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ABSTRACT  

Ribosomes, the molecular machines that are central to protein synthesis, have gradually been gaining 

prominence for their potential regulatory role in translation. Eukaryotic cytosolic ribosomes are 

typically larger than the bacterial ones, partly due to multi-nucleotide insertions at specific conserved 

positions in the ribosomal RNAs (rRNAs). Such insertions called expansion segments (ESs) are 

present primarily on the ribosomal surface, with their role in translation and its regulation remaining 

under-explored. One such ES in the ribosomal large subunit (LSU) is ES30L, which is observed 

mostly in mammals and birds among eukaryotes. In this study, we show that ES30L possesses 

complementarity to many protein-coding transcripts in humans and that the complementarity is 

enriched around the start codon, indicating a possible role in translation regulation. Further, our in 

silico analysis analyses and in vitro pull-down assays show that ES30L may bind to secondary 

structures in the 5’ UTR of several transcripts and RNA binding proteins (RBPs) that are essential for 

translation. Thus, we have identified a potential regulatory role for ES30L in translation.  

INTRODUCTION 

Expansion segments (ESs) are multi-nucleotide insertions (1–5) observed at specific conserved 

positions on eukaryotic rRNAs when compared to the respective Escherichia coli rRNAs. The 25S-

28S large subunit rRNA has expanded by about 500 nucleotides in plants and fungi to about 2400 

nucleotides in vertebrates when compared to the bacterial 23S rRNA, which is about 2904 

nucleotides long. In contrast, the small subunit (SSU) rRNA has expanded less drastically, with 

around 1540 nucleotides in E. coli to nearly 1800 nucleotides in Saccharomyces cerevisiae (yeast) 

and 1870 nucleotides in Homo sapiens (6). In fact, the presence of rRNA ESs is one of the main 

contributing factors to the increase in size of the eukaryotic cytosolic ribosomes over their bacterial 

and archaeal counterparts. Insertions and deletions have also been observed in mitochondrial and 

chloroplast ribosomes, in the regions concurrent with those of cytosolic ESs (5). Primarily considered 

to be a distinctive feature of the eukaryotic ribosomes, rRNA expansions have also been reported in a 

few disparate bacterial and archaeal groups (7–10), although they are likely distinctive to the 

eukaryotic ESs. 
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Although ESs were first described at least four decades ago, our understanding about their nature 

and function is still sparse. Many structural studies (11–14) of the ribosome from different organisms 

have revealed that the ESs are present mainly on the solvent-accessible surface and do not perturb 

the core functional centres of the ribosome such as the peptidyl transferase centre, the decoding 

centre, peptide exit tunnel or the tRNA binding sites. Though the insertion points of the ESs along the 

rRNA coincide across eukaryotes, their length and nucleotide composition could be variable. A few 

ESs, such as ES7L or the ES27L, exhibit a size increase that seems to correlate with increasing 

organismal complexity (15). ESs are generally more GC rich than the other rRNA regions and were 

initially considered to be non-functional insertions that could have originated from linkers that 

stabilised the different functional segments of the rRNA (16). But a handful of early experimental 

studies (17–20) have shown that some ESs may have roles in ribosome biogenesis and translation 

regulation. Further, species specific diversification of some ESs has been observed across 

eukaryotes, but the role of such diversification in translation remains largely unaddressed. However, a 

few recent studies (21–24) have highlighted the potential of a few ESs in regulating translation. With 

most ESs remaining unexplored, in the current study, we have attempted to dissect the functional role 

of a mammal and bird-specific expansion segment called ES30L in translation regulation. 

ES30L is a LSU ES that is present mostly in mammals and birds among the eukaryotes, although it is 

better conserved in mammals. It is an extension from helix 78 of the 28S rRNA, which is part of the L1 

stalk. It is 61 nucleotides long, highly GC rich, flexible and appears tentacle-like in human ribosomes 

(12, 14, 25). Here, using bioinformatic analysis, we show that many protein-coding transcripts 

possess stretches clustered around the start codon, that are complementary to ES30L in H. sapiens. 

Further, our in vitro pulldown assays combined with our re-analysis of  a published in vivo RNA-RNA 

interactome dataset and in silico mRNA motif prediction, indicate that ES30L can potentially interact 

with many protein-coding transcripts and that such interactions could involve base-pairing and 

secondary structural motifs. We also identify the proteins that ES30L could interact with, using in vitro 

pulldown assays. Together, our results suggest that ES30L can interact with secondary structures in 

the 5’ UTR of protein-coding transcripts and proteins that are involved in regulating translation.  

MATERIAL AND METHODS 

Comparison of ES30L among bilaterians  

28S rRNA sequences of all the organisms used in this study (85 organisms across 15 phylogenetic 

groups; refer to Supplementary Table S1A for sequence details) were mined from public databases 

like Silva LSU r132 (26) and NCBI Nucleotide. Multiple Sequence Alignment (MSA) of the rRNAs was 

built using Clustal Omega (27) and visualised using Jalview 2.11.2.2 (28). The ESs of the human 28S 

rRNA were marked in the MSA based on the co-ordinates taken from Parker et al., (6). The region of 

the MSA corresponding to ES30L was selected and manually edited in Jalview to improve the 

alignment. This corrected alignment was used to calculate and plot GC percentage, length and Gap-

Adjusted Shannon’s Entropy (GASE) (29) for mammals and birds using custom scripts written in 

python, bash, awk and R. The ES30L region was also marked in the published human ribosome 

structure (30) (10.2210/pdb4UG0/pdb) downloaded from PDB. The ribosome structure was rendered 
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using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). The 

secondary structure of LSU rRNA either as whole or in parts (of the ES30L region) from H. sapiens 

and the other organisms used in this study was created using the RiboVision web server (31).   

Complementary analysis between ES30L and human protein-coding transcripts  

Human protein-coding transcript sequences (83129) were downloaded from GENCODE (v0.29) (32). 

The human ES30L sequence was extracted from the NCBI reference sequence NR_003287.4 

(coordinates: 3975-4035). Ten randomly picked 60 nt stretches from CSL (regions in the 28S rRNA 

other than the ESs; ES boundaries were taken from Parker et al. (6)) were extracted and also used as 

a control for the complementarity analysis. The ES30L and the CSL sequences were reverse 

complemented (only canonical Watson-Crick A:U & G:C antisense pairing considered in this analysis) 

and used to obtain shorter stretches that range from 7 to 15 nucleotides using the sliding overlapping 

window approach using custom scripts. For instance, the first 7 nucleotide sequence would span from 

position 1 to 7 in the reference, the next sequence would span from position 2 to 8 and so on. These 

shorter stretches from ES30L and CSL were then mapped to the GENCODE transcripts using 

SeqMap v1.0.13 (33), allowing up to one mismatch in the mappings. The data presented in this study 

with mismatch ‘0’ refers to contiguous mapping with zero mismatches. For mismatch ‘1’, data with 

zero mismatches at lengths of 7 or 8 nucleotides and up to 1 non-terminal mismatch at lengths 9 and 

above was considered. Only the longest contiguous match (either with 0 or 1 mismatch, as 

appropriate) from a transcript-ES30L region were considered for further analysis, with the redundant 

overlapping hits removed using custom awk scripts. Complementary stretches of length 16 

nucleotides or more were obtained by extending the overlapping 15 nucleotide matches using custom 

awk script. All downstream analyses and plotting was done using custom written scripts in bash, awk, 

python and R (34). Gene ontology analysis was done using the shinyGO v0.76 web server (35). 

Statistical tests used in this study to compare the number of complementary stretches have been 

referred to from Parker et al. (36). Briefly, Wilcoxon signed-rank test at p<0.05 was used to test the 

significance of difference in complementarity to transcripts between ES30L and CSL fragments. To 

characterise the difference in the extent of complementarity from lengths of 7 to 15 or more 

nucleotides, linear regression was used. 

RNA and Protein pulldown from HEK293T cell lysates with biotinylated RNA oligos 

HEK293T cells were cultured in DMEM (Dulbecco's Modified Eagle Medium) media supplemented 

with 10% FBS and 1% gentamicin. Cells were grown at 37oC with 5% CO2 for 48 hours and were 

harvested when they reached 80% confluence. Both the RNA oligos (Supplementary Table S3-I) were 

synthesized and obtained from Integrated DNA Technologies and included a 5’ biotin tag. The 5’-

biotinylated RNA oligos were used in pulldown experiments, following the protocol adapted from 

Krishna et al. (37). Briefly, 3 μg of the folded biotinylated RNA oligonucleotides in 100 μl of RNA 

structure buffer (10 mM Tris pH 7.0, 0.1 M KCl, 10 mM MgCl2), was incubated with 1 mg of pre-

cleared HEK293T cell extracts in cell lysis buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1.8 mM 

MgCl2, 0.5% NP40, protease inhibitor cocktail for mammalian cells (no EDTA), 1 mM DTT, 80 U/ml 

RNase inhibitor) at room temperature for two hours (100mg of the cell lysate was set aside as input). 
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Post incubation, Dynabeads M-280 Streptavidin™ (11206D, Invitrogen) beads were added to the 

mixture and incubated for one hour at room temperature. Protein was eluted from the streptavidin 

beads using SDS buffer (250mM Tris pH 6.8, 10% SDS, 5% beta-mercaptoethanol) followed by 

acetone precipitation. Incase of RNA, TRIzol (Invitrogen)-based extraction from the beads was done. 

The protein pellets were resuspended in 25mM ammonium bicarbonate and the RNA pellets in 

nuclease free water. The total protein/RNA was also extracted from the ‘input’ using either acetone or 

TRIzol-based methods as appropriate. The isolated protein and RNA samples were sent for mass 

spectrometry and high-throughput sequencing respectively. 

