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SUMMARY

The ribosome-associated protein quality control (RQC) system that resolves stalled translation 

events is activated when ribosomes collide and form disome, trisome or higher order complexes. 

However, it is unclear whether this system distinguishes collision complexes formed on defective 

mRNAs from those with functional roles on endogenous transcripts. Here, we performed disome 

and trisome footprint profiling in yeast and found collisions were enriched on diverse sequence 

motifs known to slow translation. When 60S recycling was inhibited, disomes accumulated at stop 

codons and could move into the 3’UTR to reinitiate translation. The ubiquitin ligase and RQC 

factor Hel2/ZNF598 generally recognized collisions but did not trigger degradation of endogenous 

transcripts. However, loss of Hel2 triggered the integrated stress response, via phosphorylation of 

eIF2α, thus linking these pathways. Our results suggest that Hel2 has a role in sensing ribosome 

collisions on endogenous mRNAs and such events may be important for cellular homeostasis.

eTOC Blurb

By global footprinting of collided ribosomes (disomes and trisomes), Meydan and Guydosh report 

that ribosomes collide on most endogenous mRNAs. These collisions are recognized by multiple 

stress response pathways but do not trigger substantial mRNA decay. Collisions at strategic 

locations of some mRNAs may play functional roles in co-translational events.
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INTRODUCTION

One mechanism the cell can use to monitor the quality of protein and mRNA is to sense the 

state of the translating ribosome. A stalled translation cycle could indicate an mRNA defect 

and directly lead to synthesis of aberrant proteins or a shortage of ribosomes. Therefore, 

organisms have evolved dedicated pathways to detect and resolve stalled ribosomes, such as 

the RQC system in eukaryotes (Brandman and Hegde, 2016; Ikeuchi et al., 2018; Joazeiro, 

2019). Defects in the RQC pathway result in proteotoxicity (Choe et al., 2016; Izawa et al., 

2017; Yonashiro et al., 2016) and neurodegenerative diseases (Chu et al., 2009; Ishimura et 

al., 2014), suggesting that rescue of stalled ribosomes is critical for maintaining cellular 

homeostasis.

Ribosomes are known to stall upon encountering certain mRNA sequences, such as 

unfavorable codons (Gamble et al., 2016; Letzring et al., 2013), poly(A) tracts that encode 

poly-Lys (Dimitrova et al., 2009), damaged mRNAs (Simms et al., 2014), or secondary 

structures (Doma and Parker, 2006). Recognition of stalled ribosomes has been observed to 

trigger branches of the RQC system and this process is thought to begin with the E3 

ubiquitin ligase, Hel2(Rqt1) (yeast)/ZNF598 (mammals), ubiquitinating 40S ribosomal 

proteins within the stalled ribosome (Brandman et al., 2012; Garzia et al., 2017; 

Sundaramoorthy et al., 2017). The collision complex formed by two ribosomes (referred to 

as a disome) was shown to be the key signal recognized by Hel2 since the sensitivity of 

reporter mRNAs to RQC-mediated degradation scaled with ribosome loading (translational 
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efficiency) (Simms et al., 2017). Disomes protect a defined footprint (Guydosh and Green, 

2014; Guydosh et al., 2017; Wolin and Walter, 1988) and form a distinct structure revealed 

by cryo-electron microscopy (Ikeuchi et al., 2019; Juszkiewicz et al., 2018). Biochemical 

and structural data have also suggested that trisomes may serve as a unique signal of 

ribosome collision (Ikeuchi et al., 2019; Matsuo et al., 2020).

The ubiquitinated disome has been proposed to recruit an RQC-trigger (RQT) complex 

composed of Slh1(Rqt2)/ASCC3, Cue3(Rqt3) and Rqt4 (Matsuo et al., 2017) that, in turn, 

sets off a cascade of events leading to degradation of the mRNA and nascent peptide, and 

separation of the stalled ribosomes into 40S and 60S subunits (Joazeiro, 2019). The 

degradation of the mRNA, a process also referred to as no-go decay (NGD), was shown to 

involve multiple endonucleolytic cleavage events in both the A-site of the leading ribosome 

and further upstream (D’Orazio et al., 2019; Doma and Parker, 2006; Glover et al., 2020; 

Guydosh and Green, 2017; Guydosh et al., 2017; Ikeuchi et al., 2019; Simms et al., 2018). 

The effect of Hel2 was tested by expressing reporter mRNAs comprising a stretch of tandem 

AAA or CGA codons known to slow translation (by encoding poly-Lys or poly-Arg 

requiring an I-A base pair with tRNA, respectively) sandwiched between two reporter genes 

(Brandman et al., 2012; Dimitrova et al., 2009; Letzring et al., 2013). Deletion of HEL2 
increased the relative level of protein encoded by the gene positioned after the stall site, 

suggesting that disomes eventually resume translation if they are not removed from the 

mRNA during the RQC process. Similar findings were reported in mammalian cells 

(Juszkiewicz and Hegde, 2017; Sundaramoorthy et al., 2017). These results are consistent 

with data from ribosome profiling of reporter mRNAs, where low footprint levels 

downstream of the stall-inducing sequence were restored in a hel2Δ strain (Matsuo et al., 

2017). However, footprint peaks derived from stalled ribosomes at these sites do not 

substantially increase in the absence of Hel2 (Sitron et al., 2017), as might be expected if 

stalled ribosomes persist without RQC-mediated ribosome rescue. This suggests that the 

kinetics of disome formation and RQC-mediated rescue versus translation resumption are 

not fully understood.

While the RQC pathway and related processes detect translation of aberrant mRNAs, it is 

unclear whether such quality control factors sense likely innocuous disomes that form 

stochastically on non-aberrant transcripts or during programmed stalling events with 

functional roles, such as localization of membrane proteins or promotion of protein folding 

(Collart and Weiss, 2019). Data from disome profiling, which is a modified ribosome 

profiling method (Ingolia et al., 2009) based on sequencing of disome-protected mRNA 

fragments (Guydosh and Green, 2014), show that disomes are frequently associated with 

yeast transcripts (Diament et al., 2018). Theoretical modeling has suggested that disomes 

should stochastically form on highly translated mRNAs (Juszkiewicz et al., 2018; Park and 

Subramaniam, 2019). This prediction therefore highlights the question of whether the RQC 

pathway is able to distinguish between functional and harmful disomes.

Here, by optimizing our previously-reported disome profiling approach, and expanding it to 

include trisomes, we investigated the distribution of ribosome collisions in the cell. We 

found that collisions are enriched at stop codons and at many stall-inducing motifs, 

including but not limited to, canonical RQC-recognition motifs such as polybasic sequences. 
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Loss of Hel2 or expression of an E3 ligase-inactive Hel2 caused a global decrease at sites 

most strongly enriched for disomes and trisomes, consistent with a model where Hel2 

stabilizes collisions. Engagement of Hel2 with disome-bound mRNA did not trigger its 

selective degradation. Interestingly, Hel2 deletion stimulated the integrated stress response 

(ISR) via phosphorylation of eIF2α and amino-acid starvation (canonically considered a 

trigger of the ISR) increased ubiquination of disomes by Hel2, suggesting possible crosstalk 

between the RQC and ISR pathways. We further suggest that disome formation at strategic 

locations, where ribosome stalling could mediate co-translational events, may be important 

for cellular homeostasis.

RESULTS

Disome and trisome profiling reveal transcriptome-wide ribosome collisions

To monitor the distribution of ribosome collisions throughout the yeast transcriptome, we 

performed disome footprint profiling (Guydosh and Green, 2014; Ingolia et al., 2009; 

McGlincy and Ingolia, 2017) (Figure 1A). We obtained monosome- and disome-protected 

mRNAs by digesting yeast lysate with RNase I and then isolating nuclease-resistant 

footprints from the monosome and disome peaks in a sucrose gradient (Figure S1A) 

(Diament et al., 2018; Guydosh and Green, 2014). We also isolated the fraction 

corresponding to RNase I-resistant trisomes (Figures 1A and S1A). We selected monosome 

footprints measuring 25 to 34 nucleotide (nt) in length, disome footprints of 40 to 80 nt in 

length or, in some datasets, 54 to 68 nt to reduce rRNA and tRNA contamination (Figure 

S1B), and trisome footprints of 80 to 100 nt. As expected, our mapped monosome reads 

measured 27 to 29 nt in length. Disome footprints were 57 to 63 nt long, consistent with the 

approximate size of the mRNA protected in a yeast disome structure (Ikeuchi et al., 2019) 

and roughly double the monosome footprint length. Trisome footprints, which were 

primarily 87 to 95 nt in length, increased the length of the footprint by 30 nt due to the 

addition of a third ribosome into the collision complex (Figures 1B and S1B).

Curiously, the disome footprint length distribution showed two major peaks at 58 and 61 nt 

(Figures 1B and S1B). To determine whether these footprints differed due to variability at 

their 5’ or 3’ ends, we plotted the average occupancy of 5’ and 3’ ends obtained from genes 

aligned by their stop codons (Figures 1C and S1C). This metagene analysis illustrated that 

the 5’ ends of monosome footprints (Figure 1C, top) exhibited a peak 19 nt upstream of the 

stop codon, corresponding to the terminating ribosome. The disome peak appeared 31 nt 

(approximately 1 ribosome length) further upstream (at position −50), consistent with a 

disome formed by a translating ribosome colliding with a terminating ribosome. We also 

observed a small peak further upstream (at position −80), suggesting that a partially digested 

trisome was captured in our disome profiling experiment. Our trisome profiling experiment 

directly detected this complex (Figure 1C, at position −80). The trisome peak at position 

−110 suggested that a partially digested “tetrasome” (4 queued ribosomes) was also captured 

in our trisome profiling experiment (Figure 1C). As expected, monosome, disome and 

trisome peaks at stop codons were exactly aligned since the 3’ end in all cases is created by a 

terminating ribosome (Figure 1C, bottom). We noted that peaks in the disome metagene data 

consisted of a doublet in the 5’-mapped data, but only a singlet peak in the 3’-mapped data 
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(Figures 1C and S1C). This difference suggests that the two disome footprint sizes differ at 

their 5’ ends, potentially due to differential packing between collided ribosomes. Consistent 

with distinct types of collisions, we observed three major footprint lengths in trisome 

profiling data (88, 91 and 94 nt) due primarily to variability at the 5’ ends (Figures 1B, 1C 

and S1D).

