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            Abstract
RNA structure has critical roles in processes ranging from ligand sensing to the regulation of translation, polyadenylation and splicing1,2,3,4. However, a lack of genome-wide in vivo RNA structural data has limited our understanding of how RNA structure regulates gene expression in living cells. Here we present a high-throughput, genome-wide in vivo RNA structure probing method, structure-seq, in which dimethyl sulphate methylation of unprotected adenines and cytosines is identified by next-generation sequencing. Application of this method to Arabidopsis thaliana seedlings yielded the first in vivo genome-wide RNA structure map at nucleotide resolution for any organism, with quantitative structural information across more than 10,000 transcripts. Our analysis reveals a three-nucleotide periodic repeat pattern in the structure of coding regions, as well as a less-structured region immediately upstream of the start codon, and shows that these features are strongly correlated with translation efficiency. We also find patterns of strong and weak secondary structure at sites of alternative polyadenylation, as well as strong secondary structure at 5â€² splice sites that correlates with unspliced events. Notably, in vivo structures of messenger RNAs annotated for stress responses are poorly predicted in silico, whereas mRNA structures of genes related to cell function maintenance are well predicted. Global comparison of several structural features between these two categories shows that the mRNAs associated with stress responses tend to have more single-strandedness, longer maximal loop length and higher free energy per nucleotide, features that may allow these RNAs to undergo conformational changes in response to environmental conditions. Structure-seq allows the RNA structurome and its biological roles to be interrogated on a genome-wide scale and should be applicable to any organism.
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                    Figure 1: Overview of structure-seq.[image: ]


Figure 2: Structure-seq accurately maps 18S rRNA and agrees with gel-based in vivo structure probing.[image: ]


Figure 3: Structure-seq reveals new features of mRNA secondary structures that prevail in vivo.[image: ]


Figure 4: Structure-seq provides in vivo RNA structure information at nucleotide resolution across 10,623 mRNAs and reveals correlations between RNA structure and biological function.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Time course of DMS modification and overview of structure-seq libraries.
a, Time course of in vivo DMS modification of 18S rRNA in Arabidopsis etiolated seedlings. Five-day-old Arabidopsis etiolated seedlings were DMS-treated for different durations (1â€‰min, 5â€‰min, 15â€‰min and 30â€‰min; lanes 2â€“5, respectively). In all cases the final DMS concentration was 0.75% (âˆ¼75â€‰mM). The 18S rRNA DMS modification read-out was assessed by gel-based probing, which was done here near the 5â€²â€‰end to afford a view of the full-length RNA band. The 15-min time point is the optimal duration for DMS modification, as it is the longest time point for which single-hit kinetics still occur as revealed by the intense full-length band. The 30-min time point is too long, as revealed by significant loss of the full-length band and increase of shorter length bands. Lanes 6â€“9 show the dideoxy sequencing of 18S rRNA. Lane 1 is the (âˆ’)DMS control. Lane 10 is a DNA marker (M) that was size fractionated to confirm the size of the full-length band (112 nt). b, DMS modification is RNA nucleotide specific. Nucleotide occurrence of RNA bases one nucleotide upstream of the position of reverse transcriptase stalling on the (+)DMS library and (âˆ’)DMS library, respectively. The (+)DMS library shows higher occurrence of A and C than of U and G (A is more than 1 standard deviation higher compared to C, G and U, and C is more than 1 standard deviation higher compared to G and U if leaving out A), consistent with the properties of DMS modification of nucleobases36. The percentages of each RNA base in the (âˆ’)DMS library are also indicated and are found to be similar (within 1 standard deviation). This figure combines results from both biological replicates. c, The total number of reads was classified into different classes of RNAs on a percentage basis from a total number of 121,258,873 reads for the (+)DMS library and 85,371,519 reads for the (âˆ’)DMS library. This figure combines results from both biological replicates. d, Structure-seq reads coverage. RNA structure information from structure-seq is distributed evenly across transcripts, with no 3â€² bias. Each of the 37,558 transcripts (all transcripts withâ€‰â‰¥â€‰1 internal reverse transcriptase stop and lengthâ€‰â‰¥â€‰100â€‰nt) was divided into 100â€‰bins to normalize the transcript length. The reverse transcriptase stops per each A and C nucleotide (top) and the reverse transcriptase stops per each A and C nucleotide withâ€‰â‰¥â€‰1 reverse transcriptase stop (bottom) from both the (+)DMS library (black diamonds) and the (âˆ’)DMS library (grey triangles) were averaged within each bin and plotted. The reverse transcriptase stops are well distributed over the entire transcript length.