RNA-sequencing and data analysis 

The isolated RNA was analyzed on microfluidic RNA gel electrophoresis with the Agilent 2100 

Bioanalyzer before RNA sequencing. Sequencing libraries were prepared using NEBNext® Ultra™ II 

Directional RNA Library Prep after poly(A) selection from the isolated RNA and sequenced on an 

Illumina Hiseq 2500 machine (n=2; 2 biological replicates each from from ES30L fraction, random 

fragment fraction and input). Post sequencing, 45 to 64 million single end (1 * 50 bp) reads were 

obtained. Adapters were trimmed from the reads using cutadapt v1.8.3 (38) (-a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC) and were mapped to the GENCODE human 

transcriptome v0.29 using hisat2 v2.1.0 (39) (default parameters used). Around 80-85% of the reads 

mapped to the reference transcriptome. The raw read counts mapping to the transcripts were 

obtained using featurecounts v1.5.0-p1 (40). Normalization of read counts and differential expression 

analysis was done using the DESeq2 v1.10.1 (41) package in R (34). Transcripts which were two-fold 

or more upregulated (q<0.05) in the ES30L fraction over the input were considered for further 

analysis. Plots were generated using the R packages pheatmap (42) and ggplot2 (43). Gene ontology 

analysis was done using the shinyGO v0.76 webserver (35). Custom bash and awk scripts were used 

for all downstream analysis. 

LC-MS/MS 

The isolated protein was digested using sequencing grade trypsin and the Tryptic peptides were 

dissolved in 0.1% formic acid (FA) and 2% acetonitrile (ACN). They were then analysed on Thermo 

EASY-nLC™ 1200 nano System coupled to a Thermo Scientific Orbitrap Fusion Tribrid Mass 

Spectrometer. Each peptide sample was injected into PepmapTM 100; (75µmx 2cm ; Nanoviper C18, 

3µm ; 100Å) via the auto-sampler of the nano System. Peptides eluted from the peptide trap were 

separated in a EASY SPRAY PEPMAP RSLC C18 3µm; 50cm x 75µm; 100Å at 45°C. Mobile phase 

A (0.1% FA in H2O) and mobile phase B (0.1% FA in 80% ACN) were used to establish a 60-min 

gradient at a flow rate of 250 nl/min. Peptides were then analysed on mass spec with an EASY 

nanospray source (Thermo Fisher, MA) at an electrospray potential of 1.9 kV. A full MS scan (375–

1,700 m/z range) was acquired at a resolution of 120000, a maximum injection time of 50ms. 

Dynamic exclusion was set as 20s. MS2 fragmentation was done using HCD technique. Resolution 

for HCD spectra was set to 30,000 at m/z 100. The AGC setting of full MS scan and MS2 were set as 

4E5 and 5E4, respectively. The 10 most intense ions above a 5,000 counts threshold were selected 

for HCD fragmentation with a maximum injection time of 54 ms. Isolation width of 1.2 was used for 
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MS2. Single and unassigned charged ions were excluded from LC-MS/MS. For HCD, stepped up 

collision energy (5%) was set to 30%. 

LC-MS/MS data analysis 

The raw data (n=4; 2 technical and 2 biological replicates each from ES30L fraction, random fragment 

fraction and input) was converted to the mascot generic file format using Proteome Discoverer (44) 

version 1.4 (Thermo Electron, Bremen, Germany) for de-isotoping the LC-MS/MS spectra. The 

spectral search was performed using a Mascot server (45) (version 2.4.1; Matrix Science, Boston, 

MA) against the human UniProt database (46) (downloaded on August 10, 2018), with peptide mass 

tolerance of 10 ppm and fragment mass tolerance of 0.6 Da. Two missed trypsin cleavage sites per 

peptide were tolerated. Carbamidomethylation (C) was set as a fixed modification, while oxidation (M) 

and acetylation (N) were variable modifications. Label-free quantification of proteins was based on 

emPAI values of each identified protein reported by Mascot. All further analysis was done using 

customised bash, awk and R scripts. The emPAI values were then normalized (47, 48) to compare 

the relative protein abundance across samples. Only those proteins that were detected in all the four 

replicates of the ES30L fraction were considered for further analysis and the undetected values from 

the other samples were replaced with zero. For those proteins that were undetected in all the four 

replicates in random fragment and input fractions, the value for the first replicate was replaced by 

0.000001. Fold change between the pulldown fractions relative to input was computed and Students 

one-tailed t-test was used to test the significance of fold enrichment, followed by correction for 

multiple testing using false discovery rate estimation. The proteins that were more than 1.5 fold 

enriched in the ES30L fraction over input (q<0.05) were probed for gene set enrichment using the 

shinyGO v0.76 web server (35). The reported ribo-interactome protein list used in this study was 

taken from Simsek et al. (49). 

Mining and re-analysis of published Splash-Seq and putative IRES datasets 

The list of interactions from the in vivo RNA-RNA interactome data (50) was downloaded from GitHub 

(https://csb5.github.io/splash/). The interactions which included 28S rRNA segments spanning the bin 

positions 3900 and 4000 (corresponding to ES30L) as one of the interactants were selected for 

downstream analysis. The reference transcriptome used by the authors was downloaded from their 

GitHub page and the sequences for interacting transcript regions from the selected interactions were 

extracted using bedtools v2.25.0 (51). The extent of complementarity to ES30L was analysed in these 

extracted transcript stretches, using the same pipeline used for the GENCODE (v0.29) (32) 

transcriptome. 

To check whether any of the transcript regions interacting with ES30L (based on SPLASH-seq data) 

were part of the putative IRES elements used in this study, putative IRESs from human mRNAs were 

downloaded from two databases - IRESbase (52) and Human IRES Atlas (53). The sequences for the 

putative IRES regions were extracted from the transcripts using bedtools v2.25.0 (51) and transcript 

mapping was done using a nucleotide level blast v2.2.31 (54). The extracted IRES stretches were 

also checked for complementarity to ES30L using the same pipeline elaborated before. Customised 

bash and awk scripts were used for data parsing and analysis. 
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In silico prediction of secondary structural motifs 

To probe for the presence of potential structural motifs in the 5‘ UTR regions of transcripts that were 

selectively enriched in the ES30L fraction over input from our RNA pulldown, we considered the 100 

transcripts that showed a 50% higher enrichment in ES30L than in the random fragment. Out of the 

100, 53 transcripts possessed 229 stretches which were perfectly complementary to ES30L in their 5’ 

UTR. Sequences that included 20nt flanking these 229 transcript stretches were extracted using 

bedtools v2.25.0 (51). Any structural motifs present among these sequences were predicted using the 

covariance model based tool CMfinder v0.2 (55). ATtRACT web server (56) was used to predict 

binding sites for RBPs on the RNA motifs obtained from the in silico analysis. The secondary 

structures for the predicted RNA motifs were rendered using the online tool, forna (57). Data parsing 

was done using custom written bash and awk scripts. 

Data mining and re-analysis of published CLIP-Seq datasets 

Published eCLIP-Seq data (fastq.gz files) from K562 cells for RBPs (DHX30, IGF2BP1, NPM1, 

PCBP1, SRSF1, HNRNPK, U2AF2) were downloaded from ENCODE database (Accession IDs were 

retrieved from Van Nostrand et al. (59)). For each protein, we considered only the first mate data for 

two eClip replicates along with one size-matched input for our analysis. The downloaded reads were 

processed using cutadapt v2.10 (38) to trim adapters and mapped to a 28S rDNA reference 

(U13369.1:7935-12969) using hisat2 v2.1.0 (39). The read depth per position of the reference was 

computed using samtools v1.7 (60) and was normalised to per million reads. Fold change (log2 scale) 

was calculated between the protein pulldown samples and their respective input using custom scripts. 

In order to compare the binding pattern of PCBP1 between cell types, we downloaded published 

easyCLIP-Seq data (n=2; size matched input unavailable) from the GEO database (GSE131210) from 

another study (58) done in HCT116 cells. Read depth across 28S rRNA for this dataset was obtained 

by following the same pipeline used for the other eCLIP-seq dataset. Plots were generated using the 

R packages pheatmap (42) and ggplot2 (43). 

RESULTS 

A mammal-enriched LSU rRNA expansion segment ‘ES30L’ 

To investigate the variability in ESs across bilaterians, we sampled 28S rRNA sequences from 85 

organisms across various clades (Supplementary Table S1A) and performed a multiple sequence 

alignment (MSA) using the mined sequences. We marked the boundaries of the LSU ESs on the H. 

sapiens rRNA and defined the ES regions in the other sequences based on their alignment 

(Supplementary Figure S1B) to the human sequence. From the MSA, we observed that ES30L was 

present only in endothermic vertebrates (Figure 1A), with the expansion being the highest in 

mammals (Figure 1C; Supplementary Table S1A). ES30L was the most GC-rich (~92%) among all 

the LSU ESs in H. sapiens (mammal) (Supplementary Table S1C). We noted that amphibians and 

arthropods also had smaller expansions in this region, but exhibited a high variability in length within 

these two groups. Further, we also observed that while ES30L was highly GC rich in chordates, it had 

among the lowest GC-richness in arthropods (Figure 1D; Supplementary Table S1). To compare the 
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extent of its conservation among mammals and birds, we edited the ES30L region in the MSA 

manually and used it to calculate Gap-Adjusted Shannon’s Entropy (GASE), which is plotted in Figure 

1E. We saw that even though ES30L was well conserved within both clades, the conservation was 

better among mammals than birds (Figure 1E). In the human ribosome, ES30L extrudes as a 

disordered stretch from the L1-stalk and is usually not completely resolved in cryo-EM because of its 

tentacle-like nature, but is reconstructed with the help of secondary structure modelling (Figure 1B, 

1C) (12, 14, 25, 61). Our analysis so far showed that ES30L is a highly GC rich, flexible LSU ES, that 

is expanded the most and best conserved in mammals. Because of its position near the exit site of 

tRNA, its tentacle-like nature and its GC richness, we wanted to investigate its potential to interact 

with transcripts and proteins. 

