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made using two-sided permutation tests (SciPy110) for the difference in 
mean statistic, with 100,000 resamples of data labels per comparison.

RT–qPCR from individual variant strains to validate VARS-seq
We first cloned intron variants of RPS9A and RPL36B individually into 
the corresponding plasmid backbones to generate complete gene 
constructs with individual variant introns. For RPS9A, we cloned in 
eight intron variants, including the wild type, 5′ mutant, 3′ mutant, 
and rescue sequences for two different barcodes (from gblock_RR15-18 
with two barcodes subsequently added by PCR). For RPL36B, we cloned 
eight intron variants including the wild type, 5′ mutant, 3′ mutant, and 
rescue sequences for two different stem sets labeled ‘short’ and ‘long’ 
(cloning from gblock_RR19-26). For RPS9A, gblocks were amplified by 
PCR with primers RR253 and RR337 to include the barcode expected 
to have high retained intron levels, and with primers RR253 and RR338 
to include the barcode expected to have low levels of retained introns. 
For RPL36B, gblocks were amplified with primers RR343 and RR345 
for the short stem set and with primers RR345 and RR344 for the long 
stem set. Intron library inserts were assembled into the correspond-
ing linearized backbones (pRR5 and pRR7) using NEBuilder HiFi DNA 
Assembly (NEB) as described above, with cloning in NEB Stable Com-
petent E. coli cells (NEB).

We next integrated these intron variant constructs into S. cer-
evisiae to analyze the effects of these variants on splicing. Plasmids 
extracted from correct clones were linearized by restriction digest, 
with a first restriction digest by XcmI (NEB) and a second digest with 
BglII (NEB), as described above. These linearized plasmids included 
complete gene constructs for RPS9A or RPL36B with intron variants, 
homology arms to the genomic integration site, and a partial LEU2 
selection cassette that would be completed by genomic integration 
into PLH001. Linearized plasmids were transformed into PLH001 and 
plated on SD-LEU selection plates. We verified clones with Sanger 
sequencing of extracted genomic DNA.

We next extracted RNA from each strain and evaluated levels of 
spliced and unspliced transcripts with qPCR. To extract RNA, we used 
the YeaStar RNA Kit (Zymo Research) with 5 ml culture with an OD600 of 
0.5–0.6, as described above. We treated the samples with TURBO DNase 
(Thermo Fisher) and cleaned up samples with Zymo5 RNA columns. We 
then carried out reverse transcription with the iScript Reverse Tran-
scription Supermix (Bio-Rad) along with a no-reverse-transcriptase 
control, and we purified samples with Oligo Clean and Concentrator 
columns (Zymo Research).

With this reverse transcription product, we then carried out qPCR 
with the iTaq Universal SYBR Green Supermix (Bio-Rad), using 1 μl of 
forward and reverse primer in a 20-μl reaction. Forward primers were 
designed to avoid the endogenous gene locus by including the fixed 
8-nt sequence inserted into the constructs. Reverse primers were 
designed to amplify only the spliced construct (binding to the exon 
junction) or only the unspliced construct (binding within the intron). 
For RPS9A we used primers RR313 and RR314 to amplify the spliced 
product, and RR317 and RR319 to amplify the unspliced product. For 
RPL36B we used primers RR346 and RR347 to amplify the spliced prod-
uct, and RR346 and RR348 to amplify the unspliced product. A region 
of ACT1 was used as a control interval, with primers RR341 and RR342. 
All primers were verified by checking amplicons on agarose gels.