Extended Data Figure 2 Structure-seq reveals in vivo RNA secondary structures for over 10,000 transcripts and correlates with mRNA abundance.
a, Structure-seq reveals in vivo RNA secondary structures for over 10,000 transcripts. The histogram shows the number of transcripts as a function of the average reverse transcriptase stops associated with Aâ€‰+â€‰C nucleotides of a transcript, divided by the total number of the Aâ€‰+â€‰C nucleotides of that transcript, calculated for all individual transcripts in our data set. (Note that it is expected that not all As and Cs of a transcript will be DMS-modified and associated with an reverse transcriptase stop, because some As and Cs will be protected, for example, by base-pairing, tertiary structure or protein binding.) There are 10,781 transcripts withâ€‰â‰¥â€‰1 average read per A + C nucleotides (dark shading and to the right of the right-most dashed red line). With a threshold of 0.5 average reads per A + C nucleotides, there are 15,565 transcripts (to the right of the left-most dashed red line). It is of interest to compare structure-seq, which provides the first high-throughput in vivo RNA structurome, with previous high-throughput studies of RNA structures conducted in vitro5,6,7,8. We have coverage withâ€‰â‰¥â€‰1 average reverse transcriptase stop per nucleotide across 10,623 mRNAs, which compares favourably with âˆ¼3,000 mRNAs with load (number of reads per nucleotide) > 1 from an in vitro study of yeast5. In comparison with 3.9â€‰Ã—â€‰105 reads (0.0078 RNase One cleavages per nucleotide on average) on mRNAs in the single-stranded RNA-seq library of an in vitro study of RNA structure in Arabidopsis6, we have much improved coverage with 7.1â€‰Ã—â€‰107 reads (1.4 reverse transcriptase stops per nucleotide on average) on mRNAs in our (+)DMS in vivo library. b, c, Structure-seq queries in vivo RNA structures in proportion to their abundance in the transcriptome. mRNA abundance within our structure-seq data set is highly correlated with mRNA abundance from RNA-seq analysis in this study (b) and with RNA-seq analysis from a previous study (c)14. Correlation of mRNA abundance is based on average sequencing reads per mRNA between structure-seq and RNA-seq. The RNA-seq data set in our study was generated in parallel with the structure-seq data set from seedlings under the identical growth conditions but without DMS; that is, the RNA-seq data are extracted from the (âˆ’)DMS library. The RNA-seq data set from ref. 14 was generated from five-day-old etiolated seedlings. The PCCs of 0.89 and 0.78, respectively, indicate that more abundant mRNAs are more likely to have sufficient coverage available for structure-seq analysis.


Extended Data Figure 3 Structure-seq provides the complete map of the 18S rRNA in vivo structure at nucleotide resolution.
a, Structure-seq provides the complete map of the 18S rRNA in vivo structure at nucleotide resolution. The complete 18S rRNA phylogenetic structure16 is colour-coded according to the DMS reactivity generated from structure-seq (DMS reactivity â‰¥0.6 marked in red; DMS reactivity 0.3â€“0.6 marked in yellow; DMS reactivity 0â€“0.3 marked in green; and U/G bases marked in grey). b, High correlation between structure-seq and 18S rRNA phylogenetic structure. In the entire 18S rRNA (length = 1,808â€‰nt), 86.7% (true positive) of the As and Cs that show high in vivo DMS reactivity (defined as â‰¥0.6) in our data set correspond to single-stranded regions in the phylogenetic structure16, whereas 52.0% (true negative) of the As and Cs that show low in vivo DMS reactivity (defined as â‰¤ 0.3) in our data set correspond to base-paired regions in the phylogenetic structure. The 48.0% (false negative) of the As and Cs that show low in vivo DMS reactivity in our data set but correspond to single-stranded regions in the phylogenetic structure presumably are protected by either ribosomal proteins or non-base-pairing tertiary RNA structure. Of the 13.3% (false positive) reactive nucleotides (defined as â‰¥ 0.6 from structure-seq) that are annotated as base-paired in the phylogenetic structure, 75% of these nucleotides are positioned either at the end of a helix or adjacent to a helical defect such as a bulge or loop, locations that are known to lead to flexibility37. Values in parentheses, corrected for this positioning, show higher true positive and lower false positive percentages.