ES30L shows extensive complementarity to many human protein-coding transcripts 

To investigate the potential of ES30L to interact with transcripts, we analysed the extent of 

complementarity between ES30L and human protein-coding transcripts for contiguous stretches 

starting from a length of 7 nucleotides allowing for zero or one mismatch (see Methods). As a control, 

regions other than ESs from the 28S rRNA were considered (termed as core segments or CSL here; 

see Methods) to delineate the specificity of ES30L to the transcripts. Overall, ES30L exhibited a 

higher degree of perfect complementarity to transcripts than CSL (Figure 2A; 7.25% higher pooled 

complementary hits with ES30L than CSL; paired Wilcoxon signed-rank test, p < 0.05). A similar 

trend was observed when one mismatch was allowed, with ES30L possessing 20.85% higher 

complementarity than CSL (Supplementary Figure S2-IF; p<0.05 in a paired Wilcoxon test). We 

observed that 84.54% of the transcripts used in the analysis had at least one stretch perfectly 

complementary to ES30L, with many transcripts having multiple such stretches. This number 

increases to about 91.77% of transcripts with the inclusion of one mismatch. In case of CSL, nearly 

90% of transcripts on an average have at least one complementary stretch, with the proportion going 

up to 96.57% with the inclusion of one mismatch. 

With 7 and 8 nucleotide stretches, ES30L showed an almost equivalent level of perfect 

complementarity to the transcripts as CSL, with the extent of pooled hits 5.3% higher in ES30L. With 

one mismatch, the pooled hits at lengths 7 and 8 were 13.6% lower in ES30L than CSL. More than 

50% of the 7 and 8 nucleotide stretches that are complementary (no mismatch) to ES30L got 

extended to longer stretches (Supplementary Figures S2-IIA, S2-IIB) with the inclusion of one 

mismatch, with no particular positional preference for the mismatch (Supplementary Figures S2-IIC). 

But at lengths of 9 nucleotides or higher, the extent of complementarity to the transcripts was 36.12% 

(34.47% with one mismatch) higher in ES30L than in CSL (Figure 2B; Supplementary Figure S2-IG). 

Transcript regions complementary to ES30L that are 15 nucleotides or longer were rare, with only 53 

such hits (with no mismatch) detected in our analysis. However, we observed 1148 such hits (15 nt 

and greater) when allowing one mismatch. These 1148 complementary transcript stretches stemmed 

from 560 genes, whose gene ontology analysis revealed the presence of those that are involved in 

developmental pathways and neurogenesis among others (Supplementary Figures S2-IH). The 

presence of such long complementary stretches was much lower in CSL with only 2 hits and 80 such 
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hits on an average containing zero or one mismatch respectively. The slope of the linear regressions 

on the length of complementary stretch to the log 10 value of the number of complementary hits 

observed was lower for ES30L than that of CSL (Supplementary Figure S2-IA). The R2 value was 

equal to or greater than 0.99 in both the cases. The linear regressions were also significant for the 

data in which one mismatch is allowed. Altogether, our results show that there are more 

complementary hits of longer lengths in ES30L than in CSL suggesting a greater propensity of ES30L 

to interact with transcripts. 

Along ES30L, around two-thirds of the complementarity to transcripts stemmed from the latter half of 

the segment (after position 25). This skew was more pronounced for longer complementary stretches, 

as the percentage of hits from the latter half increased from about 62% for 7 nucleotide stretches to 

about 76% for 15 nucleotide stretches (Figure 2C). This trend was also observed with stretches that 

included one mismatch (61% for 7 nucleotide stretches to about 72% for 15 nucleotide stretches post 

the 25th position on ES30L) (Supplementary Figure S2-IID). In case of CSL fragments, the 

complementarity was present uniformly across the segments, at all lengths (Figure 2D). Even with a 

mismatch, we observed a similar trend with CSL (Supplementary Figure S2-IIE). Interestingly, the 

second half of ES30L was well conserved in mammals, with many conserved stretches of guanines 

(Supplementary Figure S2-IB). The correlation between this sequence conservation in ES30L and the 

enrichment of complementarity from this region is an interesting aspect that is yet to be explored.  

We also analysed the distribution of complementarity to ES30L along the transcripts and observed 

that the density of such hits is the highest in 5’ UTR when compared to CDS and 3’ UTR. The density 

of perfectly complementary transcript stretches was about three times higher in 5’ UTR (1.0347 hits 

per 100nt) than that in both CDS and 3’ UTR (0.3437 and 0.2128 respectively) (Figure 2A). The trend 

was similar even with the inclusion of a mismatch (Supplementary Figure S2-IF). In the case of CSL, 

the difference between 5’ UTR and the other transcript sectors was not as stark as that for ES30L, 

with the density of complementary hits (with zero mismatch) being 0.4759, 0.2789 and 0.2826 for 5’ 

UTR, CDS and 3’ UTR respectively (Figure 2A). Transcript stretches that are complementary to 

ES30L, either with or without a mismatch showed the highest enrichment around the start codon 

(denoted as ‘0’ in the Figures 2E-F) and this frequency tapered down with increasing distance from 

the start codon (Supplementary Figures S2-IC,S2-IIF). We observed a higher enrichment in 

complementarity (both zero or one mismatch) to ES30L, in the 50 nucleotide stretch upstream of the 

start codon in the 5’ UTR (4.17% to 4.25% of the total hits) when compared to that observed 

downstream in the CDS (3.98% or 4.02% of the total hits) (Figure 2E; Supplementary Figure S2-IIF). 

Complementarity along the transcripts was the highest around the start codon in case of CSL as well 

(Supplementary Figures S2-ID,S2-IIG), but the enrichment was higher in the 50 nucleotides 

downstream of the start codon, with 2.33% of hits from CDS as compared to 1.99% from the 5’ UTR 

(with one mismatch, 2.34% present in CDS versus 1.99% from 5’ UTR ) (Figure 2F; Supplementary 

Figure S2-IIG). These observations hint at a higher potential for the interaction of ES30L with the 

transcript stretches upstream of the start codon, although interactions with other regions of the 

transcript is also possible. 
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Many transcripts had more than one stretch complementary to ES30L. We observed 36 transcripts 

with over 100 stretches (the highest frequency is 176) and 389 transcripts that possessed between 50 

to 100 stretches of varying lengths that are perfectly complementary to ES30L (Supplementary Figure 

S2-IE). More than 90% of such stretches were either 7 or 8 nucleotides long. With one mismatch, this 

number was higher (514 transcripts with more than 100 stretches and 3301 transcripts with 50 to 100 

stretches). Gene set enrichment analysis showed that the genes that had a hit frequency of 25-50 and 

50 or higher, both included genes that are involved in neuronal development and differentiation 

(Supplementary Figure S2-IE). Our analysis showed that the genes that are involved in neuronal 

development possess a higher frequency and longer stretches of transcript that are complementary to 

ES30L, suggesting an increased propensity of such transcripts to bind to ES30L. 

Interactome study reveals binding of ES30L with mRNA potentially mediated by 
complementarity 

To directly test whether ES30L can interact with mRNAs, we used a biotinylated ES30L mimic to pull 

down RNAs from HEK293T cell lysates and sequenced the polyadenylated mRNAs. As a control, we 

performed a similar pull down with a biotinylated RNA molecule of the same length as ES30L but a 

random sequence. Both of these experiments were done in duplicates. Our data analysis showed that 

1550 protein-coding transcripts were more than two-fold enriched (q<0.05) in the ES30L fraction as 

compared to the total mRNA (Figure 3A, Supplementary Table S3-II). Out of these, 100 transcripts 

showed 50% higher enrichment over input in the ES30L fraction when compared to the control 

fraction (Figure 3B, Supplementary Figure S3-IIIA). Gene ontology analysis of these 100 transcripts 

showed that this set is enriched in genes that are involved in RNA related processes such as RNA 

metabolism and translation (Figure 3C). Most of these transcripts (91%) have at least one stretch that 

is complementary to ES30L with no mismatch (93% transcripts when 1 mismatch is allowed). The 

number of transcripts with complementarity of varying lengths to ES30L is illustrated in 

Supplementary Figure S3-IIIB. Most transcripts possessed more than one complementary stretch to 

ES30L, with 34% of them having more than 10 such stretches. 

To check whether ES30L-mRNA interactions are possible in vivo, we mined a published in vivo RNA 

interactome dataset (50) which has reported pairwise RNA-RNA interactions in HeLa cells, with high 

sensitivity and specificity using high throughput sequencing based on psoralen crosslinked, ligated, 

and selected hybrids (SPLASH- seq). From this dataset, we retrieved 193 inter and intra molecular 

interactions involving the ES30L region of the 28S rRNA (Figure 3E). Out of these, 143 interactions 

stemmed from protein-coding transcripts, while the rest were mostly with other rRNA regions. We 

extracted the transcript regions involved in the interactions and checked for presence of 

complementarity to ES30L in them. Among the 143 interactions, 75 interacting transcript regions 

contained at least one stretch that is complementary to ES30L and this number increased to 92 with 

the inclusion of a mismatch (Figure 3F). The 143 interactions involved 118 protein-coding genes, 25 

of which were also part of our pull down data. The overlap could possibly vary, since the SPLASH-

seq and our pulldown data are from different cell lines. Out of the 25 genes, 17 had at least one 

stretch that is perfectly complementary to ES30L (20 genes if one mismatch is included). This data 
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strengthens the possibility that the base-pairing between the complementary stretches could be a 

way in which the interactions between ES30L and mRNA could be mediated.  

Interactions between RNAs could also be mediated by secondary structural elements. To probe this 

possibility, we mined for predicted IRES (Internal Ribosome Entry Sites) elements (52, 53) in the 118 

protein-coding genes from the SPLASH-seq dataset and noted that 14 of them harbour putative IRES 

(Internal Ribosome Entry Site) sites. These include genes like GAPDH, FTH1, ENO1, RPS11, which 

are predicted to have IRES in their 5’ UTR. Among the 14 genes, at least 3 (RPS11, FTH1, NHP2) 

included transcript regions interacting with ES30L (based on reported SPLASH interactions) that are 

part of predicted IRES (Supplementary Figure S3-IIID). Such regions that could interact with ES30L, 

also contained multiple stretches that are complementary to it. We then analysed the extent of 

complementarity to ES30L in all the mined putative IRESs and our data showed that 40.16% of the 

IRESs have at least one complementary stretch to ES30L (no mismatch), with more than half of them 

possessing multiple such stretches. Together, our analysis indicated that ES30L can potentially bind 

to complementary transcript regions, some of which may also be a part of putative IRES structures. 