We also performed a metagene analysis on footprints from genes aligned by their start 

codons. In line with the previous observations that the initiating monosome may need 

additional downstream space at the beginning of ORFs (Guydosh and Green, 2014), the first 

~12 nt of the ORFs were free of disomes and trisomes (Figure 1D). Overall, the distinct 3-nt 

periodicity throughout the metagene plots strongly indicates that our approach 

predominantly captures ribosome collisions rather than other molecular complexes.

Induction of ribosome stalling varies disome architecture

Having established the disome profiling as a tool to study distinct types of collisions, we 

next explored whether disome footprint sizes change in response to global induction of 

stalling. We first addressed this question by treating the cells with anisomycin (ANS), which 

prevents peptidyl transfer and was shown to stall ribosomes with an open A-site and 

generate a footprint measuring ~21 nt in length due to reduced protection from the nuclease 

on the 3’ end of the footprint (Lareau et al., 2014; Wu et al., 2019). Consistent with this 

prediction, disome profiling of ANS-treated cells yielded a population of footprints that 

averaged 51 nt in length (Figure S2A). The 51 nt disome footprints are consistent with an 

80S ribosome, presumably in the hybrid state (protecting ~30 nt), queued behind an ANS-

stalled ribosome with an open A-site (protecting ~21 nt). The persistence of some 58-nt 

footprints likely results from tRNA and antibiotic exchange in the lysate (Wu et al., 2019).

To further test our assignment of the disome peaks, we conducted disome profiling in cells 

treated with 3-Amino-1,2,4-triazole (3-AT), which is known to inhibit His biosynthesis and 

therefore to cause ribosome stalling at His codons due to a decrease in the acylated His 

tRNA pool (Klopotowski and Wiater, 1965). As expected, the average disome occupancy on 

His codons in 3-AT-treated cells showed a disome peak that was absent in mock-treated cells 

(Figure 2A). We also noted an upstream peak that was likely formed by a partially-digested 

trisome. Interestingly, 3-AT treatment caused accumulation of only 58mers whereas 61mers 

were no longer observed (Figure S2B). These data suggest that strong stalling could allow 

for more tightly packed disomes.

Together, these results imply that disome footprint sizes are consistent with our 

understanding of monosome footprints and disome profiling can capture altered 

architectures of ribosome collisions.

Disomes reveal steps in post-termination reinitiation

As an additional control for our assignment of disome peaks near stop codons, we next 

performed disome profiling in a strain defective in ribosome recycling. In previous 

monosome profiling experiments, we found that monosomes queued at stop codons when 

we impaired ribosome recycling (Young and Guydosh, 2019; Young et al., 2015; Young et 

al., 2018). To see whether impaired recycling also increased disome accumulation near stop 
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codons, we conducted disome profiling in cells lacking Hcr1 (hcr1Δ), which is an accessory 

factor for the initial phase of ribosome recycling (removal of the 60S subunit) after 

translation termination (Young and Guydosh, 2019). Loss of Hcr1 causes unrecycled 80S 

ribosomes to accumulate at stop codons. Consistent with this prediction, queues of at least 3 

ribosomes in hcr1Δ cells were enriched compared to WT cells behind stop codons (Figures 

2B and S2C).

It was shown that if ribosomes are not immediately recycled following peptide release, they 

reinitiate translation (producing peptides and ribosome-protected footprints) in the 3’UTR, 

after a period of presumed “80S scanning” to find a reinitiation site (Young and Guydosh, 

2019; Young et al., 2015). However, the evidence for this scanning 80S intermediate was 

indirect. Here, close inspection of the 3’ ends of disome footprints in the hcr1Δ metagene 

plot revealed an enrichment in the ~30 nt region immediately downstream of the peak 

corresponding to the terminal disome, a region free of disomes in WT data (Figure 2B, 

inset). We suggest that this density is created by a moving disome made up of an unrecycled 

(scanning) 80S ribosome in the lead position and a translating (or terminating) ribosome in 

the trailing position (Figure 2B). Disome peaks in this region were reproducible and 

appeared more distinct in data aligned by 5’ ends (Figure S2C). Therefore, these data offer 

direct evidence of scanning 80S ribosomes being “pushed” into the 3’UTR by upstream 

ribosomes. A sharp decrease in the disome occupancy at the 3’ end of this region suggests 

that once the trailing ribosome terminates translation, the disome then formed by two 

scanning ribosomes becomes unstable. Disome peaks appear downstream in the 3’UTR after 

sufficient distance allows for reinitiation and ribosome queuing to occur (Figure 2B).

Disome peaks are enriched on many known stalling motifs

After establishing the distribution of collided ribosomes at the beginning and end of ORFs, 

we next asked where disomes are enriched within coding regions. To answer this question, 

we used 3’ alignment for all subsequent analysis since we found peaks appear as singlets 

rather than doublets (Figure 1).

It has been proposed that disomes should stochastically form within highly translated 

mRNAs due to elevated ribosome traffic (Juszkiewicz et al., 2018). If true, we would expect 

that highly translated mRNAs have frequent ribosome collisions, which will be reflected by 

high disome to monosome relative occupancy. To test this idea, we compared the translation 

efficiency (TE = Monosome reads
RNA–seq reads ) of every gene with a ribosome “collision score” 

(Collision = Disome reads
Monosome reads). We did not observe, however, strong correlation between TE and 

the collision score (Figure S3A and Discussion). Given that ribosome loading appeared to be 

non-predictive of disome formation, we next investigated whether specific sequence motifs 

known to slow translation led to disome formation.

Numerous studies in yeast have shown that consecutive Lys or Arg amino acids induce 

translation arrest as well as protein degradation (Brandman et al., 2012; Dimitrova et al., 

2009; Guydosh and Green, 2017; Letzring et al., 2013; Matsuo et al., 2017) and therefore 

represent potential sites of ribosome collision and substrates for RQC. Indeed, we observed 

isolated disome peaks within coding regions at consecutive Lys or Arg codons (Figure 3A, 
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bottom). In contrast, monosome profiling data did not show distinct stalling peaks in the 

corresponding regions (Figure 3A, top), demonstrating the sensitivity of the disome profiling 

method in detecting ribosome collisions. Averaging disome occupancy normalized to a 

defined window around Lys or Arg codons further showed that disome reads were globally 

enriched in regions that included poly-Lys and, with less specificity for position within the 

ribosome, poly-Arg. Enrichment also scaled with the number of consecutive codons, as 

expected (Figure 3B). Synonymous codon composition (AAA vs AAG) of the Lys-coding 

regions had little effect on the average disome peak height (Figure S3B) while peaks on 

poly-Arg were enhanced by the inclusion of CGA codons (Figure S3C), consistent with 

evidence that CGA codons promote stalling due to wobble decoding by an inosine base 

(Letzring et al., 2010).

During further examination of the data, we observed disome peaks at codons that do not 

encode basic amino acids, usually a stronger peak than that evident in corresponding 

monosome profiling data (Figure 3C). To globally quantify this apparent disome enrichment, 

we computed a disome and monosome “pausescore” metric (see STAR methods) for every 

tri-peptide motif (Figure 3D). Although monosome and disome pause scores were generally 

correlated (Spearman r = 0.50), we noticed that for certain motifs, the disome pause scores 

were substantially higher than the monosome pause scores. Interestingly, some of these 

motifs, rich in Pro, Gly, and Asp, are known to generally slow the ribosome and require the 

activity of eIF5A for efficient translation (Schuller et al., 2017) (Figure 3D). Disomes were 

also strongly enriched on the 17 codon pairs that were previously identified to inhibit 

translation due to interaction between adjacent tRNAs (Gamble et al., 2016) (Figure S3D). 

These findings showed that disome formation is not simply triggered by polybasic 

sequences, but can also occur at other slow sequences that have not been widely shown to 

elicit the RQC pathway (Brandman et al., 2012; Dimitrova et al., 2009).

Disome peak intensity is globally decreased in the absence of Hel2

It is known that long (>12 aa) poly-Lys and poly-Arg repeats in reporter genes trigger 

translation arrest and RQC (Bengtson and Joazeiro, 2010; Brandman et al., 2012; Dimitrova 

et al., 2009). We therefore asked whether endogenous mRNAs encoding shorter polybasic 

stretches are also detected by the RQC pathway. Loss of Hel2 has been shown to allow 

ribosomes to more efficiently read through long polybasic sequences (Letzring et al., 2013; 

Matsuo et al., 2017; Sitron et al., 2017), presumably because they are no longer removed 

(rescued) from the mRNA as part of the RQC process (Ikeuchi et al., 2019; Simms et al., 

2017). If Hel2 directly triggers rescue of ribosomes, then we would expect an accumulation 

of disomes in hel2Δ cells at RQC-targeted sites. We tested this hypothesis by performing 

disome profiling in the absence of the HEL2 gene. We found that the average disome 

occupancy at Lys3 motifs was lower in hel2Δ compared to WT cells (Figures 4A and S4A). 

