the ORF provided an unexpected
result. To our knowledge, analysis of ribosome profiling
density on consecutive lysine codons has not been per-
formed previously so it comes as a surprise that as few as
three lysine codons positioned in the A, P, and E sites are
sufficient to discernibly pause the ribosome. This finding
argues that pausing begins before lysines are positioned
deep in the exit tunnel, possibly due to unfavorable interac-
tions already in the active site region. In addition, we looked
for stalling due to lysines being positioned deeper in the exit
tunnel and, consistent with the breadth of findings in the
literature (Lu and Deutsch 2008; Brandman et al. 2012;

758 RNA, Vol. 23, No. 5

Weinberg et al. 2016), found evidence for some weak stall-
ing as the polybasic peptide passes through the tunnel. It
would be of interest to know whether both of these types
of stall recruit the RQC machinery and trigger tagging of
the nascent chains with CAT tails (Shen et al. 2015;
Yonashiro et al. 2016).

Finally, we addressed the question of how widespread no-
go decay (i.e., decay initiated by an endonucleolytic cleav-
age) is in the cell. Prior studies have suggested the endonu-
cleolytic cleavage plays only a small role in degradation of
the bulk of most mRNAs (Harigaya and Parker 2012).
While that may be true for most gene products, we provide
key support for earlier findings that premature polyadenyla-
tion is widespread and affects most genes at some level (Fig.
5A). Furthermore, we found that these sites are a source of
ribosome stalling and upstream mRNA cleavage, and there-
fore a major substrate for the nonstop/no-go decay pathway.
The number of ribosomes engaged at these sites is not trivial
(potentially ~10% of the total cellular ribosomes under
steady-state conditions in a dom34A background) and it is
clear that these sites are the primary source of ribosomes
stalled on truncated 3’ ends in the cell. When this fraction
is combined with ribosomes on full-length footprints that
are also rescued by Dom34 (such as those also on these pre-
mature poly(A) tails and those that accumulate in the ca-
nonical poly(A) tail after a period of nontranslation), the
number becomes even more substantial. Indeed, even in
yeast, dom34A cells exhibit slow growth under conditions
of reduced ribosome availability (Bhattacharya et al. 2010)
while in mammalian cells, loss of PELO (DOM34) is embry-
onic lethal (Adham et al. 2003). The widespread nature of
these rescue events on poly(A) also implies that the RQC
(or some other) pathway is burdened with the substantial
critical task of processing large numbers of incomplete pep-
tides for degradation.

We expect that the role of Dom34 becomes more critical
under conditions where poly(A) translation is further in-
duced. For example, neuronal activation and some cancers
have been proposed to up-regulate premature polyadenyla-
tion events (Berg et al. 2012; Tian and Manley 2013). In ad-
dition, we recently found that ribosome recycling defects at
stop codons lead to widespread 3’UTR translation (Young
et al. 2015). 3’'UTR translation is also known to increase un-
der a variety of cellular stresses and has been hypothesized to
be involved in promoting adaptation via C-terminal protein
extensions (True and Lindquist 2000; Dunn et al. 2013).
More broadly, the effects of nonstop/no-go decay are critical
to understand for treatment of many diseases that result from
mutation of a stop codon to a sense codon and in cases where
drugs inducing low-level nonsense suppression are used in
treatment of inheritable diseases caused by the introduction
of premature termination codons in coding sequences
(Klauer and van Hoof 2012). We anticipate ongoing work
on the mechanism and consequences of poly(A) translation
will be critical for future progress on therapies.
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MATERIALS AND METHODS

Growth conditions

All cells were grown in YPD (BD Biosciences) media with the fol-
lowing exceptions: those expressing SUP4-o0 (CSM-His) and report-
er strains (CSM-Ura). All media were sterile filtered and cultures
were grown at 30°C. Cultures were usually harvested at an OD of
~0.6 after approximately five doubling times.