We next wanted to check whether complementary stretches that are present in 5’ UTR of transcripts 

from our pulldown had any proclivity to form any consensus RNA motifs. Out of the 100 selectively 

enriched transcripts, 53 had 229 stretches with perfect complementarity to ES30L in their 5’ UTR. We 

extracted those stretches along with 20 flanking nucleotides and performed an in silico prediction of 

structural motifs using CMfinder. Our analysis yielded three putative stem-loop motifs that could form 

in these regions (Figure 3F). The first RNA motif was present in about 12% of the transcripts with the 

second and third ones present in 4% and 14% of the transcripts respectively. An analysis of putative 

protein binding sites on these RNA structures using the ATtRACT webserver revealed binding motifs 

for proteins like HNRNPs, SRSFs, DHX9, PTBP among others. Interestingly, a similar search with 

ES30L also indicated the presence of binding motifs for the same set of proteins (Supplementary 

Figure S3-IIIC). This observation prompted us to investigate the protein interactome of ES30L. 

ES30L potentially interacts with several RNA binding proteins 

To identify the proteins that potentially interact with ES30L, we did an in vitro pull-down in HEK293T 

cell lysates with a biotinylated ES30L mimic, followed by mass spectrometry. As a control, we used 

the same RNA oligonucleotide that was used in our RNA pulldown. We identified fifty-eight proteins 

(Figure 4A; Supplementary Table S4-I) that were more than 1.5 fold enriched (q<0.05) in the ES30L 

fraction when compared to input, which included various categories of RBPs such as: 1)Ribosome 

biogenesis factors (NKRF, NCL) 2)Helicases (DDX21, DHX30, DHX9) 3)G-quadruplex binding 

proteins (hnRNPF) 4)Splicing factors (SRSF1, SRSF2, SRSF6, U2AF2) 5)Ribosomal proteins 

6)Proteins involved in translation (PCBP1, HNRNPK, IGF2BP1, SRP14, RBM4). Overall, a gene 

ontology analysis of these proteins showed that many of them are involved in various aspects of RNA 

metabolism (Figure 4B). Comparison with a published ribo-interactome dataset (49) showed that 42 

out of the 58 proteins bind to ribosomes (Supplementary Figure S4-IIA). Interestingly, RNA binding 

proteins from our data such as the HNRNPs, SRSFs that are also part of the ribo-interactome (49), 
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have binding motifs in both ES30L and transcript 5’ UTR motifs from our in silico analysis discussed 

earlier (Figure 3F; Supplementary Figure S3-IIC), suggesting that the proteins can bind both RNAs. 

To probe the binding of ES30L to RBPs in vivo, we re-analysed published CLIP-seq datasets (58) 

from K562 cells for seven proteins that were enriched in the ES30L fraction in our pulldown (Methods; 

Supplementary Figure S4-IIB). Proteins such as DHX30, NPM1 showed enrichment in reads mapping 

to ES30L relative to input, suggesting that they could potentially interact with ES30L in vivo 

(Supplementary Figure S4-IIB). The other proteins such as PCBP1, SRSF1, IGF2BP1, U2AF2 or 

HNRNPK were not enriched in ES30L over input in this dataset. Since in vivo molecular interactions 

could be influenced by their micro-environment, we considered CLIP-Seq data for PCBP1 from two 

K562 and HCT116 cells. Our analysis of the data from HCT116 cells (58), indicated a preferential 

mapping of reads towards the latter half of ES30L (coordinates corresponding to nucleotides 4005-

4035), with much fewer reads mapping to the first half (Supplementary Figure S4-IID). In contrast, 

read mapping data from K562 cells (59) showed no such positional mapping preference along ES30L 

(Supplementary Figure S4-IIC), hinting at the possibility that ES30L:PCBP1 interactions could be 

context dependent. This needs to be experimentally probed for various RBPs across cell types. 

DISCUSSION 

Eukaryotic ribosomes have accretions both in rRNA and proteins in comparison to the bacterial and 

archaeal ribosomes, which could have potentially added layers of complexity to the process of 

translation regulation. In our study, we show that ES30L is a highly GC-rich LSU ES that is 

specifically expanded in endothermic vertebrates among eukaryotes. Work by Yokoyama & Suzuki 

(62) has shown that the ES30L equivalent region (helix 78 of LSU rRNA) in E. coli is quite amenable 

to nucleotide insertions. The GC richness in this stretch could possibly have been contributed to by 

compensatory slippage during replication (63). Therefore, it is interesting that the expansion in this 

region has stabilised only in endothermic vertebrates. The ES30L stretch in arthropods (insects) also 

harbours some expansion, but it is not as well conserved in this group as that in endothermic 

vertebrates suggesting that this segment could have potentially gained some functional relevance in 

the latter group. Alternatively, it is also possible that this segment, whether mildly advantageous or 

disadvantageous, has been tolerated because of overall low energetic cost of maintenance, as 

postulated by the theory of constructive neutral evolution (64–66). Interestingly, this region is about 

30 nt long in the bacteria E. coli and Thermus thermophilus, 35 nt long in the archaeon Haloarcula 

marismortui while being mostly absent in unicellular and invertebrate eukaryotes (Figure 1A & 

Supplementary Figure S1D), with longer expansions in most endothermic vertebrates. A detailed 

phylogenetic analysis may shed some light on whether this rRNA stretch evolved independently in 

both bacteria and endothermic vertebrates or whether this segment was part of the last common 

archaeal and eukaryotic ancestor and was lost in unicellular and invertebrate eukaryotes. 

Studies (12, 14, 25) of the eukaryotic ribosome structure have indicated that ES30L is a tentacle-like 

segment that extrudes from the L1 stalk and is not masked by interactions with any other part of the 

ribosome. Other reports (67–69) on the structure of mRNA IRES-interaction show that some viral 
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IRESs interact with L1 stalk. Therefore, it is conceivable that ES30L could potentially interact with 

mRNAs as well. Interactions between rRNA and mRNA can occur through base-pairing and a few 

studies, either experimental or computational (36, 70–77), have explored various aspects of such 

interactions in both bacteria and eukaryotes. Concrete experimental evidence for an interaction 

between an ES and mRNA is extremely sparse with a couple of recent studies (21, 78) providing a 

glimpse into such interactions between ESs and 5’ UTR elements in mRNA. Our analysis shows that 

ES30L exhibits a high degree of complementarity to many protein-coding transcripts, which is higher 

than that seen in core rRNA segments. We have not looked into non-canonical base pairing between 

ES30L and mRNAs in this study, which may contribute to the complementarity even further. Our 

results are in concordance with the observations from a study by Parker et. al. (36), who reported the 

presence of extensive complementarity between many ESs of LSU and mRNAs in humans. Given the 

pervasiveness of the complementarity observed, it is unclear if there would be any selectivity to the 

potential interactions between the mRNAs and ES30L. We speculate that two factors could contribute 

to this selectivity: 1)Number/Frequency of complementary stretches present in a transcript, which 

could increase the possibility of an interaction. 2)The length of the complementary stretches. From 

our data, we observe that 29.61% of transcripts have at least one stretch complementary to ES30L 

that is 9 nucleotides or longer (up to 19 nucleotides), which increases further with the inclusion of a 

mismatch. This raises the possibility that a subset of transcripts could possess even longer stretches 

with multiple noncontiguous contact points between ES30L and transcript segments. This aspect 

could be particularly relevant if we factor in the single nucleotide polymorphisms and other variations 

that could be present in the interacting RNA stretches. Interestingly, we observed that gene sets 

which possess longer or higher frequency of stretches that are complementary to ES30L, both 

contain genes that are involved in neuronal development (Supplementary Figure S2-IE,S2-IH). These 

include genes like SHANK1, SOX11, NTN1, PAX2, CELSR2, ULK1 which have a role in neuron 

differentiation. Therefore, it would be exciting to probe the functional relevance of ES30L in neurons. 

The complementarity to ES30L observed across transcripts is denser in the 5’ UTR (Figure 2A; 

Supplementary Figure S2-IF) and highest enrichment around the start codon (Figure 2E; 

Supplementary Figure S2-IC,S2-IIF). Given that ES30L is 92% GC-rich, one reason for the observed 

trend could be the high 5’ UTR GC content in eukaryotes (79). Data from our study also indicates the 

presence of complementarity to ES30L in the CDS and 3’ UTR of many transcripts. Our analysis of 

the SPLASH-seq dataset ((50)) from HeLa Cells revealed in vivo interactions between ES30L and 

transcripts from CDS and 3’ UTR as well. Another study by Leppek et. al., (80) has also reported 

mRNA regions from the CDS and 3’UTR that interact with a SSU ES (human ES9S) in vivo. Although 

the functional relevance of such interactions is yet to be probed, we speculate that they may be 

involved in RNA metabolic processes such as translational initiation or pausing, mRNA localization 

and decay. 

To understand whether ES30L can interact with transcripts, we performed an in vitro pulldown of 

transcripts from HEK293T cell lysates with a biotinylated ES30L mimic. Most of these enriched 

transcripts have stretches complementary to ES30L (Supplementary Figure S3-IIB) and majority of 
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those are not highly expressed transcripts within the cell (Figure 3A). This suggests that many of the 

enriched transcripts could be specific in their interaction with ES30L. This notion is further supported 

by our analysis from an in vivo RNA-RNA interactome (SPLASH-seq) dataset ((50)), in which we 

observe many interacting transcript regions encompassing stretches that are complementary to 

ES30L (Figure 3E). Leppek et. al., (80) have also reported an enrichment of complementarity in ES9S 

bound mRNA regions. One caveat with the SPLASH-seq data is a lack of high resolution that is 

required to localise the specific region in the interacting partners. Nonetheless, our analysis in tandem 

with other reported data (80) bolsters the possibility that the reported interactions involve base 

pairing. 