While a decrease, rather than an increase, in disome occupancy was unanticipated (see 

Discussion), this result confirms that disomes on endogenous mRNAs are detected by the 

RQC pathway. In addition, we saw a similar trend in pausing levels for Gly- and Pro-rich 

sequences (Figure S4A), suggesting that the RQC pathway also affects ribosome stalling on 

motifs that have not been typically categorized as RQC targets (Dimitrova et al., 2009).
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To assess how Hel2 affects disome levels globally, we next computed pause scores across 

tri-peptide motifs and observed that the disome pauses were reproducibly lower in the 

absence of Hel2 for those motifs that most strongly induce disome formation (Figures 4B 

and S4B). These peaks were restored when we expressed HEL2 in hel2Δ cells (hel2Δ HEL2) 

from a single-copy plasmid, compared to WT cells that carry an empty vector (WT EV) 

(Figure S4B). To test if ubiquitination of ribosomal proteins by Hel2 has any effect on 

disome peaks, we expressed a mutant form of Hel2 (C64A/C67A), which carries alanine 

substitutions at the key cysteine residues in its RING domain responsible for the ubiquitin 

ligase activity. These mutations impair the E3 ligase activity of Hel2 without affecting its 

expression level or its binding to ribosomes (Ikeuchi et al., 2019; Matsuo et al., 2017). 

Mutant Hel2 expressed in hel2Δ cells (hel2Δ hel2-mut) failed to restore disome levels and 

mirrored the phenotype observed with hel2Δ EV cells (Figure S4B). These results suggest 

that, by ubiqutinating stalled ribosomes, Hel2 plays an important role in regulating the 

stability and/or formation of disomes.

Decreased disome abundance in hel2Δ cells could also be explained by increased ribosome 

queuing in the absence of Hel2, leading to fewer disomes in exchange for more higher order 

species (such as trisomes or tetrasomes) that are not directly detected by disome profiling. 

To test this possibility, we conducted trisome profiling in hel2Δ cells. Strikingly, formation 

of trisomes on prominent stalling motifs was also significantly reduced in the absence of 

Hel2 (Figures 4C and S4B), suggesting that the reduction in the disome peaks in the hel2Δ 

strain is not due to the formation of higher order queued complexes.

We note that the collisions were not completely abolished in hel2Δ cells and generally not 

reduced for the weakest stalling motifs (Figures 4 and S4B). These trends suggest that other 

translation factors contribute to the stability of collisions or that transient collisions can still 

be isolated for footprinting. Since Slh1 and Hel2 physically interact with each other and 

deletion of either factor results in enhanced readthrough of sequences that induce ribosome 

stalling in reporter experiments (Matsuo et al., 2017; Matsuo et al., 2020; Sitron et al., 

2017), we also tested if Slh1 plays a role in recognition of disomes. Although the effect was 

not as strong, knockout of Slh1 also decreased disome formation, hinting that the interaction 

of Hel2 and Slh1 may be important (Figure S4C). To rule out the possibility that disome 

reduction was due to pleiotropic effects or reduced fitness in these strains, we also 

performed the analysis on three other strains lacking proteins involved in translation: the 

initiation/recycling factor Hcr1, the ribosomal protein uL5 (encoded by RPL11B gene), or 

another E3 ligase, Not4, that has been proposed to be important for signaling on ribosomes 

stalled upstream of disomes (Ikeuchi et al., 2019) (Figure S4C). In all cases, we noted no 

systematic change in global disome pause scores, suggesting the observed effects are 

specific to Hel2 and Slh1.

These findings can be explaned by an initial model (Figure 4D and Discussion) where 

collisions frequently occur within endogenous mRNAs, leading to an unstable disome (or a 

trisome) intermediate. In WT cells, the disomes and trisomes are stabilized by Hel2, and 

possibly by other interacting partners, to prevent them from rapidly resuming translation and 

perhaps to allow time for a slower rescue process. In the absence of an active Hel2, the 

collision intermediate may be transient and, as reported before (Brandman et al., 2012; 
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Letzring et al., 2013; Matsuo et al., 2017; Matsuo et al., 2020), quickly resumes translation 

downstream of the stall-inducing motif.

Recognition of disomes does not trigger decay of target mRNAs

Having established that disomes we detected are recognized by Hel2, we next wanted to test 

whether mRNAs with strong disome peaks are subject to degradation. To test this idea, we 

assayed for changes in mRNA levels between WT and hel2Δ cells with RNA-seq. Strikingly, 

we observed that the levels of most mRNAs were unchanged (Spearman r=0.99) (Figure 

5A). This result suggests that even though disome enrichment on many transcripts was 

sensitive to the presence of Hel2, this enrichment was not a strong trigger for mRNA 

degradation. Similarly, it was recently reported that deletion of HEL2 resulted in no 

significant change in the abundance of mRNAs that harbor likely stall-inducing motifs (Park 

and Subramaniam, 2019).

Curiously, we noticed that 14 out of 19 transcripts that were significantly upregulated in 

hel2Δ cells correspond to a group of mRNAs that are under control of the Gcn4 transcription 

factor (Figure 5B and Supplementary Table S4, analyzed by DESeq2). The GCN4 gene is 

translationally activated, leading to increased TE, in response to cellular stress, such as 

amino acid starvation (Hinnebusch, 2005). Higher levels of Gcn4 protein upregulate genes 

that are part of the integrated stress response (ISR) (Rawal et al., 2018). Our monosome 

profiling data showed that the TE of GCN4 was upregulated in hel2Δ cells (Figure 5C), 

consistent with the observation that loss of Hel2 modestly activates Gcn4 targets. GCN4 is 

usually activated when eIF2α is phosphorylated by the Gcn2 protein kinase (Dever et al., 

1992). To test whether hel2Δ upregulates GCN4 translation via eIF2α phosphorylation, we 

checked the levels of phosphorylated eIF2α in WT and hel2Δ cells. We found that eIF2α 
phosphorylation increased, suggesting that the ISR is somewhat activated when Hel2 is not 

present (Figure S5A). Consistent with this, expression of HEL2 in the hel2Δ background 

restored basal levels of eIF2α phosphorylation (Figure 5D). As in the knockout, expression 

of the mutant Hel2, which cannot ubiquitinate ribosomal proteins or stabilize disomes 

(Figure S4B), also induced eIF2α phosphorylation at levels similar to those in hel2Δ cells 

(Figures 5D and S5A). These results suggest that eIF2α phosphorylation may occur when a 

functional Hel2 is not present to recognize disomes, raising the possibility that the “Gcn” 

and RQC pathways are linked. Consistent with this idea, mass spectrometry data show that 

Hel2 strongly interacts with Gcn2, as well as Gcn1 and Gcn20 (Sitron et al., 2017) (Figure 

S5B), two other proteins that bind Gcn2 and promote its kinase activity (Garcia-Barrio et al., 

2000; Hinnebusch, 2005).

Early sucrose gradient experiments hinted that the Gcn pathway could detect ribosome 

collisions by showing Gcn1 and Gcn20 are present in disome fractions (Marton et al., 1997). 

More recent studies have also concluded that a stalled ribosome can activate Gcn2, either 

alone or as part of a “Gcn complex” including Gcn2, Gcn1 and Gcn20 (Garcia-Barrio et al., 

2000; Harding et al., 2019; Inglis et al., 2019; Ishimura et al., 2016; Visweswaraiah et al., 

2012). It is conceivable that the absence of Hel2 increases the number of transient collisions 

that can be detected by the Gcn complex, leading to increased eIF2α phosphorylation. If 

such competition between these pathways exists, then we might also expect Hel2 to 
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recognize collisions that are primarily handled by the Gcn pathway, such as those induced 

by 3-AT. Indeed, using mass spectrometry, we found that disomes isolated from 3-AT treated 

cells have ~7-fold higher ubiquitination of the K212 residue of the uS3 ribosomal protein, a 

known Hel2 target (Figures S5C and S5D) (Matsuo et al., 2017; Simms et al., 2017). In the 

absence of Hel2, we detected the ubiquitinated uS3 fragment at very low levels, as expected 

(Figure S5D, top panel), while levels of non-ubiquitinated uS3 and other disome-associated 

proteins were similar between WT, hel2Δ and WT+3-AT samples (Figure S5D, bottom panel 

and Supplementary Tables S5 and S6). These results imply that the RQC and Gcn pathways 

share and possibly compete for collided ribosome substrates (Figure S5E and Discussion).

Disomes could mediate co-translational events

Since disomes did not appear to trigger RNA decay yet were recognized by multiple 

surveillance pathways, we wondered whether disomes on endogenous mRNAs may serve 

functional roles instead of signaling aberrant translation. Indeed, we found evidence of 

disome formation at sites where translation arrest was previously shown to be important for 

function. For example, we identified a strong disome peak corresponding to a programmed 

translation arrest event in the regulatory uORF of the CPA1 gene (Wang et al., 1999) (Figure 

S6A). Similarly, we observed disome formation on the OAZ1 ORF, which contains a +1 

programmed ribosomal frameshift (PRF) site that is favored under high polyamine levels 

present in our media (Palanimurugan et al., 2004) (Figure S6B). Interestingly, disome 

accumulation was even more apparent in hcr1Δ cells where termination may be slow 

(Beznoskova et al., 2013; Young and Guydosh, 2019) (Figure S6B, note the scale 

differences), suggesting disome formation may result from particularly slow termination that 

is thought to be key to the frameshift. This observation suggests that our disome data may 

offer a useful tool for detection of slow translation events associated with PRF events at stop 

codons. Although a second stalling site towards the 3’ region of the OAZ1 ORF was 

proposed (Kurian et al., 2011), we did not observe disomes in that region.