Extended Data Figure 4 Structure-seq results are strongly correlated with results from the conventional gel-based RNA structure probing method.
a, Nucleotides 87â€“207 of 18S rRNA were probed by the conventional gel-based method. Lanes 1â€“2 show the (âˆ’)DMS and (+)DMS results on the region of interest. Lanes 3â€“4 show C and A dideoxy sequencing. For both this panel and structure-seq, the starting material was the same total population of in vivo DMS-modified RNA. b, The results from structure-seq (blue bars) are compared to results from the conventional gel-based method, presented as normalized band intensity (black lines), with the highest intensity normalized to 100%5. The red asterisks indicate nucleotides that have significant DMS modifications from both methods, and are also shown in panel a. Structure-seq results are strongly correlated with results from the conventional gel-based RNA structure probing method: the PCC between the two methods is 0.71. c, d, Nucleotides 298â€“428 of 18S rRNA as probed by structure-seq and also analysed by the conventional gel-based method. The PCC is 0.68. eâ€“g, Structure-seq results are also strongly correlated with results from the conventional gel-based RNA structure probing method for an individual mRNA, CAB1 (At1g29930). The 5â€²â€‰UTR of CAB1 was probed by structure-seq and analysed by the gel-based method; in both cases, the starting material was the same total population of in vivo DMS-modified RNA. e, Lanes 1â€“2 show the (âˆ’)DMS and (+)DMS results on the region of interest as analysed by the conventional gel-based method. A 10-nt marker (M) was size fractionated (lane 3) to allow nucleotide assignment based on spacing. f, DMS reactivity from structure-seq is plotted with nucleotide resolution (blue bars). Results from the gel-based RNA structure probing method are presented as normalized quantified band intensity (black lines), with the highest intensity normalized to 100%5. For the gel-based method, the nucleotides near the 5â€² end cannot be confidently quantified and assigned due to band compression at the top of the gel and proximity to the full-length band. The PCC between the two methods is 0.66. g, The secondary structure of the 5â€²â€‰UTR of CAB1 mRNA (At1g29930) was determined using the in vivo DMS constraints obtained from structure-seq. (DMS reactivity â‰¥ 0.6 marked in red; DMS reactivity 0.3â€“0.6 marked in yellow; DMS reactivity 0â€“0.3 marked in green; and U/G bases marked in grey).


Extended Data Figure 5 Structure-seq reveals global trends in mRNA secondary structure in vivo that correlate with translation efficiency.
a, Average DMS reactivity on an A + C nucleotide basis in selected regions of 22,721 mRNAs (including all splice variants) that have 5â€² and 3â€² UTR regions longer than 40â€‰nt: 5â€² UTR region (40â€‰nt upstream of the start codon); CDS initial region (100â€‰nt downstream of the start codon); CDS final region (100â€‰nt upstream of the stop codon); and 3â€²â€‰UTR region (40â€‰nt downstream of the stop codon) are depicted. The transcripts were aligned by their start codon and stop codon (vertical lines). (Us and Gs in the start codon and the stop codon were not counted, marked by a break in the red line.) The 40-nt 5â€²â€‰UTR and 3â€²â€‰UTR regions show significantly higher average DMS reactivity than the flanking 100â€‰nt of the CDS region, with Pâ€‰values of 10âˆ’4 and 10âˆ’18, respectively (Studentâ€™s t-tests). The first 5â€‰nt immediately upstream of the start codon show significantly higher reactivity than the average DMS reactivity across the first 100â€‰nt of the CDS with Pâ€‰value of 10âˆ’112 (Studentâ€™s t-test). b, Discrete Fourier transform of average DMS reactivity on a nucleotide basis was performed on the 40-nt 5â€²â€‰UTR (green line), the first 100â€‰nt of the CDS (purple line) and the 40-nt 3â€²â€‰UTR (blue line) regions. Only the CDS shows the periodic signal. For the analysis, the 40-nt 5â€²â€‰UTRs and 3â€²â€‰UTRs were compared to the first 100â€‰nt of the CDS regions. c, The average DMS reactivity of the three positions in each codon was computed from the entire CDS regions of all 22,721 mRNAs. The first position of each codon shows significantly higher average DMS reactivity compared with the second position of each codon (P = 10âˆ’27). The third position of each codon shows significantly higher average DMS reactivity compared with the second position (P = 10âˆ’5) but significantly lower average DMS reactivity compared with the first position of each codon (P = 10âˆ’17) (Studentâ€™s t-tests). d, Structure-seq reveals significantly stronger periodic signal in the coding regions of high translation efficiency mRNAs (1,136 mRNAs) as compared to low translation efficiency mRNAs (1,136 mRNAs). We analysed the polyribosome-associated mRNA populations defined in a previous study21, ranking the mRNAs according to their polyribosome-associated mRNA abundance21. We defined the top 5% (n = 1,136 mRNAs) as the â€˜high translation efficiency mRNAsâ€™ and the bottom 5% (n = 1,136 mRNAs) as the â€˜low translation efficiency mRNAsâ€™. The average DMS reactivity of the three positions of each codon was computed along the entire CDS for the high translation efficiency mRNAs and the low translation efficiency mRNAs. The difference in average DMS reactivity between the three nucleotides is significantly greater in the high translation efficiency transcripts (nt 1â€“2, P = 10âˆ’23; nt 2â€“3, P = 0.02; nt 1â€“3, P = 10âˆ’15) than in the low translation efficiency transcripts (nt 1â€“2, P = 0.29; nt 2â€“3, P = 0.99; nt 1â€“3, P = 0.34) (Studentâ€™s t-tests). e, No nucleotide or codon bias in high versus low translation efficiency mRNAs occurs in any of the three positions of the codon. There is no difference between high translation efficiency mRNAs (1,136 mRNAs) and low translation efficiency mRNAs (1,136 mRNAs) in the frequency of nucleotide occurrence at each codon position. The correlation between the codon usage of the high translation efficiency mRNAs and low translation efficiency mRNAs is very high (PCC = 0.90).


