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            Abstract
Regulation of messenger RNA translation is central to eukaryotic gene expression control1. Regulatory inputs are specified by the mRNA untranslated regions (UTRs) and often target translation initiation. Initiation involves binding of the 40S ribosomal small subunit (SSU) and associated eukaryotic initiation factors (eIFs) near the mRNA 5â€² cap; the SSU then scans in the 3â€² direction until it detects the start codon and is joined by the 60S ribosomal large subunit (LSU)2,3,4,5 to form the 80S ribosome. Scanning and other dynamic aspects of the initiation model have remained as conjectures because methods to trap early intermediates were lacking. Here we uncover the dynamics of the complete translation cycle in live yeast cells using translation complex profile sequencing (TCP-seq), a method developed from the ribosome profiling6 approach. We document scanning by observing SSU footprints along 5â€² UTRs. Scanning SSU have 5â€²-extended footprints (up to ~75 nucleotides), indicative of additional interactions with mRNA emerging from the exit channel, promoting forward movement. We visualized changes in initiation complex conformation as SSU footprints coalesced into three major sizes at start codons (19, 29 and 37 nucleotides). These share the same 5â€² start site but differ at the 3â€² end, reflecting successive changes at the entry channel from an open to a closed state following start codon recognition. We also observe SSU â€˜lingeringâ€™ at stop codons after LSU departure. Our results underpin mechanistic models of translation initiation and termination, built on decades of biochemical and structural investigation, with direct genome-wide in vivo evidence. Our approach captures ribosomal complexes at all phases of translation and will aid in studying translation dynamics in diverse cellular contexts. Dysregulation of translation is common in disease and, for example, SSU scanning is a target of anti-cancer drug development7. TCP-seq will prove useful in discerning differences in mRNA-specific initiation in pathologies and their response to treatment.
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                    Figure 1: Translation complex profile sequencing (TCP-seq) surveys all phases of mRNA translation.


Figure 2: Snapshots of SSU and ribosome footprint distribution reveal translation initiation by a cap-severed, SSU-led scanning mechanism and staged ribosome recycling after termination.


Figure 3: TCP-seq can monitor modes and efficiency of translation initiation for individual mRNAs.


Figure 4: Changes in SSU footprint size reveal dynamic rearrangements at start and stop codons.
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                Data deposits

                The sequences of reads with poly(A) tracts were deposited to the Sequence Read Archive, under accession code SRP074093. An online interface for browsing and analysing the TCP-seq data is available at (http://bioapps.erc.monash.edu/TCP/) along with (http://dx.doi.org/10.6084/m9.figshare.3206725). The underlying mapped dataset is also available (http://dx.doi.org/10.6084/m9.figshare.3206698).
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Extended data figures and tables

Extended Data Figure 1 Current model of eukaryotic translation with emphasis on substeps with scarce, missing or ambiguous evidence.
a, Schematic representing the current model of the translation cycle starting from SSU attachment to mRNA (top) and ending with recycling of the post-termination complexes on mRNA (bottom). Each step represents complexes with existing in vivo or in vitro evidence. bâ€“e, Alternative models suggested for different substeps, with key differences highlighted in red. b, Type of scanning motion to locate the cognate start codon: linear unidirectional motion of SSU along the 5â€² UTR (top) or random hopping over 5â€² UTR regions from mRNA 5â€²-end (bottom). c, Mode of SSU attachment during scanning: cap-severed mRNA scanning in which initiating SSU lose their interaction with the 5â€² cap structure as they encroach into the inner 5â€² UTR regions (top), as opposed to cap-tethered scanning where the SSU 5â€²-end cap connection is preserved at least until start codon recognition. d, Position of the scanning factors relative to the SSU: SSU-led scanning in which initiation factors responsible for the scanning motion are located and interact with mRNA behind the SSU to push it in 5â€²â†’3â€² direction (top), or an SSU-trailing mechanism where these factors interact with mRNA in front of the moving SSU to pull it along. e, Alternative recycling of termination complexes: mRNA is released from terminating ribosomes before they are disassembled into subunits (left), in contrast to a staged recycling where the LSU is first ejected from the post-termination ribosomes, leaving post-termination SSU attached to mRNA (right).


Extended Data Figure 2 Overview of the in vivo distribution of translation complexes on mRNAs measured by TCP-seq.
a, Snapshots of translation as represented by footprint 5â€² ends on mRNA from wild-type strain ribosomes and SSU fractions (middle and bottom panels), total input mRNA is shown for reference (top panel). Footprint reads are mapped to all annotated mRNAs up to 1,000 nt of mRNA 5â€² and 3â€² flanking regions. Footprint 5â€² end positions are plotted (horizontal axis) against the ORF length rank (vertical axis). Horizontal location (both within and outside the ORF) is scaled relative to ORF length, with start and stop codon positions indicated at the first nucleotide of these triplets (red lines). Footprints with 5â€² ends accumulating at a constant distance upstream from start and stop appear as curved vertical trails due to the scaling. Transparency of points is increased by log10(2 + read number per transcript) to allow the distribution in less abundant transcripts to be observed. b, c, Same as a, but the horizontal location is scaled to 5â€² (b) or 3â€² UTR (c) length, and footprint 5â€² ends are plotted against 5â€² or 3â€²UTR length, respectively. d, Scheme showing classification of the footprints based on position along mRNAs for e, f. e, Profiles of the frequency of the footprint lengths in the 5â€² UTR, start codon, ORF, stop codon and 3â€² UTR regions for the ribosome and SSU fractions of the wild-type yeast. Only footprints mapping to mRNAs within annotated UTRs are analysed. The maximum frequency value for each plot is scaled to 1. f, Proportions of the footprints in the different mRNA regions for the ribosome and SSU libraries of wild-type and SYO1 yeast strains. For raw read counts, see Supplementary Table 1.