We then looked for enrichment of disome reads on other known frameshift genes, including 

EST3 and ABP140 (Atkins et al., 2016). We observed peaks at the +1 PRF site in EST3 and, 

indicative of longer ribosome queues, further upstream as well (Figure S6B). Interestingly, 

data from the +1 PRF site in ABP140 revealed the main collision event 30 nt upstream of the 

PRF, particularly in hcr1Δ cells (Figure S6B). This peak likely represents a disome within an 

extended queue of ribosomes. We also noted disome accumulation events even further 

upstream and downstream of the PRF site, suggestive of additional functional stalling 

events. We further looked at the −1 PRF encoded in the L-A virus RNA (Dinman et al., 

1991; Wickner et al., 2013), which was present in our cells, but did not observe localized 

peaks of disome occupancy near the PRF (Figure S6C). This suggests that localized disome 

build-up does not occur at all PRFs.

It has been shown that ribosome pausing can be an important factor in modulating co-

translational processes (Collart and Weiss, 2019). One possible role of ribosome stalling is 

proper co-translational processing of ubiquitin peptides (Baker et al., 1992; Grou et al., 

2015; Reyes-Turcu and Wilkinson, 2009). Ubiquitin in yeast is coded as a fusion with the 

ribosomal protein eL40 (RPL40A and RPL40B) or as a tandem array of five fused copies 
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encoded by the pro-ubiquitin gene (UBI4). It has been proposed that individual ubiquitin 

peptides are co-translationally cleaved from the pro-ubiquitin protein (Baker et al., 1992; 

Reyes-Turcu and Wilkinson, 2009). Strikingly, we observed that disome profiling data of the 

UBI4 gene exhibited periodic peaks positioned at proline-rich motifs downstream of the 

junction between each copy of ubiquitin (Figure 6A). Since the disome peaks were located 

~126–129 nt (42–43 amino acids) downstream of the known ubiquitin cleavage sites, these 

disomes would form exactly when the ubiquitin nascent peptide fully emerged from the (~40 

aa) ribosomal exit tunnel. We observed a similar peak at the same distance downstream of 

the ubiquitin ORFs in RPL40A and RPL40B (Figure 6B). These observed disomes could 

conceivably facilitate the proposed co-translational processing mechanism. Overall, these 

observations illustrate the power of disome profiling as a tool to capture underexplored, 

potentially functional stalling events involved in recoding and co-translational processing.

DISCUSSION

Building off our previous work (Guydosh and Green, 2014), we carried out enhanced 

disome profiling and trisome profiling, which detected widespread formation of ribosome 

collisions on endogenous mRNAs across the transcriptome. We further showed that disomes, 

in general, can be recognized by both the RQC (sensed by Hel2) and ISR (sensed by Gcn2) 

surveillance pathways. However, collision-associated mRNAs appear to escape degradation. 

These data imply that Hel2 recognition may not always result in further activation of the 

RQC pathway, perhaps facilitating functional outcomes for the nascent protein.

In yeast, the structure of the disome was shown to encompass ~60 nt (Ikeuchi et al., 2019). 

Given our observation of distinct disome populations (Figure 1), we predict that the disome 

unit includes a variable interface between ribosomes that allows sampling of compact (58 nt) 

and relaxed (61 nt) conformations. Consistent with this model, three major trisome footprint 

sizes of 88, 91 and 94 nt were observed. These presumably arise from compact + compact, 

compact + relaxed (or relaxed + compact), and relaxed + relaxed interfaces, respectively 

(Figure 1B). A recent cryo-EM structure of a trisome revealed differences in the two 

monosome-monosome interfaces, consistent with the view that multiple interfaces change 

the size of the disome footprint (Matsuo et al., 2020). Interestingly, 61 nt disome footprints 

were abolished when severe stalling was induced by either ANS or 3-AT (Figures S2A and 

S2B), perhaps allowing time for a more compact interface to form between the ribosomes. 

Our data from an hcr1Δ strain also revealed an unusual disome species formed by a 

translating ribosome and a post-termination “scanning” ribosome that appears to move into 

the 3’UTR (Figure 2B). Our findings therefore offer new insights on how efficient ribosome 

recycling is critical to prevent this non-canonical, disome-mediated process that leads to 

3’UTR translation.

Our data also allow us to consider how the frequency of disome formation is affected by the 

kinetics of translation. One prediction that emerges from models of translation (Juszkiewicz 

et al., 2018) is that increased rates of initiation lead to a higher density of ribosomes along 

transcripts and therefore a higher probability that ribosomes will collide with each other 

(Figure S3A). Ribosomes collide (forming a disome) whenever the leading ribosome does 

not elongate fast enough through the “inter-ribosomal distance” (IRD), which depends on 
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the initiation and average elongation rates. For an IRD of ~60 aa, thought to be true in 

mammalian cells (Ingolia et al., 2011; Juszkiewicz et al., 2018) and in yeast (Shah et al., 

2013), a slowdown > 5-fold by the leading ribosome was predicted to cause formation of 

disomes (Juszkiewicz et al., 2018). In yeast where elongation, though highly variable, is 

estimated to average ~9 aa/sec (Shah et al., 2013; Sharma et al., 2019), a local elongation 

rate of 1–2 aa/sec should be sufficient to form disomes. Once formed, a remaining question 

is how long disomes persist. Our observation of widespread trisome accumulation (Figure 

S4B, disome versus trisome average pause scores) offers an opportunity to answer this 

question. We can assume that disomes will remain unresolved for at least the length of time 

it takes a monosome to traverse the IRD, collide with a disome, and thereby form a trisome. 

With the foregoing estimates of IRD and elongation rate, we would predict disomes persist 

for at least 6–7 seconds, the time to translate 60 aa. Our evidence that tetrasomes can form at 

stop codons (Figure 1C) suggests this time is longer in some cases.

We also directly examined the prediction that ribosome collision and TE should be 

correlated. While data from reporter experiments on individual mRNAs are consistent with 

this hypothesis (Park and Subramaniam, 2019; Simms et al., 2017), we were surprised to not 

observe this correlation globally. This lack of correlation could be explained by a number of 

hypotheses (Figure S3A). It could be that initiation rates do not sufficiently vary to have a 

measurable effect on TE and therefore the rate of collisions. There could also be a feedback 

system whereby disome recognition by Hel2 directly reduces local initiation in real time. 

For example, ZNF598 (mammalian homolog of Hel2) was found to be associated with the 

cap-binding protein 4E-HP (Hickey et al., 2019; Morita et al., 2012; Tollenaere et al., 

2019).This association offers a mechanism whereby disome recognition by Hel2/ZNF598 

would lead to rapid local inhibition of initiation. Alternatively, it has been proposed that 

transcripts with high TEs are evolutionarily tuned to avoid slow codons that lead to disome 

formation (Park and Subramaniam, 2019). It is also conceivable that the formation of a 

disome could reduce the observed abundance of monosome footprints (and therefore the TE 

metric) within the coding sequence of highly translated genes. This technical limitation 

would result in a non-linear relationship between TE and ribosome loading, and scramble 

any correlation. These possibilities represent fertile ground for future investigation.

Our study also examined the possible role of RQC on endogenous mRNAs. The role of Hel2 

in inducing the RQC pathway has been exemplified in many studies using reporter genes 

that encode non-physiological amino acid sequences known to induce strong ribosome 

arrest, such as poly-Lys or poly-Arg. In contrast, endogenous stalling events, induced by less 

extreme stalling motifs, have been theorized to circumvent the action of the RQC machinery 

(Simms et al., 2017). It has also been suggested that stochastic ribosome collisions could be 

targeted by the RQC machinery at the small cost of preventing the risk of aberrant 

translation (Juszkiewicz et al., 2018). Our data show that disome formation generally occurs 

on known stall-inducing sequences and that these endogenous disomes are sensitive to the 

presence of Hel2, as evidenced by a decrease in disome accumulation at these sites in the 

hel2Δ strain.

We considered several explanations for the decrease in disome formation when HEL2 is 

deleted. One possibility is that disomes are normally rescued by the RQC pathway and the 
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loss of this rescue process leads to the formation of higher order collisions. These structures 

could reduce the number disome footprints obtained by our method. In particular, this was 

proposed to be true on endogenous genes with severe stalling events, such as SDD1 and 

RQC1, genes that are too poorly expressed to be visible in our datasets (Brandman et al., 

2012; Matsuo et al., 2020). While we cannot rule out this model completely, several pieces 

of evidence suggest it may not apply to all disomes. Our observation that trisome footprints 

decrease in the hel2Δ strain (Figure S4B) suggests that higher order collisions do not 

increase for most substrates. It has been also shown that loss of HEL2 allows ribosomes to 

bypass severe stalling sites on reporter genes, an observation that seems counterintuitive if 

severe ribosome queueing (formation of tetrasomes and higher order structures) were also 

occuring.

Another possible model to explain the data is that ISR activation in the absence of Hel2 

(Figure 5) reduces ribosome loading on mRNAs, leading to decreased disome formation. 

However, since other mutants that should also influence ribosome loading did not affect 

overall disome peaks (Figure S4C), this scenario seems somewhat less likely. Further 

experimentation under conditions where the ISR is inactive should offer further insight on 

this model. Another, non-mutally exclusive, explanation is that ubiquitination of disomes by 

Hel2 leads to stabilization of transiently-formed disome “encounter complexes” (Figure 4D). 

Without this stabilization, we predict these encounter complexes rapidly resume translation, 

in agreement with reporter assays (Juszkiewicz and Hegde, 2017; Matsuo et al., 2017; 

Matsuo et al., 2020). Although these stabilization events did not appear to trigger 

widespread mRNA degradation (Figure 5A), it is possible that a minor fraction of mRNAs 

with persistent disomes may be targeted for decay and such trends may not be detectable by 

RNA-seq experiments. Alternatively, initial stabilization of disomes may be followed by 

further steps (beyond ubiquitination) that are required before committing to mRNA 

degradation.