The mere presence of complementarity between two RNA molecules may not ensure an interaction 

between them, which could also be influenced by the steric availability of both the transcript and 

ES30L regions possessing complementarity and other trans-acting factors. ES30L has a high 

potential to interact with various RNA Binding Proteins (RBPs), many of which are known to interact 

with GC-rich stretches on RNAs. Additionally, secondary structure predictions and structure modelling 

from various studies (12, 14, 25, 61, 81) indicate that the ES30L region folds into a helical structure. 

We think that RBPs may play a role in rendering ES30L accessible for any interaction. This idea is 

supported by the detection of helicases like YTHDC2, DDX21, DHX30, DHX9 in our protein pulldown 

data, which are selectively enriched in the ES30L fraction. DHX30 can impact global translation (82, 

83), while DHX9, DHX36 and DDX21 enable the translation of mRNAs by interacting with RNA G-

Quadruplexes (RGs) in their 5’ UTR in various human cell lines (84, 85). Another study (84, 86–91) 

has proposed that DHX36 and hnRNPF (also part of our pulldown data) act in a concerted manner to 

regulate the translation of mRNAs via RG remodelling in glioblastoma. It is known that RGs can also 

form in rRNA in vivo in HeLa cells (92) and computational prediction shows that ES30L can also form 

RGs (93). Since ES30L is highly GC-rich, its complementary regions in the mRNAs are also likely to 

be GC-rich and could possibly form RGs as well. Detailed experimental analyses would be required 

to explore the potential role of these RBPs in ES30L:mRNA interactions. 

Several proteins that are selectively enriched in the ES30L fraction from our pulldown, are known 

ITAFs (IRES Trans-Acting Factors), which can exert either a stimulatory or an inhibitory influence on 

IRES-mediated translation. For instance, PCBP1/2 along with hnRNPK have been shown (87, 89) to 

stimulate IRES-mediated translation of c-myc mRNA in vitro in rabbit reticulocyte lysates. Other 

proteins from our analysis like SRSF1 (90), SRSF6 (94), YTHDC2 (95), NCL (96, 97), IGF2BP1 (98), 

SRP14(99), RBM4 (100, 101) have also been shown to activate translation of their cognate mRNAs. 

Conversely, other proteins from our data like DDX21 (102) and hnRNPK (103) have been shown to 

inhibit viral IRESs and negatively regulate translation in vivo in mammalian cell lines. Our 

bioinformatic analysis also reveals the presence of binding sites for many of these proteins in both 

ES30L and 5’ UTR stretches from mRNAs enriched in our RNA pulldown (Figure 3F; Supplementary 

Figure S3-IIC). Such RBPs are known to possess multiple RNA binding domains (104), reinforcing 

our speculation that they could bind to both ES30 and mRNA to enable an interaction. Concurrent to 

these observations, our analysis of the SPLASH-seq data also shows that a few of the mRNA 
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stretches that interact with ES30L, are part of putative IRESs (Supplementary Figure S3-IID) and also 

include multiple stretches complementary to ES30L. Leppek et al. (78) have reported the interaction 

of ES9S with an IRES element in the 5’ UTR of Hoxa9 mRNA, although the Hoxa9 IRES has been 

reported to be false-positive in a recent study (105). Therefore, it would be important to establish the 

veracity of the putative IRESs that interact with ES30L. However, to reiterate, we think ES30L can 

bind to IRES elements of some mRNAs via base-pairing with the involvement of ITAFs, in a context-

dependent manner. Such an interaction may be one of the possible ways to regulate translation and 

merits further investigation. 

By collating our data with existing literature, we think that ES30L can interact with secondary 

structural elements in the 5’ UTR, RBPs and influence translation initiation, although such an 

influence could be either stabilising or inhibitory. Based on our study, we have provided one possible 

role of ES30L in translation regulation, although it may be involved in other cellular processes too. An 

effective strategy to probe the human ES30L function in cellulo would likely involve either knocking 

this region out or modifying it. But rRNA is distributed as tandem repeats across five chromosomes in 

the human genome, making the afore-mentioned strategies difficult to attempt at present. As a 

workaround, one study (106) used an antibiotic to inhibit endogenous ribosomes and expressed an 

exogenous modified 18S rRNA in murine cells to probe rRNA pre-processing. This system can 

potentially be adapted to probe ES30L function, although it could be technically challenging and 

would need to be standardized for the cell line under investigation. Another strategy would be to 

design a highly specific inhibitor to block ES30L, though a paucity of information on sequence 

variability and chemical modifications present in ESs, could present a bottleneck. One other strategy 

to study ES30L would be to knock it into the rRNA of another species. A recent study (78) had used 

chimeric humanized yeast ribosomes to demonstrate the species-specific interaction of ES9S with an 

mRNA. However, in the case of ES30L, which is completely lacking in yeast, a knock-in strategy may 

not truly reflect the in vivo relevance of this segment in mammals. This is because we currently lack 

any understanding of how ES30L and its interacting partners may have co-evolved. ESs still remain 

under-explored, even though they were discovered nearly four decades back. They may potentially 

have roles in diverse cellular processes such as ribosome biogenesis, post-transcriptional gene 

regulation and RNA metabolism (107). Therefore we think it is imperative to expand the repertoire of 

techniques required to probe the function of all ESs, especially because of the potential they hold in 

expanding the regulatory landscape of ribosomes. 
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ACKNOWLEDGEMENT 

We would like to thank Dr. Sabarinathan Radhakrishnan (NCBS) and Dr. Vinothkumar Kutti Ragunath 

(NCBS) for their invaluable comments and critical review of the manuscript. We are also thankful for 

the technical support from the Next Generation Genomics Facility (NGGF) and the Mass 

Spectrometry Facility at inStem. 

FUNDING 

Nivedita Hariharan and Sumana Ghosh were supported by the Council of Scientific and Industrial 

Research (CSIR) fellowship. Dr. Dasaradhi Palakodeti is funded by DST-Swarnajayanti 

(DST/SJF/LSA-02/2015-16) and inStem core funds.  

CONFLICT OF INTEREST 

The authors declare no conflict of interest. 

REFERENCES 

1. Veldman,G.M., Klootwijk,J., de Regt,V.C., Planta,R.J., Branlant,C., Krol,A. and Ebel,J.P. (1981) The 

primary and secondary structure of yeast 26S rRNA. Nucleic Acids Res., 9, 6935–6952. 

2. Ware,V.C., Tague,B.W., Clark,C.G., Gourse,R.L., Brand,R.C. and Gerbi,S.A. (1983) Sequence analysis 

of 28S ribosomal DNA from the amphibian Xenopus laevis. Nucleic Acids Res., 11, 7795–7817. 

3. Clark,C.G., Tague,B.W., Ware,V.C. and Gerbi,S.A. (1984) Xenopus laevis 28S ribosomal RNA: a 

secondary structure model and its evolutionary and functional implications. Nucleic Acids Res., 12, 

6197–6220. 

4. Hassouna,N., Michot,B. and Bachellerie,J.P. (1984) The complete nucleotide sequence of mouse 28S 

rRNA gene. Implications for the process of size increase of the large subunit rRNA in higher 

eukaryotes. Nucleic Acids Res., 12, 3563–3583. 

5. Brimacombe,R. (1981) Secondary structure and evolution of ribosomal RNA. Nature, 294, 209–210. 

6. Parker,M.S., Sallee,F.R., Park,E.A. and Parker,S.L. (2015) Homoiterons and expansion in ribosomal 

RNAs. FEBS Open Bio, 5, 864–876. 

7. Penev,P.I., Fakhretaha-Aval,S., Patel,V.J., Cannone,J.J., Gutell,R.R., Petrov,A.S., Williams,L.D. and 

Glass,J.B. (2020) Supersized Ribosomal RNA Expansion Segments in Asgard Archaea. Genome 

Biol. Evol., 12, 1694–1710. 

8. Tirumalai,M.R., Kaelber,J.T., Park,D.R., Tran,Q. and Fox,G.E. (2020) Cryo-electron microscopy 

visualization of a large insertion in the 5S ribosomal RNA of the extremely halophilic archaeon 

Halococcus morrhuae. FEBS Open Bio, 10, 1938–1946. 

9. Kushwaha,A.K. and Bhushan,S. (2020) Unique structural features of the Mycobacterium ribosome. 

Prog. Biophys. Mol. Biol., 152, 15–24. 

10. Stepanov,V.G. and Fox,G.E. (2021) Expansion segments in bacterial and archaeal 5S ribosomal 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2022. ; https://doi.org/10.1101/2022.09.30.510333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.30.510333


16 

RNAs. RNA, 27, 133–150. 

11. Ben-Shem,A., Garreau de Loubresse,N., Melnikov,S., Jenner,L., Yusupova,G. and Yusupov,M. (2011) 

The structure of the eukaryotic ribosome at 3.0 Å resolution. Science, 334, 1524–1529. 

12. Chandramouli,P., Topf,M., Ménétret,J.-F., Eswar,N., Cannone,J.J., Gutell,R.R., Sali,A. and Akey,C.W. 

(2008) Structure of the mammalian 80S ribosome at 8.7 A resolution. Structure, 16, 535–548. 

13. Petrov,A.S., Gulen,B., Norris,A.M., Kovacs,N.A., Bernier,C.R., Lanier,K.A., Fox,G.E., Harvey,S.C., 

Wartell,R.M., Hud,N.V., et al. (2015) History of the ribosome and the origin of translation. Proc. Natl. 

Acad. Sci. U. S. A., 112, 15396–15401. 