Extended Data Figure 6 Control analyses for alternative polyadenylation and alternative splicing.
a, The percentages of nucleotide occurrence around the site of alternative polyadenylation show a U/A rich region from -15 nt to -2 nt (P = 10âˆ’16 Studentâ€™s t-test), and the region from 1 nt upstream to 5 nt downstream (nt -1 to 5) of the cleavage site is A-rich (P = 10âˆ’5 Studentâ€™s t-test). This pattern is not unlike that reported for a combined data set of all polyadenylation sites23. The percentages of nucleotide occurrence are plotted relative to the alternative polyadenylation site position collected from a previous study22, indicated by 0: (A (orange diamonds); U (dark red squares); C (blue circles); and G (green triangles)). b-c, Nucleotide composition and sequence alone cannot account for the RNA structural pattern of the alternative polyadenylation site. b, We identified 20 nt regions in our structure-seq mRNA data set that are not alternative polyadenylation cleavage sites but contain the same exact nucleotide sequence as the region 15 nt upstream and 5 nt downstream of each alternative polyadenylation cleavage site that we analysed. The percentages of nucleotide occurrence are plotted relative to the position corresponding to where the alternative polyadenylation site (designated as position zero) would be situated: (A (orange diamonds); U (dark red squares); C (blue circles); and G (green triangles)). c, For the selected control region from panel b, DMS reactivity of these selected 20 nt control regions as well as the regions upstream (35 nt) and downstream (45 nt) was averaged on a nucleotide basis and plotted, revealing absence of any structural features (violet line). d, Extensive RNA secondary structure was not apparent at the 3â€² splice site. A previous genome-wide study of alternative splicing (AS) in Arabidopsis seedlings26 was used to identify for each mRNA in our data set, whether all introns were spliced out or whether AS (including exon skipping and intron retention) occurred. DMS reactivity along 100 nt in the exons upstream of the 3â€² splice site was averaged on a nucleotide basis from the unspliced events, including both exon skipping and intron retention (green lines), and the spliced events (yellow lines). The same nucleotide composition of the 100 nt in the unspliced AS events was shuffled and remapped to regions in our structure-seq mRNA data set that were not located at the junction of a 3â€² splice site. The averaged DMS reactivity collected from the control regions with the same nucleotide composition served as the control (grey lines).