One possible mechanism to arbitrate disome fate after initial detection is the activity of the 

deubiquitinase Ubp3 (Jung et al., 2017; Matsuo et al., 2017), which could remove the 

ubiquitin that is initially added by Hel2. Although we detected steady-state Hel2-mediated 

uS3 ubiquitination in WT cells (Figure S5D), we were unable to detect uS10 ubiquitination, 

presumably due to lower abundance of uS10 compared to uS3 or variable levels of 

ubiquitination at these sites due to hierarchical targeting (Garshott et al., 2020). Curiously, 

disome formation was not completely abolished upon loss of Hel2 (Figure 4) and the 

ubiquitinated uS3 can be still detected at low levels on disomes in hel2Δ cells (Figure S5D), 

suggesting that other ubiquitin ligases or translation factors may contribute to disome 

stabilization. Indeed, deletion of Slh1 resulted in modest decrease in disome pause scores 

(Figure S4C). This suggests that Slh1, while shown to promote ribosome recycling on a 

severe stalling event in vitro (Matsuo et al., 2020), may have a more complex role for many 

substrates in the cell.

Our results together with previous findings suggest a possible connection with the “Gcn” 

pathway and the ISR (Figures 5 and S5). Previous studies have proposed that ribosome 

stalling activates Gcn2 (Garcia-Barrio et al., 2000; Harding et al., 2019; Inglis et al., 2019; 

Ishimura et al., 2016; Visweswaraiah et al., 2012) and it is therefore possible that the Gcn 
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complex may also recognize disome encounter complexes (Figure S5E, left scheme). This 

model posits that if encounter complexes are not recognized in some way by Hel2, they can 

be instead sensed by the Gcn pathway, leading to increased eIF2α phosphorylation (Figure 

S5E, middle scheme). In WT cells, the RQC system may therefore prevent chronic ISR 

activation induced by disome encounter complexes. During His starvation induced by 3-AT, 

Hel2 recognition may be insufficient to prevent ISR activation due to the severity of stalling 

induced by the lack of His-tRNAHis. Therefore, nutrient starvation could activate both Hel2 

and Gcn pathways, leading to upregulation of both ubiquitination by Hel2 and increased 

eIF2α phosphorylation by Gcn complex (Figure S5E, right scheme). Our disome and 

trisome profiling methodology will be a suitable platform to further investigate what 

determines whether a given disome would be targeted to the Gcn-mediated ISR or the Hel2-

mediated RQC pathway. It is conceivable that the activity of other RQT proteins, such as 

Cue3 and Rqt4, as well as Gcn1, Gcn2 and Gcn20, may have important roles.

While our results suggest most endogenous disome events do not lead to later steps in the 

RQC pathway, our data offer clues as to the potential functional roles of disomes (Figure 

S6). It has been shown that the RQC pathway (including NGD) senses collisions to prevent 

frameshifting at inhibitory sequences, whereas PRF events were found to be collision-

independent (Simms et al., 2019; Wolf and Grayhack, 2015). On the other hand, a recent 

report suggested that collision rates in bacteria could affect PRF efficiency (Smith et al., 

2019). Our data suggest disome formation occurs as part of some frameshifting events and 

therefore opens the door to future study of their possible functional role. We also observed 

disomes at sites that can potentially mediate co-translational processing of ubiquitin 

precursors into individual ubiquitin peptides. Such regulation could be important for 

ensuring complete cleavage of ubiquitin subunits and avoiding potential degradation of the 

pro-ubiquitin peptide through the ubiquitin fusion degradation pathway (Johnson et al., 

1995). The idea that translation of the pro-ubiquitin gene leads to the formation of disomes, 

that are themselves ubiquitinated, offers an intriguing feedback mechanism for ubiquitin 

production.

We look forward to using the disome profiling technique in other organisms to study various 

questions about translational stalling and its role in the cell. Indeed, recent studies have 

utilized the disome profiling in yeast, mouse and human cells (Arpat et al., 2019; Han et al., 

2019; Han et al., 2020; Tuck et al., 2020; Zhao et al., 2019) and ribosome stalling has been 

shown to be regulated by the RNA binding protein FMRP that is known to be critical for 

neuronal development (Darnell et al., 2011; Das Sharma et al., 2019; Shah et al., 2020). 

Future disome profiling experiments can therefore be used to explore how dysregulated 

disome formation leads to disease phenotypes.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Nicholas R. Guydosh 

(nicholas.guydosh@nih.gov).
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Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—Demultiplexed raw sequencing files as well as processed 

data are deposited in the NCBI GEO database with the accession number: GSE139036. 

Custom scripts are posted on Github: https://github.com/guydoshlab/Yeastcode1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Derivatives of the S. cerevisiae BY4741 strain were used for the experiments presented. The 

list of yeast strains used in this study is indicated in Table S1. The BY4741 WT and hel2Δ 

His3+ strain were generated by amplifying the HIS3 gene and transforming this PCR 

fragment to chemically competent BY4741 WT or hel2Δ cells. Transformants were selected 

on Synthetic Complete (SC)-His plates and successful knock-in was confirmed by PCR. The 

primers that were used for amplification of HIS3 and the confirmation of the knock-in are 

listed in Table S2. To generate YCplac33-HEL2 plasmids, YCplac33 plasmid carrying the 

URA3 marker was first digested with EcoRI and HindIII. Then, the HEL2 ORF was 

amplified from WT BY4741 cells, including its native 5’ and 3’UTRs with transcriptional 

promoter and terminator, using the primers listed in Table S2. The HEL2 ORF was 

assembled with digested YCplac33 backbone using NEBuilder HiFi DNA Assembly 

Cloning Kit (NEB; E5520). To generate YCplac33-hel2-mut plasmids, site directed 

mutagenesis was conducted using the primers listed in Table S2 and Q5 Site-Directed 

Mutagenesis Kit (NEB; E0554S). The DNA assembly and site-directed mutagenesis 

reactions were transformed into NEB 5-alpha Competent E. coli cells (NEB; C2987). 

Successful clones were selected on LB (Luria Broth)/Amp100 plates and the plasmids 

isolated from these clones were verified by Sanger sequencing. Empty plasmids and the 

plasmids expressing WT or mutant HEL2 were then transformed into competent BY4741 

WT and hel2Δ cells. The successful yeast clones were selected on SC-Ura plates and re-

streaked on SC-Ura prior to downstream processes.

Most of the yeast strains were grown in YPD media at 30°C. For 3-AT experiments, cells 

were grown in SC-His. For convenience, we also used WT and hel2Δ His3+ cells (grown in 

SC-His media) for trisome and matching disome profiling experiments. Mass spectrometry 

experiments were also conducted using these strains. The yeast carrying YCplac33 plasmids 

were grown in SC-Ura media. After overnight growth, cultures were diluted into 750 mL 

fresh media to an OD600 of ~0.02 and were grown to a final OD600 between 0.6 and 0.7, 

filtered and frozen in liquid nitrogen. For the 3-AT experiments, WT His3+ cells were grown 

in SC-His medium until OD600 of ~0.5 and then 500 mM 3-AT (Sigma; A8056) stock 

prepared in water was added to reach a final concentration of 45 mM. In parallel, WT His3+ 

cells were grown and treated with the same volume of water as a mock control. Both mock-

treated and 3-AT treated cultures were grown for an additional 30 minutes and then 

harvested.

METHOD DETAILS

Ribosome profiling—Ribosome (monosome), disome and trisome profiling were 

performed based on published protocols (Guydosh and Green, 2014; McGlincy and Ingolia, 

2017), with some modifications and optimizations. Frozen cell pellets mixed with frozen 
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droplets of lysis buffer (20 mM Tris pH 8.0, 140 mM KCl, 1.5 mM MgCl2, 1% Triton X-100 

and 0.1 mg/mL cycloheximide [Sigma; C7698]) were lysed using a Retsch Cryomill (Retsch 

20.749.0001). Powdered frozen cells were thawed at room temperature, transferred to a 50 

mL falcon tube and spun at 3000 g for 5 min at 4°C. The supernatant was then transferred to 

a 1.5 mL microtube and spun at full speed for 10 min at 4°C. The absorbance of the lysate at 

260 nm was recorded and total “OD” of the lysate was calculated as the product of the 

volume (in mL) and A260 reading. A fraction of the lysate equivalent to OD=40–50 was 

flash frozen in liquid nitrogen and kept at −80°C.

Prior to RNase I digestion, lysates were thawed, diluted with an equal volume of lysis buffer 

and then digested with ~26 U of RNase I (Ambion; AM2294) per OD for 1 h at room 

temperature (22°C) with gentle agitation (700 rpm). Monosomes, disomes and trisomes 

were separated by loading the lysates onto a 10%−50% sucrose gradient, prepared in 

gradient buffer (final concentration: 20 mM Tris pH 8.0, 150 mM KCl, 5 mM MgCl2, 0.5 

mM DTT), and spun at 40,000 rpm for 3 hours at 4°C using SW 41 Ti Swinging-Bucket 

Rotor (Beckman Coulter). Sucrose gradient fractionation was performed by using a Brandel 

Density Gradient Fractionation System. The peaks corresponding to monosomes, disomes 

and trisomes were collected, flash-frozen in liquid nitrogen and kept at −80°C until the next 

step. RNA was separately purified from monosome, disome and trisome fractions using the 

SDS, hot acid phenol-chloroform extraction method and run on a 15% TBE-Urea 

polyacrylamide gel (Bio-Rad; 3450091) for the size selection process. For trisome profiling, 

RNAs extracted from two trisome fractions of the same lysate were pooled to increase the 

yield. The RNA size markers used for size selection are listed in Table S2. For the 

monosome profiling, RNAs between 25–34 nt were excised from the gel. For disome 

profiling of WT and hel2Δ replicates, we selected footprints between 40–80 nt initially. 