14. Anger,A.M., Armache,J.-P., Berninghausen,O., Habeck,M., Subklewe,M., Wilson,D.N. and 

Beckmann,R. (2013) Structures of the human and Drosophila 80S ribosome. Nature, 497, 80–85. 

15. Petrov,A.S., Bernier,C.R., Hsiao,C., Norris,A.M., Kovacs,N.A., Waterbury,C.C., Stepanov,V.G., 

Harvey,S.C., Fox,G.E., Wartell,R.M., et al. (2014) Evolution of the ribosome at atomic resolution. 

Proc. Natl. Acad. Sci. U. S. A., 111, 10251–10256. 

16. Clark,C.G. (1987) On the evolution of ribosomal RNA. J. Mol. Evol., 25, 343–350. 

17. Musters,W., Venema,J., van der Linden,G., van Heerikhuizen,H., Klootwijk,J. and Planta,R.J. (1989) A 

system for the analysis of yeast ribosomal DNA mutations. Mol. Cell. Biol., 9, 551–559. 

18. Musters,W., Boon,K., van der Sande,C.A., van Heerikhuizen,H. and Planta,R.J. (1990) Functional 

analysis of transcribed spacers of yeast ribosomal DNA. EMBO J., 9, 3989–3996. 

19. Sweeney,R., Chen,L. and Yao,M.C. (1994) An rRNA variable region has an evolutionarily conserved 

essential role despite sequence divergence. Mol. Cell. Biol., 14, 4203–4215. 

20. Jeeninga,R.E., Van Delft,Y., de Graaff-Vincent,M., Dirks-Mulder,A., Venema,J. and Raué,H.A. (1997) 

Variable regions V13 and V3 of Saccharomyces cerevisiae contain structural features essential for 

normal biogenesis and stability of 5.8S and 25S rRNA. RNA, 3, 476–488. 

21. Díaz-López,I., Toribio,R., Berlanga,J.J. and Ventoso,I. (2019) An mRNA-binding channel in the ES6S 

region of the translation 48S-PIC promotes RNA unwinding and scanning. Elife, 8. 

22. Gómez Ramos,L.M., Smeekens,J.M., Kovacs,N.A., Bowman,J.C., Wartell,R.M., Wu,R. and 

Williams,L.D. (2016) Yeast rRNA Expansion Segments: Folding and Function. J. Mol. Biol., 428, 

4048–4059. 

23. Fujii,K., Susanto,T.T., Saurabh,S. and Barna,M. (2018) Decoding the Function of Expansion 

Segments in Ribosomes. Mol. Cell, 72, 1013–1020.e6. 

24. Shankar,V., Rauscher,R., Reuther,J., Gharib,W.H., Koch,M. and Polacek,N. (2020) rRNA expansion 

segment 27Lb modulates the factor recruitment capacity of the yeast ribosome and shapes the 

proteome. Nucleic Acids Res., 48, 3244–3256. 

25. Khatter,H., Myasnikov,A.G., Natchiar,S.K. and Klaholz,B.P. (2015) Structure of the human 80S 

ribosome. Nature, 520, 640–645. 

26. Quast,C., Pruesse,E., Gerken,J., Schweer,T., Yilmaz,P., Peplies,J. and Glöckner,F.O. (2015) SILVA 

Databases. Encyclopedia of Metagenomics, 10.1007/978-1-4899-7478-5_250. 

27. Sievers,F., Wilm,A., Dineen,D., Gibson,T.J., Karplus,K., Li,W., Lopez,R., McWilliam,H., Remmert,M., 

Söding,J., et al. (2011) Fast, scalable generation of high-quality protein multiple sequence alignments 

using Clustal Omega. Mol. Syst. Biol., 7, 539. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2022. ; https://doi.org/10.1101/2022.09.30.510333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.30.510333


17 

28. Waterhouse,A.M., Procter,J.B., Martin,D.M.A., Clamp,M. and Barton,G.J. (2009) Jalview Version 2--a 

multiple sequence alignment editor and analysis workbench. Bioinformatics, 25, 1189–1191. 

29. Bernier,C.R., Petrov,A.S., Kovacs,N.A., Penev,P.I. and Williams,L.D. (2018) Translation: The 

Universal Structural Core of Life. Mol. Biol. Evol., 35, 2065–2076. 

30. Khatter,H., Myasnikov,A.G., Natchiar,S.K. and Klaholz,B.P. (2015) Structure of the human 80S 

ribosome. Nature, 520, 640–645. 

31. Bernier,C.R., Petrov,A.S., Waterbury,C.C., Jett,J., Li,F., Freil,L.E., Xiong,X., Wang,L., Migliozzi,B.L.R., 

Hershkovits,E., et al. (2014) RiboVision suite for visualization and analysis of ribosomes. Faraday 

Discuss., 169, 195–207. 

32. Frankish,A., Diekhans,M., Ferreira,A.-M., Johnson,R., Jungreis,I., Loveland,J., Mudge,J.M., Sisu,C., 

Wright,J., Armstrong,J., et al. (2019) GENCODE reference annotation for the human and mouse 

genomes. Nucleic Acids Research, 47, D766–D773. 

33. Jiang,H. and Wong,W.H. (2008) SeqMap: mapping massive amount of oligonucleotides to the 

genome. Bioinformatics, 24, 2395–2396. 

34. R Development Core Team (2003) The R Reference Manual: Base Package Network Theory. 

35. Ge,S.X., Jung,D. and Yao,R. (2020) ShinyGO: a graphical gene-set enrichment tool for animals and 

plants. Bioinformatics, 36, 2628–2629. 

36. Parker,M.S., Balasubramaniam,A., Sallee,F.R. and Parker,S.L. (2018) The Expansion Segments of 

28S Ribosomal RNA Extensively Match Human Messenger RNAs. Front. Genet., 9, 66. 

37. Krishna,S., Yim,D.G., Lakshmanan,V., Tirumalai,V., Koh,J.L., Park,J.E., Cheong,J.K., Low,J.L., 

Lim,M.J., Sze,S.K., et al. (2019) Dynamic expression of tRNA-derived small RNAs define cellular 

states. EMBO Rep., 20, e47789. 

38. Martin,M. (2011) Cutadapt removes adapter sequences from high-throughput sequencing reads. 

EMBnet.journal, 17, 10–12. 

39. Kim,D., Paggi,J.M., Park,C., Bennett,C. and Salzberg,S.L. (2019) Graph-based genome alignment 

and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol., 37, 907–915. 

40. Liao,Y., Smyth,G.K. and Shi,W. (2013) featureCounts: an efficient general purpose program for 

assigning sequence reads to genomic features. Bioinformatics, 30, 923–930. 

41. Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation of fold change and dispersion for 

RNA-seq data with DESeq2. Genome Biol., 15, 550. 

42. Kolde,R. (2019) pheatmap: Pretty Heatmaps. R package version 1.0. 12. CRAN. R-project. 

org/package= pheatmap. 

43. Wickham,H. (2009) ggplot2: Elegant Graphics for Data Analysis Springer Science & Business Media. 

44. Orsburn,B.C. (2021) Proteome Discoverer-A Community Enhanced Data Processing Suite for Protein 

Informatics. Proteomes, 9. 

45. Perkins,D.N., Pappin,D.J., Creasy,D.M. and Cottrell,J.S. (1999) Probability-based protein identification 

by searching sequence databases using mass spectrometry data. Electrophoresis, 20, 3551–3567. 

46. The UniProt Consortium (2018) UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res., 

47, D506–D515. 

47. Arike,L. and Peil,L. (2014) Spectral counting label-free proteomics. Methods Mol. Biol., 1156, 213–

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2022. ; https://doi.org/10.1101/2022.09.30.510333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.30.510333


18 

222. 

48. Ternan,N.G., Jain,S., Graham,R.L.J. and McMullan,G. (2014) Semiquantitative analysis of clinical 

heat stress in Clostridium difficile strain 630 using a GeLC/MS workflow with emPAI quantitation. 

PLoS One, 9, e88960. 

49. Simsek,D., Tiu,G.C., Flynn,R.A., Byeon,G.W., Leppek,K., Xu,A.F., Chang,H.Y. and Barna,M. (2017) 

The Mammalian Ribo-interactome Reveals Ribosome Functional Diversity and Heterogeneity. Cell, 

169, 1051–1065.e18. 

50. Aw,J.G.A., Shen,Y., Wilm,A., Sun,M., Lim,X.N., Boon,K.-L., Tapsin,S., Chan,Y.-S., Tan,C.-P., 

Sim,A.Y.L., et al. (2016) In Vivo Mapping of Eukaryotic RNA Interactomes Reveals Principles of 

Higher-Order Organization and Regulation. Mol. Cell, 62, 603–617. 

51. Quinlan,A.R. and Hall,I.M. (2010) BEDTools: a flexible suite of utilities for comparing genomic 

features. Bioinformatics, 26, 841–842. 

52. Zhao,J., Li,Y., Wang,C., Zhang,H., Zhang,H., Jiang,B., Guo,X. and Song,X. (2020) IRESbase: A 

Comprehensive Database of Experimentally Validated Internal Ribosome Entry Sites. Genomics 

Proteomics Bioinformatics, 18, 129–139. 

53. Yang,T.-H., Wang,C.-Y., Tsai,H.-C. and Liu,C.-T. (2021) Human IRES Atlas: an integrative platform 

for studying IRES-driven translational regulation in humans. Database , 2021. 

54. Camacho,C., Coulouris,G., Avagyan,V., Ma,N., Papadopoulos,J., Bealer,K. and Madden,T.L. (2009) 

BLAST+: architecture and applications. BMC Bioinformatics, 10, 421. 

55. Yao,Z., Weinberg,Z. and Ruzzo,W.L. (2006) CMfinder--a covariance model based RNA motif finding 

algorithm. Bioinformatics, 22, 445–452. 

56. Giudice,G., Sánchez-Cabo,F., Torroja,C. and Lara-Pezzi,E. (2016) ATtRACT-a database of RNA-

binding proteins and associated motifs. Database , 2016. 