Plasmids and strains

The expression vector for SUP4-o0 (pNG100) was created as previ-
ously described (Guydosh and Green 2014). The expression vectors
for the Lysy reporters were created by taking the Thrdx-HA-Lyse-
mCherry bacterial expression construct (Koutmou et al. 2015)
and cloning it into a p-ENTR/D-TOPO vector (Thermo-Fisher).
This was then transferred (using an LR clonase reaction) into the
PAG426GPD-ccdB destination vector (Alberti et al. 2007). This
yielded a high-copy vector with the gene driven by a GPD constitu-
tive promoter. This plasmid was called pNG103 for the AAA con-
struct and pNG104 for the AAG construct. The sequence for the
AAA construct is given in a separate file (Supplemental Material).

All yeast strains (Supplemental Table S1) were derived from the
BY4741 or BY4742 background (derived from S288C). The
dom34A* strains (yNG103a/b) were created previously (Guydosh
and Green 2014) by mating dom34A yeast with ski2A yeast, sporu-
lating the resultant diploid strain, and then dissecting tetrads.
Strains yYNG103a/b were obtained from the same tetrad. All new
data sets included in this manuscript are from strain yNG103b. In
Figure 4 and Supplemental Figure S2, previously published data
are shown as replicates for short footprints from strain yNG103b
or long footprints from yNG103a.

The strains expressing the Lysy reporters were created by trans-
forming the pNG103 and pNG104 plasmids into the dom34A*
strain (yNG103b). The strains expressing SUP4-0 were created by
transforming them with the previously created centromeric
pNG100 plasmid (Guydosh and Green 2014).

Deep-sequencing library preparation

Ribosome profiling libraries were prepared as previously described
(Guydosh and Green 2014) by using a protocol very similar to that
used by Ingolia et al. (2012). All RNA size separation gels (including
those for mRNA-seq) were cut from 15-34 nt (or a smaller subset
thereof). All samples were lysed and separated over sucrose gradients
in the presence of 0.1 mg/mL CHX. Unlike samples in our previous
study, new footprint samples here were subject to rRNA subtraction
by using a yeast Ribo-Zero kit (Epicentre) prior to linker ligation.
Samples for mRNA-seq were subject to subtraction after purification
of total RNA. The 50°C incubation step for standard footprint prep-
aration was skipped in the Ribo-Zero-modified protocol, as recom-
mended by the manufacturer. One exception to this is that long
footprints from the dom34A* SUP4-0 and SUP4-0* strains were sub-
tracted with custom-synthesized oligos after cDNA circularization.
Previously published data that is analyzed here as replicate samples
in Figure 4 and Supplemental Fig. S2 were also previously treated
with custom complementary oligos for subtraction of rRNA as pre-
viously described (Guydosh and Green 2014). Sequencing was per-

formed on an Illumina HiSeq2000 or HiSeq2500 at UC Riverside
or the Johns Hopkins Institute of Genetic Medicine.

Deep-sequencing analysis

Analysis of footprints was essentially as previously described
(Guydosh and Green 2014) with modifications as noted below.
The R64-1-1 S288C reference genome assembly (SacCer3) was the
reference genome used for analysis (Saccharomyces Genome
Database Project). Demultiplexed sequences were processed to re-
move reads with any position with Phred score <20 or assigned N
as a quality filter step. Following a search for the linker, contaminat-
ing 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
used to remove noncoding sequences. Following this step, a second
round of subtraction for short, 15-18 nt, reads (or all reads for the
15-34 nt distribution in Fig. 1A) was performed by aligning to all
the tRNA sequences from the noncoding RNA database that were ex-
tended with CCA on their 3’ ends. This enhanced the removal of cy-
toplasmic tRNA fragments. The remaining reads were mapped to the
genome and those that failed to match were aligned to a database of
splice junctions. Reads left over at this stage were then trimmed of
consecutive 3’ As and realigned to the genome to obtain additional
matches [proximal to poly(A) tails]. This 3" A trimming step was
not performed for 3’ read alignment. For alignment to the reporter
sequences (Supplemental Fig. S3B), alignment to the full plasmid se-
quence was performed using bowtie. Read lengths were assessed with
the FastQC software (Babraham Bioinformatics).