De novo computational structure prediction and structure 
metrics
We predicted secondary structure ensembles for S. cerevisiae introns 
and control sequence sets with de novo structure prediction. For 
direct comparison between DMS-guided RNAstructure prediction 
and de novo RNAstructure prediction, we computed features in both 
cases only for the 161 introns with a coverage of 1,971 (corresponding 
to r2 > 0.25) from DMS-MaPseq; for other cases, we made predictions 
for the complete set of introns filtered to exclude sequences smaller 

than 50 nt or larger than 600 nt. Three control sequence sets were 
assembled. First, for the ‘shifted control,’ the genome coordinates for 
each intron were shifted 500 nt downstream of the 5′ splice site. For 
the ‘sequence-matched control,’ the shifted control’s sequences were 
replaced at the positions of splice sites to match the corresponding 
intron. The final set, the ‘shuffled control,’ was obtained by shuffling 
each intron’s sequence randomly.

Secondary structure ensemble predictions for each set of 
sequences were obtained either through minimum free energy predic-
tions or by sampling suboptimal secondary structures. For suboptimal 
structure sampling, 1,000 structures were sampled using the Arnie 
package (https://github.com/DasLab/arnie) to call structure prediction 
executables from Vienna 2.0 (ref. 49) and RNAstructure33. We addition-
ally made structure predictions with 50 nt of surrounding context 
upstream and downstream of the intron. For each intron and matched 
control, we computed average values across these structure ensembles 
for the zipper stem free energy, downstream stem free energy, length 
of the longest stem, maximum extrusion from ends, and distance 
between the 5′ splice site and branch point. As described previously, 
we compared the intron and control values using the non-parametric 
Wilcoxon ranked-sum test.

Structure prediction for Saccharomyces genus
We obtained multiple sequence alignments for introns in 20 species 
in the Saccharomyces genus from Hooks et al.50. To count the number 
of orthologs for each intron, we found all the species with non-empty 
sequences aligned to the S. cerevisiae intron. We additionally counted 
the number of zipper stem orthologs by finding all the non-empty 
regions aligned to the longest zipper stem in each S. cerevisiae intron. 
Finally, we computed the average percentage sequence conservation 
across each complete intron and across the intron’s zipper stem, if 
one was present.

We next evaluated secondary structure feature enrichment for 
the introns across the Saccharomyces genus. We tested each intron in 
these 20 species against matched control sets, with each intron hav-
ing a matching shuffled sequence control. We additionally compared 
the secondary structure ensembles of all the introns in each of these 
species’ genomes to phylogenetic controls. To construct phylogenetic 
control sequence sets, we measured mutation and indel rates between 
each intron and its homologous S. cerevisiae intron, and we created 
an intron’s matched control sequence by inserting mutations and 
indels randomly into the homolog S. cerevisiae intron at this measured 
average frequency. As described earlier for the analysis of S. cerevi-
siae introns, for each of these comparisons, we predicted secondary 
structure ensembles for the intron set and control set, computed 
secondary structure features, and compared between sequence sets 
with a Wilcoxon ranked-sum test.

Reagent and resource sharing
Yeast strains are available upon request from the authors. Requests 
for resources and reagents should be directed to the corresponding 
author, Rhiju Das (rhiju@stanford.edu).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All sequencing data are available at the Gene Expression Omnibus 
(GEO) accession number GSE209857. DMS-derived secondary struc-
tures are included in Supplementary Table 1. Processed DMS reactivity 
data, control RNA secondary structures and base-pairing probabilities 
from structure prediction with bootstrapping can be found at https://
github.com/ramyarangan/DMS_intron_analysis. VARS-seq intron 
variant sequences along with spliced and unspliced read counts are 
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included in Supplementary Tables 3 and 4. Source data for Figs. 1–3 and 
5–7, along with Extended Data Figs. 1–5, 8 and 9 are provided with this 
paper. Source data for the Supplementary figures have been provided 
as a Supplementary Data File. Source data for Supplementary Fig. 14 is 
included in Supplementary Table 4.