Since we found disome footprints were primarily between 57 and 63 nt, for subsequent 

experiments (involving the samples from not4Δ, hcr1Δ, rpl11BΔ and the strains carrying 

YCplac33 plasmid derivatives) 54 and 68 nt markers were used for size selection. For 

samples from 3-AT/mock treated WT His3+ cells as well as ANS-treated cells, footprints 

between 40 and 68 nt were selected. For trisome profiling experiments, we selected 

footprints between 80 and 100 nt, using our 80-nt marker (Table S2) and 100-nt band from a 

small RNA marker (Abnova; R0007), respectively. The excised gel was frozen on dry ice for 

30 minutes and thawed in RNA extraction buffer (0.3 M NaOAc, 1 mM EDTA, 0.25% SDS) 

overnight at 20°C with gentle agitation (700 rpm). In the morning, RNA was precipitated 

and the pellet was resuspended in 10 mM Tris pH 8.

Ribosome footprint library construction—The monosome, disome and trisome RNA 

fragments were first dephosphorylated using PNK (NEB; M0201L) and ligated to 

preadenylated linkers listed in Table S2. These linkers contain a 5 nt-long random Unique 

Molecular Index (‘UMI’) and a 5 nt barcode that is unique for each sample. The linkers, 

which were pre-adenylated using a 5’ DNA adenylation mix (NEB; E2610L), were then 

ligated to dephosphorylated RNAs using T4 truncated RNA ligase 2 (K227Q) (NEB; 

M0351L). Unligated linkers were depleted by using 5 U per sample of 5’ deadenylase 

(NEB; M0331S) and RecJ exonuclease (Biosearch Technologies; RJ411250). Ligated RNA 

samples with unique barcodes were pooled and cleaned up using the Oligo Clean & 
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Concentrator kit (Zymo Research; D4060). For disome profiling samples, ribosomal RNA 

removal was then performed by using Ribo-Zero Gold rRNA Removal kit (Yeast) (Illumina; 

MRZY1306). Ribosomal RNA removals from some disome profiling samples (SM042Fd, 

SM043Fd, SM044Fd, SM045Fd) and trisome profiling samples (SM036Ft, SM038Ft) were 

performed using Qiagen FastSelect kit (catalog number pending) for yeast. All samples were 

next reverse transcribed using Superscript III (Invitrogen; 18080044), and the reverse 

transcription primer (NI-802, listed in Table S2), which contains a random 2 nt UMI. The 

cDNAs obtained from this reaction were resolved on a 10% TBE-Urea gel (Bio-Rad; 

3450089) and cDNAs were extracted using DNA gel extraction buffer (0.3 M NaCl, 1 mM 

EDTA, 10 mM Tris pH 8) with gentle overnight agitation (700 rpm) at 20°C. The next 

morning, DNA was precipitated and the pellet was resuspended in 10 mM Tris pH 8. The 

footprints were circularized using CircLigase ssDNA Ligase (Biosearch Technologies; 

CL4115K). For monosome footprints, ribosomal RNA removal was performed at this stage 

by oligonucleotide substraction using Dynabeads MyOne Streptavidin C1 (Invitrogen; 

65001) and DNA oligos that are the reverse complement of ribosomal RNAs (listed in Table 

S2). Monosome, disome and trisome pools were separately amplified by PCR using Phusion 

DNA Polymerase (ThermoFisher Scientific; F530L). Quality of the library was assessed by 

using a BioAnalyzer via the High Sensitivity DNA Kit (Agilent; 5067–4626). Sequencing 

experiments were performed by the NHLBI DNA Sequencing and Genomics Core at NIH 

(Bethesda, MD): Sequencing of monosome (single end, 50 bp cycle) and disome (single 

end, 100 bp cycle) libraries was performed on an Illumina HiSeq3000 machine except 

sequencing of a set of biological replicates of WT, hel2Δ and slh1Δ (SM023Fd, SM024Fd 

and SM025Fd samples) that was performed on an Illumina HiSeq2500 machine (single end, 

100 bp cycle) and the samples from strains carrying YCplac33 derivatives (SM042Fd, 

SM043Fd, SM044Fd, SM045Fd) that were sequenced on an Illumina NovaSeq machine 

(single end, 100 bp cycle). The trisome library was sequenced by using an Illumina NovaSeq 

machine (single end, 300 bp cycle mode), where the sequencing was stopped after 150 

cycles.

RNA-seq—Total RNA was isolated from two biological replicates of WT and hel2Δ cells 

using the SDS, hot acid phenol-chloroform extraction method. RNA-seq libraries from these 

samples were constructed by the NHLBI DNA Sequencing and Genomics Core at NIH 

(Bethesda, MD) using Illumina TruSeq stranded ribozero kits. The mRNAs were sequenced 

on a HiSeq3000 machine (single end, 50 bp cycle).

Computational processing of ribosome profiling reads—Sequencing data was 

processed as described previously (McGlincy and Ingolia, 2017). Briefly, the fastq files of 

disome and monosome profiling data, which were provided by the NHLBI DNA Sequencing 

and Genomics Core (NIH), were trimmed to remove linkers and demultiplexed to isolate 

individual samples from pooled data using CUTADAPT (Martin, 2011). To remove tRNA 

and rRNA reads, the files were aligned to an index of noncoding RNAs with BOWTIE 

(version 1.1.2) (Langmead et al., 2009) using the following parameters: -v 2 -y. PCR 

duplicates were removed from resulting files using a custom python script. The fastq files 

from the deduplication step were then aligned to coding regions and splice junctions using 

the following parameters: -v 2 -y -a -m 1 --best --strata (2 mismatches allowed and multiple 
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allignments suppressed) and using the R64–1-1 S288C reference genome assembly 

(SacCer3, Saccharomyces Genome Database Project).

For the RNA-seq data, fastq files that were provided by the sequencing core were directly 

mapped to tRNA and rRNA with BOWTIE. Unaligned reads were then mapped to coding 

regions and splice junctions using the same parameters described above.

The number of reads that were obtained after each step is provided in Table S3.

Computational analysis of processed files—Biopython version 1.73 was used for all 

the analyses. Unless noted otherwise, biological replicates were pooled. Dubious ORFs and 

overlapping genes were excluded from the analysis. Published 5’ and 3’UTR annotations 

(Nagalakshmi et al., 2008) were used to estimate UTR regions.

The footprint length distribution was obtained by using FastQC, version 0.11.7 (Babraham 

Bioinformatics). The read length distribution was created from the fastq files that mapped to 

coding regions and splice junctions. For monosome data, only the reads between 25 and 34 

nt were analyzed. All read size ranges given are inclusive of end values. For the disome data, 

analysis was conducted using reads between 57 and 63 nt, except for the WT+ANS sample 

(SM040Fd), the reads between 47 and 63 are chosen due to higher abundance of footprints 

<57 nt. For the trisome data, the reads between 87 and 96 nt were analyzed. Both 5’ and 3’ 

alignments of the footprints were generated but 3’ alignment was used for most analysis, as 

described in the text. Ribosome reads were first normalized in units of rpm (reads per 

million mapped reads). Rpm was computed by dividing the read count at each nt position by 

the total number of mapped reads and then multiplying it by 106.

Quantitation of ribosome profiling data was performed by adding together the total number 

of normalized reads mapping to each coding sequence or UTR region. 3’ UTRs were 

extended 25 nt downstream of their annotated ends to include rare isoforms that may be 

longer. These totals were then normalized by a gene’s length (by dividing by the length in 

kilobases) to obtain rpkm values. Reads were shifted by 13 nt from their 5’ ends to map to 

the center of the P-site. For disome reads, this length corresponds to P site of the trailing 

ribosome. Quantitation of RNA-Seq data counted 5’ ends that mapped without a shift to 

annotated ORF regions. Data from ±15 nt of either end of the ORFs was eliminated to 

reduce effects due to initiation and termination.

Metagene plots were constructed by averaging rpm around the start and stop codons of each 

gene in a defined window (100 nt upstream of the ORF and 300 nt into the ORF for start 

codons; 300 nt of ORF and 100 nt downstream of the ORF for stop codons). ORFs that were 

marked as dubious (including those annotated as such and YOR186W, YGL033W, 
YJR120W and YHR215W), those that were unidirectionally overlapping with other ORFs, 

the genes with features smaller than the window size and those without any mapped reads 

were excluded from the analysis. In addition, the gene YPR132W was eliminated from the 

analysis of all WT disome data replicates due to a very strong peak on a KEK motif that 

dominated that average and obscured global trends of interest.

Meydan and Guydosh Page 18

Mol Cell. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Footprint average plots around a particular motif were generated by first creating a list of 

occurrences of a motif of interest in the yeast transcriptome and then averaging normalized 

monosome or disome density from a region around the motif of interest (50 nt upstream and 

50 nt downstream of the motif). The averaging was done after first normalizing the rpm at 

each position in the region to the total rpm in the region so that all occurences would be 

weighted equally in the average. The plots therefore show the average fraction of rpm values 

at each position within the window (normalized reads).

Average pause scores were computed by dividing the value of the peak of the footprint 

average plot (described above) by the average value over the window. Individual pause 

scores were computed for the box plot analysis in the same way by using data across the 

gene where the motif is found. Pause scores were only computed if the full ±50 nt window 

was covered by data. In addition, the final 31 nt of ORFs were not considered due to 

ribosome queuing artifacts. We excluded the motifs that were represented in the genome less 

than 100 times to reduce noise in the analysis, resulting in 6267 motifs that were compared 

across datasets.

The significance of differences in the median of individual pause scores (Figure S4A) was 

assessed by comparing blox plots and computing the independent 2-group Mann Whitney U 

Test in Rstudio.