All reads that aligned to multiple coding sequences were discard-
ed. Read occupancy was determined by giving one count per read (at
the 5" or 3’ end depending on the specific task) and in some cases
shifted to align with various active sites in the ribosome (i.e., start
of the A site) as described below. Read counts were then normalized
by dividing by the total number of million mapped reads in a sam-
ple. Alignments were performed with Bowtie 0.12.7 or 1.01
(Langmead et al. 2009) and included the parameters: -y -a -m 1
-best -strata. All alignments to coding sequences allowed for no mis-
matches. All other analysis software was custom coded in the Python
2.7 programming language and Biopython. Plots were made with
Igor Pro 6 (Wavemetrics).

ORFs marked dubious or those that overlapped with other tran-
scripts were ignored in the analysis. Annotations for the length of
3'UTRs (Nagalakshmi et al. 2008) used coordinates from the R64-
1-1 genome assembly and were downloaded from Saccharomyces
Genome Database Project. 3'UTRs were generally extended 25 nt
downstream from their annotated endpoints in order to ensure
that all ribosomes that partially protected poly(A) sequences were
accounted for (though not done for the size analysis in Fig. 1A).
We define the start of the ribosome A site to be separated from
the 5" end of the footprint by 15 nt (short or long reads) and the
3’ end of the footprint by 12 nt (long reads). Read occupancy plots
for example genes (Figs. 1B, 5C; Supplemental Fig. S1A) and posi-
tion average plots (Fig. 4; Supplemental Fig. S2A—C) show reads
shifted in this way. No shift was used for creation of average density
plots (Fig. 2A,B). Gene quantitation (Figs. 3B,C, 5A,B,D) relied on a
shift of 13 nt (center of P site) for 5" assignment (all read lengths)
and -2 for 3’ assignment (short reads) or —14 (long reads).
However, the reading frame reported is not shifted.
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Total gene ribosome occupancy was quantitated into density
units of reads per kilobase per million mapped reads (rpkm) by
taking reads mapping to an annotated sequence and dividing by
the gene length in kilobases. For quantitation of ORFs, reads from
the first and last five amino acids were not included to prevent
known artifacts around start and stop codons from skewing results.
In addition, to eliminate outliers due to difference in mating type
between strains, we removed 12 mating-type related genes as well
as DOM34 in the quantitation analyses in Figure 5A,D; Supplemen-
tal Figure S1B.

Gene-average plots (Figs. 2A,B, 3A) were constructed by taking
the unweighted average of reads over the windows shown (note
that the window for 3A is zoomed in to show detail from its original
zone of 100 nt upstream and 300 nt downstream). Position-average
plots were similarly created by averaging together (with equal
weight) reads in a window for every occurrence of a particular motif
in a gene (Fig. 4; Supplemental Fig. S2A-C).

Because we observed the appearance of seemingly random single-
position read density spikes across coding and noncoding sequences
in our short-read data sets for samples that had been treated with
Ribo-Zero, we attribute this to contamination being introduced
by the kit at these very short read lengths. In other data sets (not
shown here), these contaminants disappear when Ribo-Zero sub-
traction is performed after linker ligation, consistent with the con-
taminants consisting of RNAs. To reduce the noise that this
introduced for some analyses, we eliminated genes where only
two positions accounted for a large proportion of the total read den-
sity. For average gene plots, a threshold of 0.5 was used, for quanti-
tation and frame analysis, a threshold of 0.8 was used, except Figure
5A,D, where 0.3 was used.

DATA DEPOSITION

The NCBI GEO accession number for the sequencing data (debar-
coded fastq files and wig files) reported in this paper is GSE85944.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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