57. Kerpedjiev,P., Hammer,S. and Hofacker,I.L. (2015) Forna (force-directed RNA): Simple and effective 

online RNA secondary structure diagrams. Bioinformatics, 31, 3377–3379. 

58. Van Nostrand,E.L., Freese,P., Pratt,G.A., Wang,X., Wei,X., Xiao,R., Blue,S.M., Chen,J.-Y., 

Cody,N.A.L., Dominguez,D., et al. (2020) A large-scale binding and functional map of human RNA-

binding proteins. Nature, 583, 711–719. 

59. Porter,D.F., Miao,W., Yang,X., Goda,G.A., Ji,A.L., Donohue,L.K.H., Aleman,M.M., Dominguez,D. and 

Khavari,P.A. (2021) easyCLIP analysis of RNA-protein interactions incorporating absolute 

quantification. Nat. Commun., 12, 1569. 

60. Danecek,P., Bonfield,J.K., Liddle,J., Marshall,J., Ohan,V., Pollard,M.O., Whitwham,A., Keane,T., 

McCarthy,S.A., Davies,R.M., et al. (2021) Twelve years of SAMtools and BCFtools. Gigascience, 10, 

giab008. 

61. Natchiar,S.K., Myasnikov,A.G., Kratzat,H., Hazemann,I. and Klaholz,B.P. (2017) Visualization of 

chemical modifications in the human 80S ribosome structure. Nature, 551, 472–477. 

62. Yokoyama,T. and Suzuki,T. (2008) Ribosomal RNAs are tolerant toward genetic insertions: 

evolutionary origin of the expansion segments. Nucleic Acids Res., 36, 3539–3551. 

63. Hancock,J.M. and Dover,G.A. (1990) ‘Compensatory slippage’ in the evolution of ribosomal RNA 

genes. Nucleic Acids Res., 18, 5949–5954. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2022. ; https://doi.org/10.1101/2022.09.30.510333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.30.510333


19 

64. Stoltzfus,A. (1999) On the possibility of constructive neutral evolution. J. Mol. Evol., 49, 169–181. 

65. Muñoz-Gómez,S.A., Bilolikar,G., Wideman,J.G. and Geiler-Samerotte,K. (2021) Constructive Neutral 

Evolution 20 Years Later. J. Mol. Evol., 89, 172–182. 

66. Lynch,M. and Marinov,G.K. (2015) The bioenergetic costs of a gene. Proc. Natl. Acad. Sci. U. S. A., 

112, 15690–15695. 

67. Boehringer,D., Thermann,R., Ostareck-Lederer,A., Lewis,J.D. and Stark,H. (2005) Structure of the 

hepatitis C virus IRES bound to the human 80S ribosome: remodeling of the HCV IRES. Structure, 

13, 1695–1706. 

68. Fernandez,I.S., Bai,X., Scheres,S.H.W. and Ramakrishnan,V. (2014) Kluyveromyces lactis 80S 

ribosome in complex with CrPV-IRES. 10.2210/pdb4v91/pdb. 

69. Pisareva,V.P., Pisarev,A.V. and Fernández,I.S. (2018) Dual tRNA mimicry in the Cricket Paralysis 

Virus IRES uncovers an unexpected similarity with the Hepatitis C Virus IRES. Elife, 7. 

70. Shine,J. and Dalgarno,L. (1974) Identical 3’-terminal octanucleotide sequence in 18S ribosomal 

ribonucleic acid from different eukaryotes. A proposed role for this sequence in the recognition of 

terminator codons. Biochem. J, 141, 609–615. 

71. Shine,J. and Dalgarno,L. (1974) The 3’-terminal sequence of Escherichia coli 16S ribosomal RNA: 

complementarity to nonsense triplets and ribosome binding sites. Proc. Natl. Acad. Sci. U. S. A., 71, 

1342–1346. 

72. Steitz,J.A. and Jakes,K. (1975) How ribosomes select initiator regions in mRNA: base pair formation 

between the 3’ terminus of 16S rRNA and the mRNA during initiation of protein synthesis in 

Escherichia coli. Proc. Natl. Acad. Sci. U. S. A., 72, 4734–4738. 

73. Pánek,J., Kolár,M., Vohradský,J. and Shivaya Valásek,L. (2013) An evolutionary conserved pattern of 

18S rRNA sequence complementarity to mRNA 5’ UTRs and its implications for eukaryotic gene 

translation regulation. Nucleic Acids Res., 41, 7625–7634. 

74. Dresios,J., Chappell,S.A., Zhou,W. and Mauro,V.P. (2006) An mRNA-rRNA base-pairing mechanism 

for translation initiation in eukaryotes. Nat. Struct. Mol. Biol., 13, 30–34. 

75. Tranque,P., Hu,M.C., Edelman,G.M. and Mauro,V.P. (1998) rRNA complementarity within mRNAs: a 

possible basis for mRNA-ribosome interactions and translational control. Proc. Natl. Acad. Sci. U. S. 

A., 95, 12238–12243. 

76. Panopoulos,P. and Mauro,V.P. (2008) Antisense Masking Reveals Contributions of mRNA-rRNA 

Base Pairing to Translation of Gtx and FGF2 mRNAs. Journal of Biological Chemistry, 283, 33087–

33093. 

77. Chappell,S.A. and Mauro,V.P. (2003) The internal ribosome entry site (IRES) contained within the 

RNA-binding motif protein 3 (Rbm3) mRNA is composed of functionally distinct elements. J. Biol. 

Chem., 278, 33793–33800. 

78. Leppek,K., Fujii,K., Quade,N., Susanto,T.T., Boehringer,D., Lenarčič,T., Xue,S., Genuth,N.R., Ban,N. 

and Barna,M. (2020) Gene- and Species-Specific Hox mRNA Translation by Ribosome Expansion 

Segments. Mol. Cell, 80, 980–995.e13. 

79. Shabalina,S.A., Ogurtsov,A.Y., Rogozin,I.B., Koonin,E.V. and Lipman,D.J. (2004) Comparative 

analysis of orthologous eukaryotic mRNAs: potential hidden functional signals. Nucleic Acids Res., 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2022. ; https://doi.org/10.1101/2022.09.30.510333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.30.510333


20 

32, 1774–1782. 

80. Leppek,K., Byeon,G.W., Fujii,K. and Barna,M. (2021) VELCRO-IP RNA-seq reveals ribosome 

expansion segment function in translation genome-wide. Cell Rep., 34, 108629. 

81. Gorski,J.L., Gonzalez,I.L. and Schmickel,R.D. (1987) The secondary structure of human 28S rRNA: 

the structure and evolution of a mosaic rRNA gene. J. Mol. Evol., 24, 236–251. 

82. Lessel,D., Schob,C., Küry,S., Reijnders,M.R.F., Harel,T., Eldomery,M.K., Coban-Akdemir,Z., 

Denecke,J., Edvardson,S., Colin,E., et al. (2017) De Novo Missense Mutations in DHX30 Impair 

Global Translation and Cause a Neurodevelopmental Disorder. Am. J. Hum. Genet., 101, 716–724. 

83. Bosco,B., Rossi,A., Rizzotto,D., Hamadou,M.H., Bisio,A., Giorgetta,S., Perzolli,A., Bonollo,F., 

Gaucherot,A., Catez,F., et al. (2021) DHX30 Coordinates Cytoplasmic Translation and Mitochondrial 

Function Contributing to Cancer Cell Survival. Cancers , 13. 

84. Murat,P., Marsico,G., Herdy,B., Ghanbarian,A.T., Portella,G. and Balasubramanian,S. (2018) RNA G-

quadruplexes at upstream open reading frames cause DHX36- and DHX9-dependent translation of 

human mRNAs. Genome Biol., 19, 229. 

85. McRae,E.K.S., Dupas,S.J., Booy,E.P., Piragasam,R.S., Fahlman,R.P. and McKenna,S.A. (2020) An 

RNA guanine quadruplex regulated pathway to TRAIL-sensitization by DDX21. RNA, 26, 44–57. 

86. Herviou,P., Le Bras,M., Dumas,L., Hieblot,C., Gilhodes,J., Cioci,G., Hugnot,J.-P., Ameadan,A., 

Guillonneau,F., Dassi,E., et al. (2020) hnRNP H/F drive RNA G-quadruplex-mediated translation 

linked to genomic instability and therapy resistance in glioblastoma. Nat. Commun., 11, 2661. 

87. Evans,J.R., Mitchell,S.A., Spriggs,K.A., Ostrowski,J., Bomsztyk,K., Ostarek,D. and Willis,A.E. (2003) 

Members of the poly (rC) binding protein family stimulate the activity of the c-myc internal ribosome 

entry segment in vitro and in vivo. Oncogene, 22, 8012–8020. 

88. Notari,M., Neviani,P., Santhanam,R., Blaser,B.W., Chang,J.-S., Galietta,A., Willis,A.E., Roy,D.C., 

Caligiuri,M.A., Marcucci,G., et al. (2006) A MAPK/HNRPK pathway controls BCR/ABL oncogenic 

potential by regulating MYC mRNA translation. Blood, 107, 2507–2516. 

89. Pickering,B.M., Mitchell,S.A., Evans,J.R. and Willis,A.E. (2003) Polypyrimidine tract binding protein 

and poly r(C) binding protein 1 interact with the BAG-1 IRES and stimulate its activity in vitro and in 

vivo. Nucleic Acids Res., 31, 639–646. 

90. Sanford,J.R., Gray,N.K., Beckmann,K. and Cáceres,J.F. (2004) A novel role for shuttling SR proteins 

in mRNA translation. Genes Dev., 18, 755–768. 

91. López-Ulloa,B., Fuentes,Y., Pizarro-Ortega,M.S. and López-Lastra,M. (2022) RNA-Binding Proteins 

as Regulators of Internal Initiation of Viral mRNA Translation. Viruses, 14. 