Extended Data Figure 7 In vitro structures differ from in vivo structures; PPV does not correlate with average DMS reactivity or with mRNA length.
a, In vitro structures differ from in vivo structures, and in vitro structures are more similar to in silico structures than are in vivo structures. The 61 Arabidopsis mRNAs with coverageâ€‰â‰¥â€‰0.5 cleavages per nucleotide from Li et al.â€™s in vitro data were compared among the in silico structure (from RNAstructure), the in vitro structure (in silico structures from RNAstructure constrained by Li et al.â€™s in vitro data)6, and the in vivo structure (in silico structures from RNAstructure constrained by our in vivo data). PPV (the base pairs in one structure that are also present in another structure, as a proportion) was averaged across these 61 mRNAs. The PPV between in vitro structures and in silico structures is 0.77, which is significantly higher than the PPV between in vivo structures and in silico structures and is also significantly higher than the PPV between in vivo and in vitro structures, according to two sample t-tests with Pâ€‰values as shown in the figure. In vivo structures are different from both in vitro structures (PPV = 0.51) and in silico structures (PPV = 0.55). b, PPV does not correlate with average DMS reactivity per nucleotide. For each of 10,623 mRNAs in our structure-seq data set, the corresponding PPV of each mRNA was plotted, revealing an absence of correlation between PPV and average DMS reactivity per nucleotide (PCC = âˆ’0.33). c, PPV does not correlate with mRNA length. For each of 10,623 mRNAs, the corresponding PPV of each mRNA was plotted as a function of mRNA length, revealing an absence of correlation between these two variables (PCC = âˆ’0.10).


Extended Data Figure 8 Examples for in vivo and in silico structural feature comparison of high and low PPV mRNAs.
a, Ten examples for in vivo and in silico structural comparison of high and low PPV mRNAs. Five examples from the high PPV mRNA group (top) and five examples from the low PPV mRNA group (bottom). At1g52600 and At3g05880 mRNA structures were given in Fig. 4d. Base pair predictions are indicated with coloured lines: red, uniquely in vivo base pair; black, uniquely in silico base pair; green, base pair present in both the in vivo and the in silico structure. Plots were generated using the CircleCompare program in the RNAstructure package35. Low PPV mRNAs show more extensive differences between in vivo and in silico structures than do high PPV mRNAs. b, Characteristics of in vivo and in silico structural features in the ten high and low PPV mRNAs. The same five examples from both high PPV and low PPV mRNAs as in a were assessed for RNA structural features in both in silico-predicted (without in vivo constraints) and in vivo (in silico prediction with constraints from our in vivo structure-seq data) structures. In vivo structures of low PPV mRNAs show more single stranded regions, longer maximum loop length, and higher (that is, less favourable) free energy per nucleotide as compared to high PPV mRNAs. By contrast, in silico-predicted structures do not show such major differences between low and high PPV mRNAs.


Extended Data Table 1 Statistical analysis of structure-seq librariesFull size table


Extended Data Table 2 In vivo constraints improve the prediction of structure in 18S rRNAFull size table
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Probing the in vivo RNA structurome
Being single-stranded, RNA can adopt a diversity of secondary structures via inter- and intramolecular base-pairing. Three studies published in this issue of Nature provide an in-depth view of the variety, dynamics and functional influence of RNA structures in vivo. Sarah Assmann and colleagues map the in vivo RNA structure of over 10,000 transcripts in the model plant Arabidopsis thaliana. Their struc-seq (structure-seqence) approach incorporates in vivo chemical (DMS) probing and next-generation sequencing to provide single-nucleotide resolution on a genome-wide scale. Distinct patterns of structure are found to be correlated with coding regions, splice sites and polyadenylation sites. Comparison of these results with those obtained by earlier technologies reveals that, although predictions for some classes of genes were fairly accurate, others, such as those involved in stress response, were poorly predicted and may reflect changes that made them more adapted to that condition. Jonathan Weissman and colleagues have also developed a DMS-seq method to globally monitor RNA structure to single-nucleotide precision in yeast and mammalian cells. Comparing their findings with in vitro data, the authors conclude that there is less structure within cells than expected. Even thermostable RNA structures can be denatured in cells, highlighting the importance of cellular processes in regulating RNA structure. Howard Chang and colleagues asked a different question: how does RNA secondary structure change on a transcriptome-wide level in related individuals? By calculating the RNA secondary structures of two parents and their child, they find that about 15% of transcribed single-nucleotide variants affect local secondary structure. These 'RiboSNitches' are depleted in certain locations, suggesting that a particular RNA structure at that site is important. This study illustrates that there is much to be learned about how changes in RNA structure, particularly as imparted by genetic variation, can alter gene expression.
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