To compute significant changes in mRNA expression, first the raw counts per gene was 

generated each for two replicates of WT and hel2Δ. Then these values were compared by 

DESeq2 (Love et al., 2014) in Rstudio and Padj values were obtained. Padj<0.05 was used 

as a significance cut-off. Consensus Gcn4-target mRNAs are primarily obtained from a 

published ChIP-seq dataset (Rawal et al., 2018). The first 250 genes that showed > 2-fold 

increase in Rpb3 (RNA polymerase B) occupancy in starved cells, which also had evidence 

of reproducible induction by Gcn4 in other datasets (Natarajan et al., 2001; Qiu et al., 2016; 

Saint et al., 2014), were considered as genuine Gcn4 target mRNAs. Data plotted for RNA-

seq is shown as the average of two replicates.

Western blotting—Crude yeast extracts were prepared from 25 mL of yeast cells grown 

to logarithmic phase (OD~0.5–0.6) by TCA precipitation based on published methods (Reid 

and Schatz, 1982). 10 μL samples were resolved on a 4–12% Bis-Tris Plus gel (Invitrogen; 

NW04125) (For Figure S5A, top gel) or 5–10 μL were loaded on 4–20% Mini-Protean TGX 

gel (Biorad; 4561096) (For Figures 5D and S5A, bottom gel) and transferred to a PVDF 

membrane (BioRad; 1704156). The proteins were detected using antibodies against eIF2α-

phospho (Abcam; 32157) and H3 (Abcam; 1791). The antibody against yeast eIF2α was 

kindly provided by the laboratory of Thomas Dever (NIH/NICHD). Western blotting of two 

biological replicates was performed to ensure the result was reproducible. Quantification of 

the western blot in Figure 5 was conducted by using ImageJ software. The values in the 

figure are obtained by dividing eIF2α-P intensity by eIF2α intensity.

Preparation of samples for mass spectrometry—For the mass spectrometry (MS) 

experiments, WT or hel2Δ His3+ cells were grown in SC-His media at 30°C. After overnight 

growth, cultures were diluted into 750 mL fresh media to reach OD600 of ~0.02. When 
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cultures reached OD600 of 0.5, either water (mock treatment, both WT and hel2Δ) or 3-AT 

(Sigma; A8056, final concentration of 45 mM, only to WT cells) was added. The cultures 

were grown for additional 30 minutes. Lysis of these cells and sucrose gradient were 

conducted as described for ribosome profiling experiments, except an amount of the lysate, 

equivalent to OD (A260 × mL) ~100, was used for RNase digestion to obtain sufficient yield 

of proteins. The disome fraction was then isolated for protein extraction. Proteins associated 

with disomes were extracted by first diluting the disome sucrose gradient fraction with an 

equal volume of water and then doubling the volume by adding 100% ice-cold ethanol. The 

proteins were precipitated overnight at −20°C. Next day, the samples were centrifuged at full 

speed for 30 minutes at 4°C in a benchtop microcentrifuge. The protein pellet was 

resuspended in 8 M Urea in Triethylammonium bicarbonate (TEAB) buffer, pH 8.5. The 

protein concentration in samples was calculated by using a Pierce BCA Protein Assay Kit 

(ThermoFisher; 23225). To the dissolved protein (~20 μg), fresh DTT (100 mM stock) was 

added to reach a final concentration of 5 mM and incubated for 45 minutes for disulfide 

reduction. The samples were then alkylated using iodoacetamide (100 mM stock), which 

was added to a final concentration of 14 mM and incubated for 45 minutes. Then, to dilute 8 

M Urea to <1 M, 25 mM TEAB was added. Proteins were digested using Trypsin (1 μg/μL 

stock), using 1 μg Trypsin per 12.5 μg of protein, overnight at 37°C. Next day, the samples 

were acidified by addition of 4 μL 100% formic acid and processed through ZipTip 

(Milipore; ZTC18S096) to clean up and concentrate the samples as described in the 

manufacturer’s instructions.

Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS)—MS 

experiments were conducted by the NHLBI Proteomics Core at NIH (Bethesda, MD). 

Protein identification by LC-MS/MS was performed using an Orbitrap Fusion Lumos Tribid 

mass spectrometer (ThermoFisher; IQLAAEGAAPFADBMBHQ) interfaced with an 

Ultimate 3000 Nano-HPLC apparatus (ThermoFisher; ULTIM3000RSLCNANO). Peptides 

were fractionated by EASY-Spray PepMAP RPLC C18 column (2 μm, 100A, 75 μm × 500 

mm, ThermoFisher; ES803A) using a 120-min linear gradient of 5–35% acetonitrile in 0.1% 

formic acid at a flow rate of 300 nL/min. The instrument was operated in data-dependent 

acquisition mode (DDA) using FT mass analyzer for one survey MS scan on selecting 

precursor ions followed by 3 second data-dependent HCD-MS/MS scans for precursor 

peptides with 2–7 charged ions above a threshold ion count of 10,000 with normalized 

collision energy of 37%. Survey scans of peptide precursors from 300 to 2000 m/z were 

performed at 120k resolution and MS/MS scans were acquired at 50,000 resolution with a 

mass range m/z 100–2000.

Protein identification and data analysis—All MS and MS/MS raw spectra from each 

set were processed and searched using Sequest HT algorithm within the Proteome 

Discoverer 2.2 (PD 2.2 software, ThermoFisher). The settings for precursor mass tolerance 

was set at 12 ppm, fragment ion mass tolerance to 0.05 Da, trypsin enzyme with 2 

miscleavages with carbamidomethylation of cysteine as fixed modifications, and Gly-

Gly(lysine), deamidation of glutamine and asparagine, oxidation of methionine as variable 

modifications. The S. cerevisiae sequence database from Swiss-Prot was used for database 

search. Identified peptides were filtered for maximum 1% FDR using the Percolator 
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algorithm in PD 2.2 along with additional peptide confidence set to medium. The final lists 

of protein identification/quantitation were filtered by PD 2.2 with at least 2 unique peptides 

per protein identified with medium confidence. For the quantitation, label-free approach has 

been used, where the area under the curve for the precursor ions is used to calculate the 

relative fold change between different peptide ions.

Targeted Mass Spectrometry—To specifically detect and to better quantify non-

ubiquitinated and ubiquitinated Rps3 levels, we used Targeted Selected ion monitoring 

(tSIM), a mass spectrometry acquisition method in which only a small mass-to-charge range 

is transmitted to the detector. In this acquisition mode, the mass analyzer is set to filter for 

particular peptide ions, which is then constantly monitored over the time and its signal is 

used for quantitation. Data was acquired on the Orbitrap Fusion Lumos Tribid mass 

spectrometer (ThermoFisher; IQLAAEGAAPFADBMBHQ). A tSIM scheme was used with 

an MS1 full scan resolution of 120,000 FWHM, with isolation window (m/z) of 20, 

maximum injection time of 75 ms. A second level of tMS2 (targeted MS2 scans) on selected 

precursors possible was performed. The scan was performed using 0.7 u isolation window 

and MS2 scans on targeted precursors were analyzed by Orbitrap at the resolution of 30,000 

FWHM, with HCD collision energy setting set at 37% and maximum injection time as 150 

ms. The peptide ions to be monitored have been included in the inclusion list for targeted 

peptides, with its subsequent +3 and +4 charge states for unmodified peptide 

([K].ALPDAVTIIEPKEEEPILAPSVK.[D]) and peptide with ubiquitination on lysine 

([K].ALPDAVTIIEPKEEEPILAPSVK.[D], 1XGG[K12]). Spectral .raw files from targeted 

acquisition were analyzed using Skyline software tool. Skyline MS1 filtering displays direct 

links of selected MS1 peak features to their underlying MS/MS data to ensure proper peak 

selection and integration, as well as facile raw data file import to an independent format. 

Typically, the precursor isotopic import filter was set to a count of three, (M, M + 1, and M + 

2) at a resolution depending on the instrument platform. After data import, graphical 

displays of chromatographic traces (extracted ion chromatograms) were manually inspected 

for proper peak picking of MS1 filtered peptides. In some cases, the peak integration was 

adjusted manually in the chromatographic window.

QUANTIFICATION AND STATISTICAL ANALYSIS

Metagene and position average plots were generated by Igor Pro 7 (Wavemetrics). Scatter 

plots were generated on Prism 8. The Spearman R values were extracted from correlation 

analysis comparing two datasets with 95% confidence interval. To assess significance of 

pause score at stalling sites (Figures 4 and S4), the p-value was obtained by using the Mann-

Whitney U test with the confidence level of 0.95 and boxplots were generated in RStudio. 

To detect significant changes in mRNA levels, DESEQ2 was used. For most of the figures, 

replicates of monosome and disome profiling data were pooled. However, while evaluating 

the effect of mutations, replicates were separately shown to support the conclusions and to 

display variability of the data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Disome and trisome profiling in yeast reveal sites of collided ribosomes

2. Collisions move unrecycled ribosomes into 3’UTRs to reinitiate translation

3. Hel2 (ZNF598 homolog) maintains the presence of disomes and trisomes

4. Loss of Hel2 triggers eIF2α phosphorylation and the integrated stress 

response
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Figure 1: Disome and trisome profiling capture the distribution of collided ribosomes.
A. Schematic representation of monosome, disome and trisome profiling experiments. 

RNase I treatment of yeast lysate results in monosome-, disome-, and trisome-protected 

mRNAs, which are then separated by sucrose gradient. RNAs at the indicated size ranges are 

then selected by gel electrophoresis.

B. Length distribution of monosome (left), disome (middle) and trisome profiling (right) 

reads. Distinct peaks corresponding to 58- and 61 nt-long disome footprints, and 88-, 91- 
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and 94 nt-long trisome footprints are indicated by arrows. The cartoons represent possible 

arrangement of collisions. Other replicates are shown in Figure S1B.

C. Average monosome (gray), disome (red) and trisome (dark red) reads per million (rpm) 

mapped to ORFs aligned by their stop codons (metagene plots). Both 5’ (top) and 3’ 

(bottom) end alignment of footprints from WT cells are shown. Schematic at top drawn to 

scale to match peaks in plots below. Other replicates are shown in Figure S1C. Figure S1D 

shows the plot of the disome profiling data matching the conditions of the trisome profiling.