Extended Data Figure 3 Characteristics of start-codon-associated, stop-codon-associated and ORF-associated ribosome footprints and comparison of TCP-seq with ribosome profiling.
a, Aggregated densities of wild-type yeast footprint 5â€² ends (FP-5â€²s; red) and footprint 3â€² ends (FP-3â€²s; blue) from the ribosome fraction, mapped to all annotated mRNAs and shown within the vicinity of the start (top) or end (bottom) of the ORFs (aligned as in Fig. 4a, c). Positions of the major footprint end density modalities are indicated (dashed lines). The error regions shown as shading of the same colour indicate the 95th percentiles of 1,000 iterations of random gene-wise resampling (see Methods for details). b, Schematics illustrating the calculated position and 3â€² and 5â€² footprint extensions for the major ribosome footprint types (alignment as for the SSU in Fig. 4b, d) across the start (top) or stop (bottom) codons. c, Correlation of the ribosome density on mRNAs in exponentially propagating wild-type yeast as measured by TCP-seq (vertical axis) or translation (ribosome) profiling43 (horizontal axis). Note that total input denotes either total polysomal RNA (TCP-seq) or total cellular mRNA (ribosome profiling). d, End density for ribosome footprint 3â€² ends plotted relative to the last sense codon from all ORFs, only for footprints with 5â€² ends within the main peak for terminating ribosome complexes (from âˆ’14 nt to âˆ’10 nt). Error regions are depicted as in a. e, Same as in Fig. 2a (top panel), but showing ORF region from +20 to +120 nt from the start codon. f, Register bias (triplet periodicity) for 5â€² and 3â€² ends of ORF-associated SSU and ribosome footprints. Footprints falling between +10 and +200 nt from the start codons of all mRNAs are binned into one of three registers according to the remainder when dividing the footprint 5â€² or 3â€² ends position (relative to the ORF start) by three. The relative difference between the frequency of the most common and least common register is 16.5% for ribosome and 9.9% for SSU. The SSU register is shifted 1 nt downstream to that of the ribosome, possibly due to a 1 nt recession in the footprint 5â€² ends after LSU dissociation.


Extended Data Figure 4 Assessment of potential library or sequence bias.
a, Comparison of sequence bias in the TCP-seq ribosome fraction to other ribosomal profiling experiments in yeast39,40, using codon-level Kullbachâ€“Liebler divergence as implemented in the RUST package38. Peaks in skewness at the fragment ends likely result from library preparation artefacts while the peak at the central A-site (+17 nt from the footprint 5â€² end) probably results from biological differences in codon decoding speed38. b, Probabilities for occurrence of nucleotides around the 5â€² or 3â€² ends of TCP-seq reads (footprint 5â€² and 3â€² ends) generated using Weblogo 3 (ref. 44), c, d, A depletion of footprint 3â€² ends at the uridyl nucleotides. c, Depletion of footprint 3â€² ends over U of the AUG triplets is characteristic of all AUG triplets within ORFs, and not only for start AUG codons (visible for example, in Extended Data Fig. 6a, c). Internal AUG triplets were selected from 50 nt downstream of start codons up to ORF ends, and footprint 3â€² end densities aligned by these codons. d, Same as c, but footprint 3â€² ends were aligned around the first nucleotides of out-of-frame stop codons located within ORF regions.


Extended Data Figure 5 Assorted analyses of TCP-seq data for the SYO1 yeast strain with mild deficiency in cytoplasmic LSU levels11.
a, b, As in Fig. 2a, b. c, d, Top panels as in Extended Data Fig. 3a, bottom panels as in Fig. 4a, c. e, As in Extended Data Fig. 3d, but for the SYO1 cells. Note that horizontal axes in c, d are aligned by the position of the first nucleotide in the P-site of initiating (left panels) or terminating (right panels) to allow for consistency in footprint 5â€² and 3â€² end extensions across translation complexes. For terminating complexes, this corresponds to the first nucleotide of the last sense codon (not the stop codon). Error regions in câ€“e indicate the 95th percentiles of 1,000 iterations of gene-wise bootstrapping (see Methods).