92. Mestre-Fos,S., Ito,C., Moore,C.M., Reddi,A.R. and Williams,L.D. (2020) Human ribosomal G-

quadruplexes regulate heme bioavailability. J. Biol. Chem., 295, 14855–14865. 

93. Mestre-Fos,S., Penev,P.I., Richards,J.C., Dean,W.L., Gray,R.D., Chaires,J.B. and Williams,L.D. 

(2019) Profusion of G-quadruplexes on both subunits of metazoan ribosomes. PLoS One, 14, 

e0226177. 

94. Swanson,C.M., Sherer,N.M. and Malim,M.H. (2010) SRp40 and SRp55 promote the translation of 

unspliced human immunodeficiency virus type 1 RNA. J. Virol., 84, 6748–6759. 

95. Kim,G.-W. and Siddiqui,A. (2021) N6-methyladenosine modification of HCV RNA genome regulates 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2022. ; https://doi.org/10.1101/2022.09.30.510333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.30.510333


21 

cap-independent IRES-mediated translation via YTHDC2 recognition. Proc. Natl. Acad. Sci. U. S. A., 

118. 

96. Hung,C.-Y., Yang,W.-B., Wang,S.-A., Hsu,T.-I., Chang,W.-C. and Hung,J.-J. (2014) Nucleolin 

enhances internal ribosomal entry site (IRES)-mediated translation of Sp1 in tumorigenesis. Biochim. 

Biophys. Acta, 1843, 2843–2854. 

97. Han,S., Wang,X., Guan,J., Wu,J., Zhang,Y., Li,P., Liu,Z., Abdullah,S.W., Zhang,Z., Jin,Y., et al. (2021) 

Nucleolin Promotes IRES-Driven Translation of Foot-and-Mouth Disease Virus by Supporting the 

Assembly of Translation Initiation Complexes. J. Virol., 95, e0023821. 

98. Weinlich,S., Hüttelmaier,S., Schierhorn,A., Behrens,S.-E., Ostareck-Lederer,A. and Ostareck,D.H. 

(2009) IGF2BP1 enhances HCV IRES-mediated translation initiation via the 3′UTR. RNA, 15, 1528–

1542. 

99. Khoury,G., Lee,M.Y., Ramarathinam,S.H., McMahon,J., Purcell,A.W., Sonza,S., Lewin,S.R. and 

Purcell,D.F.J. (2021) The RNA-Binding Proteins SRP14 and HMGB3 Control HIV-1 Tat mRNA 

Processing and Translation During HIV-1 Latency. Front. Genet., 12, 680725. 

100. Lin,J.-C., Hsu,M. and Tarn,W.-Y. (2007) Cell stress modulates the function of splicing regulatory 

protein RBM4 in translation control. Proc. Natl. Acad. Sci. U. S. A., 104, 2235–2240. 

101. Niu,K., Zhang,X., Song,Q. and Feng,Q. (2022) G-Quadruplex Regulation of VEGFA mRNA 

Translation by RBM4. International Journal of Molecular Sciences, 23, 743. 

102. Abdullah,S.W., Wu,J. ’en, Zhang,Y., Bai,M., Guan,J., Liu,X., Sun,S. and Guo,H. (2021) DDX21, a 

Host Restriction Factor of FMDV IRES-Dependent Translation and Replication. Viruses, 13. 

103. Liu,W., Yang,D., Sun,C., Wang,H., Zhao,B., Zhou,G. and Yu,L. (2020) hnRNP K Is a Novel Internal 

Ribosomal Entry Site-Transacting Factor That Negatively Regulates Foot-and-Mouth Disease Virus 

Translation and Replication and Is Antagonized by Viral 3C Protease. J. Virol., 94. 

104. Kramer,K., Sachsenberg,T., Beckmann,B.M., Qamar,S., Boon,K.-L., Hentze,M.W., Kohlbacher,O. 

and Urlaub,H. (2014) Photo-cross-linking and high-resolution mass spectrometry for assignment of 

RNA-binding sites in RNA-binding proteins. Nat. Methods, 11, 1064–1070. 

105. Akirtava,C., May,G.E. and McManus,C.J. (2022) False-positive IRESes from and other genes 

resulting from errors in mammalian 5’ UTR annotations. Proc. Natl. Acad. Sci. U. S. A., 119, 

e2122170119. 

106. Burman,L.G. and Mauro,V.P. (2012) Analysis of rRNA processing and translation in mammalian cells 

using a synthetic 18S rRNA expression system. Nucleic Acids Research, 40, 8085–8098. 

107. Hariharan,N., Ghosh,S. and Palakodeti,D. (2022) The story of rRNA expansion segments: Finding 

functionality amidst diversity. WIREs RNA, 10.1002/wrna.1732. 

108. Shi,Z., Fujii,K., Kovary,K.M., Genuth,N.R., Röst,H.L., Teruel,M.N. and Barna,M. (2017) 

Heterogeneous Ribosomes Preferentially Translate Distinct Subpools of mRNAs Genome-wide. Mol. 

Cell, 67, 71–83.e7. 

109. Perez-Riverol,Y., Bai,J., Bandla,C., García-Seisdedos,D., Hewapathirana,S., Kamatchinathan,S., 

Kundu,D.J., Prakash,A., Frericks-Zipper,A., Eisenacher,M., et al. (2022) The PRIDE database 

resources in 2022: a hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res., 50, 

D543–D552. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2022. ; https://doi.org/10.1101/2022.09.30.510333doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.30.510333


22 

 

TABLE AND FIGURES LEGENDS 

Figure 1. ES30L is a 28S rRNA expansion segment that is expanded largely in mammals and birds. 

This figure shows the comparison of the ES30L region from different clades (denoted by the coloured 

bars on the left of the MSA) across bilateria (A) Multiple Sequence Alignment (MSA) of the ES30L 

region from 85 organisms across Bilateria. (B) Front view of the human 80S ribosome (PDB: 4UG0 

10.2210/pdb4UG0/pdb) (25). The boxed region on the ribosome is ES30L and corresponds to the 

rRNA stretch shown in the MSA. It is important to note that the tertiary structure of ES30L is modelled 

based on both secondary structure prediction and cryo-EM data and is not completely resolved 

because of its flexibility. The ribosome structure was rendered using PyMOL (The PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC). (C) Secondary structure of the H. sapiens 28S 

rRNA with the ES30L highlighted in red, created using the RiboVision web server (31). The 

coordinates of ES30L and the other ESs were taken from Parker et al., (6). (D) & (E) Box plots 

displaying the lengths and the GC% of the ES30L region among the sampled organisms across 

bilateria. (F) Gap Adjusted Shannon’s Entropy (GASE) plot for the ES30L region from mammalian 

(red) and bird (green) sequences shown in the MSA. 

Figure 2. ES30L (from human 28S rRNA) possesses complementarity to many protein-coding human 

transcripts. This figure shows the summarised comparison between ES30L and CSL (core segment 

from the LSU; see Methods) regions with regards to their contiguous complementarity (zero 

mismatch) to protein-coding transcripts. In the case of CSL segments, all the data shown here is the 

average value from the ten segments used in the analysis. (A) Table showing the total number of 

complementary hits in all mRNA sectors (5’ UTR, CDS, 3’ UTR) when matched to ES30L and CSL 

segments. The table also shows the density of complementary hits from each mRNA sector, which is 

the total complementary hits from that sector divided by the cumulative length of the sector from all 

the transcripts. (B) Bar plot showing the number of complementary stretches ranging from a length of 

7 to 15 or more nucleotides for ES30L (red) and CSL (green) fragments. The inset in this panel is the 

data for 10 nucleotides and higher, magnified for better clarity. (C) & (D) Histogram showing the 

number of complementarity stretches to transcripts, arising from each position on ES30L (red) and 

CSL (green) fragments respectively. (E) & (F) Histogram showing the number of complementarity 

stretches arising from each bin (bin size used here is 10) on the protein-coding transcripts, with 

ES30L (red) and CSL (green) fragments. The ‘0’ on the x-axis denotes the start codon (TSS) and the 

negative numbers upstream of it, denoting positions in the 5’ UTR. Only the 500 bases flanking the 

TSS have been shown in these plots. The complete histogram of this data is provided in 

Supplementary Figures S2-IC,S2-ID,S2-IIE,S2-IIF. 

Figure 3. ES30L can potentially interact with protein-coding human transcripts. This figure 

summarises data that suggests that such an interaction is possible. (A) MA plot showing the 

distribution of the fold change of all the transcripts between the ES30L fraction and the input, relative 

to the mean expression in the input. The points highlighted in red represent the 1550 transcripts that 

are more than two fold enriched (q<0.05) in the ES30L fraction over the input. (B) Heatmap showing 
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the expression profiles (normalised read count) of the 100 transcripts that are more than two fold 

enriched in the ES30L fraction over the input fraction and 50% higher fold change than the random 

fragment in the pulldown. (C) Network plot showing the gene categories that are over-represented in 

the 100 transcripts that are more than two fold enriched in the ES30L fraction over the input fraction 

and 50% higher fold change than the random fragment in the pulldown. (D) Pie chart showing the 

distribution of the RNAs that interact with the ES30L region reported in Aw et. al. (50). (E) Venn 

diagram showing the overlap between the number of transcript regions interacting with the ES30L 

region reported in Aw et. al. (50) and the number of those transcript regions harbouring at least one 

stretch complementary to ES30L. (F) RNA motifs obtained from de novo secondary structure 

prediction. The sequences used in this prediction were taken from the 100 transcripts from our pull 

down and were 5’ UTR regions which include stretches complementary to ES30L flanked by 20 

nucleotides. 

Figure 4. This figure gives an overview of the potential protein interactome of ES30L (A) Illustration 

depicting the broad protein categories that were enriched more than two fold (q<0.05) over the total 

protein fraction in our pulldown. (B) Bar plot showing the GO (biological process) categories of the 

proteins that were enriched more than two fold (q<0.05) over the total protein fraction in our pulldown. 

The details of these proteins are provided in Supplementary Table S4-I. 
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