D. Average monosome (gray), disome (red) and trisome (dark red) rpm mapped to ORFs 

aligned by their start codons. Note first disome/trisome reads appear ~12 nt further into ORF 

than monosome reads in the upper plot. On bottom plot, this ~12 nt distance is extended by 

the footprint size of the disome or trisome, as expected.

See also Figure S1.
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Figure 2: Cellular stress and ribosome recycling failure perturb disome distribution
A. Average of normalized disome reads mapped to His codons in mock-treated (red) and 3-

AT treated cells (orange). A queued ribosome 30 nt upstream of the main disome peak is 

indicated.

B. Average disome rpm mapped to ORFs aligned by their stop codons in WT (red) and 

hcr1Δ (purple) cells. 3’ end alignment of the footprints is shown. In hcr1Δ cells, disome 

occupancy is higher around the stop codon than in WT cells. Dashed lines and schematics 

depict individual peaks corresponding to ribosomes stacked behind the unrecycled ribosome. 
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The stop codon is indicated in red and cartoon representations of Hcr1 and Rli1 (60S 

dissociation factor) are shown. Inset shows a magnified view of the 3’UTR. Distinct disome 

occupancy 30 nt downstream of the stop codon corresponds to a disome unit composed of an 

unrecycled ribosome pushed by an upstream ribosome (short arrow) (note 3-nt periodicity). 

These ribosomes eventually re-initiate, translate 3’UTR and form disomes further 

downstream in the 3’UTR (long arrow). Re-initiating monosome is shown in a lighter shade. 

A biological replicate is shown in Figure S2C.

See also Figure S2.
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Figure 3: Disomes are enriched on a wide range of stalling motifs
A. Monosome (gray, top) and disome (red, bottom) profiles of HHO1, PWP1 and ASR1 
genes in WT cells. mRNA and amino acid sequences mapping to the disome peaks are 

shown in red.

B. Average, normalized monosome (gray) and disome (red) rpm mapped to single, double or 

triple Lys (left) and Arg (right) motifs. The positions corresponding to where the 3’ codon 

would be for the A, P or E site of the lead ribosome is indicated at top.

C. Monosome (gray, top) and disome (red, bottom) profiles of SPN1 and TFG1 genes.
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D. Average pause scores of 6267 tripeptide motifs plotted for disome versus monosome data. 

Each point represents a tripeptide motif. Pause scores were calculated by applying a shift 

value of 18 nt from the 3’ end of the disome footprint, placing the first codon of the 

tripeptide motif in the E site. Some example stalling motifs are labeled on the graph.

See also Figure S3.
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Figure 4: Loss of Hel2 decreases disome and trisome formation at various motifs
A. Top panels: Disome profiles of HHO1 and PWP1 genes in WT (red) and hel2Δ (black) 

cells. The disome peak that is sensitive to Hel2 loss is shown by a black arrow. mRNA and 

amino acid sequences mapping to the disome peaks are shown in red. Bottom: Average, 

normalized disome reads mapped to Lys3 motifs from WT (red) and hel2Δ (black) cells. The 

box plot shows the distribution of individual pause scores from Lys3-coding sites (n=202) in 

the transcriptome.
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B. Average disome pause scores of 261 tripeptide motifs plotted for WT (red) and hel2Δ 

(black). Each point represents a tripeptide motif that was filtered for having a pause score 

greater than 5 in WT. The black line inside each distribution represents the mean of the 

corresponding data. The full distribution of all 6267 motifs is shown in Figure S4B.

C. Top left/center panels: Trisome profiles of HHO1 and PWP1 genes in WT (dark red) 

and hel2Δ (black) cells. Arrow indicates the trisome peak that is sensitive to Hel2 loss 

(disome formed at this position shown in A). Top right panel: As shown for disome data in 

B, average trisome pause scores of 391 tripeptide motifs plotted for WT (dark red), hel2Δ 

(black) show loss of Hel2 reduces pause scores. The unfiltered distribution of all 6267 

motifs is shown in Figure S4B. Bottom panel: Average, normalized trisome reads mapped 

to Lys3 motifs from WT (dark red) and hel2Δ (black) cells. The box plot shows the 

distribution of individual pause scores from Lys3-coding sites (n=173).

D. Model of Hel2 action on collisions formed on endogenous mRNAs. In WT cells, upon 

ribosome stalling, disomes and trisomes are transiently formed (encounter complexes). This 

encounter complex is recognized and possibly stabilized by Hel2. Ubiquitination activity of 

Hel2 is important for maintaining these disomes. In the absence of Hel2, the disomes/

trisomes are no longer stable and presumably continue translation downstream of the stall 

site.

See also Figure S4.
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Figure 5: Deletion of Hel2 activates eIF2α phosphorylation.
A. Correlation plot of rpkm values for WT and hel2Δ mRNA-seq data. Each dot represents 

the data for one gene. The identity of the mRNAs that have fold change greater than 2 is 

marked in blue.

B. Fold change of hel2Δ/WT RNA-seq rpkm values plotted against the name of the genes. 

To obtain these genes, False Discovery Rate (FDR, or Padj output of DESeq2) is chosen as 

<0.05. Top Gcn4 target mRNAs are marked in blue.

C. Expression of GCN4 in monosome profiling data of WT and hel2Δ replicates, illustrating 

that GCN4 is translationally upregulated in the absence of Hel2. Each dot represents TE 

(monosome rpkm/RNA-seq rpkm) value of the GCN4 gene in a biological replicate.

D. Western blot showing increased eIF2α phosphorylation in hel2Δ vs WT cells. Expression 

of WT Hel2 (hel2Δ HEL2) restores phosphorylation levels, whereas mutant Hel2 (hel2Δ 

hel2-mut) is unable to do so, suggesting that ubiquitination is necessary to prevent 

phosphorylation. Note that eIF2α levels do not change. H3 (histone protein) serves as a 

loading control. Molecular weights of the markers (kDa) are indicated. The quantification of 

the western blot is shown at right. The replicate for this western blot and a separate blot 

showing the difference between WT and hel2Δ cells without the plasmids is shown in Figure 

S5A.

See also Figure S5.
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Figure 6: Disome profiling shows a unique stalling event in ubiquitin coding genes.
A. Monosome (gray, top) and disome (red, bottom) profiles of the UBI4 gene, which 

encodes the pro-ubiquitin peptide. Pro-ubiquitin is shown as a bar and the ubiquitin cleavage 

sites are indicated by dashed lines. Disome peaks at PPD motifs are periodically present 

downstream of the cleavage sites. Stalling places the cleavage site just outside the peptide 

exit tunnel, suggesting these sites may be functionally important.

B. Monosome (gray, top) and disome (red, bottom) profiles of RPL40A and RPL40B genes, 

which both code for translationally fused ubiquitin and eL40 protein. Ubiquitin cleavage 

sites are shown with dashed lines. Disome peaks at the indicated motifs could be important 

for co-translational processing of ubiquitin from its fusion with eL40.

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-eIF2α Custom antibody made in the laboratory of 
Thomas Dever (NIH)

N/A

Anti-eIF2α-phospho Abcam 32157

Anti-H3 Abcam 1791

Bacterial and Virus Strains

NEB 5-alpha Competent E. coli cells NEB C2987

Chemicals, Peptides, and Recombinant Proteins

Cycloheximide Sigma-Aldrich C7698

3-Amino-1,2,4-triazole (3-AT) Sigma-Aldrich A8056

NEBuilder HiFi DNA Assembly Cloning Kit NEB E5520

Q5 Site-Directed Mutagenesis Kit NEB E0554S

RNase I Ambion AM2294

Adenylation mix NEB E2610

PNK NEB M0201L

T4 RNA Ligase 2 Truncated, K227Q NEB M0351L

RecJ exonuclease Biosearch technologies RJ411250

5’ deadenylase NEB M0331S

Ribo-Zero Gold rRNA Removal Kit Illumina MRZY1306

Superscript III Reverse Transcriptase Invitrogen 18080044

CircLigase ssDNA ligase Biosearch technologies CL4115K

Dynabeads MyOne Streptavidin C1 Invitrogen 65001

Phusion DNA Polymerase ThermoFisher Scientific F530L

Critical Commercial Assays

High Sensitivity DNA Kit Agilent 5067-4626

Millipore Ziptips Milipore ZTC18S096

Pierce BCA Protein Assay Kit ThermoFisher Scientific 23225

Deposited Data

Raw and processed data, see also Table S3 This paper GEO: GSE139036

Raw western blot gel images This paper, Mendeley data http://dx.doi.org/10.17632/53frn8z6xt.1

Experimental Models: Organisms/Strains

See Table S1

Oligonucleotides

See Table S2 This paper N/A

Recombinant DNA

N/A

Software and Algorithms

Scripts used for the analysis This paper https://github.com/guydoshlab/Yeastcode1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Igor Pro 7 Wavemetrics 15-500

BOWTIE 1.1.2 Github Langmead et al., 2009

Cutadapt Martin, 2011

Biopython Github https://github.com/biopython/biopython

BCbio Github https://github.com/chapmanb/bcbio.variation

DESEQ2 Bioconductor Love et al., 2014

RStudio Version 1.2.5001 RStudio, Inc., Boston, MA N/A

Prism 8 for macOS, version 8.1.0 GraphPad Software, Inc. San Diego, 
California USA

www.graphpad.com

Other

15%TBE-Urea polyacrylamide gel Bio-Rad 3450091

10% TBE-Urea gel Bio-Rad 3450089

4–12% Bis-Tris Plus gel Invitrogen NW04125

4–20% Mini-Protean TGX gel Bio-Rad 4561096

PVDF membrane pack Bio-Rad 1704156
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