Extended Data Figure 6 Snapshots of SSU and ribosome footprint distribution reveal translation initiation by a cap-severed, SSU-led scanning mechanism and staged ribosome recycling after termination, visualized as footprint length versus footprint 3â€² end positions aggregated across all mRNAs.
a, b, As in Fig. 2a, b. c, d, As in Extended Data Fig. 5a, b, but for footprint 3â€² ends. e, Heatmap of footprint 3â€² end positions relative to start codons, aggregated amongst mRNAs having an annotated 5â€² UTR of at least 100 nt in length45. The extended scanning SSU are arrested when the leading edge (footprint 3â€² end) overruns the start codon by a set margin, irrespective of the trailing edge (footprint 5â€² end) position. This is evidenced by the scarcity of longer footprints with 3â€² end > +30 nt position and 5â€² end < âˆ’13 nt position (window 2; encompassing 175 footprints) relative to that expected from an equivalently bounded region (footprint 3â€² end > âˆ’30 nt and footprint 5â€² end < âˆ’73 nt) that is fully within the 5â€² UTR (window 1; encompassing 1,552 footprints). Isoline iso-3â€² and iso-5â€² margins forming window 1 and 2 represent positions of the footprint 3â€² end and footprint 5â€² end isolines of SSU located upstream of (window 1) or on (window 2) the start codons. f, Schematic of plausible topologies of scanning SSU complexes as they approach and align over the start codons, to assist in interpreting data in e.


Extended Data Figure 7 TCP-seq data for individual mRNAs from wild-type and SYO1 cells demonstrating uninterrupted 5â€² UTR scanning and high frequency of initiation.
a, Translation initiation on the 5â€²UTR of ACT1 mRNA coding for actin. Individual SSU footprints observed on the ACT1 mRNA of wild-type (upper panel) and SYO1 (middle panel) cells. Footprint 5â€² ends of each footprint are shown in black. Annotated mRNA 5â€² end45 and ORF start are indicated by blue and red arrows above the panels and lines of the same colour; potential start codons and stop codons along the 5â€² UTR are indicated below in each of three reading frames (lower panel), colour-coded by bars (with the legend on the right). Initiation codons located in perfect nucleotide context (for yeast) are shown as bars of double width. b, Same as a, but for a collection of additional mRNAs. See also the web interface (http://dx.doi.org/10.6084/m9.figshare.3206725) for browsing and analysing the TCP-seq data for wild-type and SYO1 yeast strains, available at (http://bioapps.erc.monash.edu/TCP/).


Extended Data Figure 8 TCP-seq data for individual mRNAs from wild-type and SYO1-TAP cells demonstrating SSU pile-ups within 5â€² UTRs and decreased frequency of initiation.
Designations and abbreviations as in Extended Data Fig. 7. a, Translation initiation on the 5â€² UTR of GCN4 mRNA coding for general control nonderepressible bZIP transcriptional activator of amino acid biosynthetic genes. b, Same as a, but for a collection of other mRNAs. See also the web interface for browsing and analysing the TCP-seq data for wild-type and SYO1 yeast strains (http://bioapps.erc.monash.edu/TCP/).


Extended Data Figure 9 Efficiency of scanning and start codon selection across yeast mRNAs.
a, Dependency of the ratio of 5â€² UTR to start codon-associated SSU footprints on 5â€² UTR length. b, Dependency of the relative SSU count at start codons on the length of the 5â€² UTR. c, Dependency of 5â€² UTR SSU footprint counts (vertical axis) on the abundance and 5â€² UTR length of mRNA (horizontal axis; as determined by 5â€² UTR RNA fragment counts in the total input fraction) and translation initiation rates (colour; as determined by count of start-codon occupying SSU footprints). Data shown in aâ€“c is for the wild-type yeast strain. d, e, Cross-correlation of the three major start codon footprint types by 3â€² end position (refer to Fig. 4a, b) observed across mRNAs of the wild-type (WT) (d) and SYO1-TAP (SYO1) (e) strains. f, Correlation between wild-type and SYO1 yeast cells of the gene-wise footprint count of each of the three major start codon footprint types. Pearsonâ€™s correlation coefficients are indicated (r). All counts were incremented by 0.5 to allow logarithmic transformation.


Extended Data Figure 10 Summary of TCP-seq findings and their interpretation in the context of existing mechanistic models and information on ribosome structure.
a, Schematic depicting the proposed progression of translation initiation, including cap-severed, SSU-led scanning, and structural rearrangements at start codons. Post-termination events featuring lingering of SSU at stop codons are also shown. b, View of the translation cycle with emphasis on the nexus between TCP-seq footprint types and recent structural information on the SSU in complex with translation factors. The schematic models represent structures obtained for in vitro assembled complexes that are taken to represent particular sub-steps of the translation cycle. Note that in vivo translation intermediates might not completely match the composition and/or structural configuration of in vitro assembled complexes. Schematic models representing the anticipated arrangement of scanning and start codon pausing SSU14,19,20,21,22, start codon recognition14,19,20,21,22, pre-subunit joining23,24 and post-termination recycling25 SSU complexes are shown. eIF1 (blue), eIF1A (red), eIF2 (dark green), initiator tRNAiMet (light green), eIF3 (purple), eIF4A/B/G/H and ABCE1 (amber), eIF5B (yellow), and elongator tRNAeAa (light green).
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