Code availability
Code for assessing DMS-MaPseq reactivity values, evaluating control 
RNA structures, and analyzing DMS-derived secondary structures is 
available at https://github.com/ramyarangan/DMS_intron_analysis. 
Code for computational secondary structure prediction, secondary 
structure feature calculation, statistical comparisons, and evolutionary 
analyses is available at https://github.com/ramyarangan/pre-mRNA_
Secstruct. Code for designing VARS-seq sequences and analyzing gDNA 
and RNA sequencing data from VARS-seq is available at https://github.
com/ramyarangan/VARSseq.
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Extended Data Fig. 1 | DMS-MaPseq data quality. A) Per-base mutational frequencies. B) Accuracy of mutational frequency values for rRNA residues. C) HAC1 and ASH1 
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Extended Data Fig. 2 | Support from DMS reactivity for in vivo formation 
of control structures. A) PPV, B) sensitivity, and C) F1 score for structure 
prediction of a set of control RNA structures (rRNAs, tRNAs, snRNAs, and 
mRNAs; Supplementary Table 2), using RNAstructure guided by DMS with 
varying helix confidence estimate cutoffs for calling stems. The black dotted 
line represents the helix confidence estimate 0.7 chosen in this paper. The 
red dotted line represents the PPV, sensitivity, and F1 score for Vienna RNA 
structure prediction without using DMS data. D)-E) DMS-MaPseq structure 

prediction for the U1 snRNA compared to the native secondary structure. D) 
DMS-guided secondary structure prediction for the U1 snRNA, with reactivity 
values overlaid and helix confidence estimates indicated in green percentages. 
E) Native secondary structure for the U1 snRNA, with DMS reactivity overlaid 
along with helix confidence estimates. For the native structure, helix confidence 
estimates were computed as the percent of bootstrapping iterations where the 
helix was recovered when sampling DMS reactivity values and making structure 
predictions.
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Extended Data Fig. 6 | Multidimensional chemical mapping for RPL36B. A) In 
vitro M2-seq Z scores for the intron in RPL36B, with peaks representing helices 
annotated in red. B) In vitro chemical reactivity base-pairing probabilities for 

RPL36B using 1D and 2D chemical reactivity from M2-seq. Secondary structure 
predictions guided by 1D and 2D DMS probing data for the intron in RPL36B C) 
from in vitro M2-seq, and D) from in vivo DMS-MaPseq.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Structure variant library design to measure spliced 
and unspliced RNA levels for intron variants. A) Computational pipeline for 
designing variant and rescue sequences to assess stem and loop sets in an intron. 
B) Sample base-pair probability matrix comparison between a set of wildtype 
(left), variant (middle), and rescue (right) sequences. The stem set targeted 
by this variant and rescue sequence are bracketed. C) Constructs used for 

constructing the landing pad strain LPL001 (top) and for transforming the intron 
library via genomic integration into LPL001 (bottom). D) Based on simulations 
sampling 10,000 or 50,000 random barcodes, the number of barcodes within 
2, 3, or 4 edit distance of another barcode. The vertical line indicates the chosen 
barcode length (12).
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Extended Data Fig. 9 | Effects of structure variants on retained intron levels 
for RPS9A variants. For a given stem set or loop, violin plots depict data for 
the wildtype sequence and all variant sequences, with points for each unique 
barcode. Data for rescue sequences are shown when included in the intron 
library. p-values (computed by two-sided permutation tests) are indicated for 
comparisons between wildtype and variant sequences, and between variant 
and rescue sequences. There are 67 wildtype sequences compared to variant 
sequences in each plot. The numbers of variant sequences are as follows: 12 for 
stem 51-58, 75 for stem 73-79, 11 for stems 73-84, 39 for stems 73-96, 10 for stems 
102-114, 81 for stem 191-195, 44 for stems 184-195, 60 for stems 182-195, 74 for 
stems 171-195, and 51 for loop 196-205. The numbers of rescue sequences are as 
follows: 18 for stem 191-195, 46 for stems 184-195, 25 for stems 182-195, and 24 for 

stems 171-195. Embedded box plots mark the median as the center white point 
and include a box from the 25th (Q1) to 75th (Q3) percentile, extending whiskers 
to the smallest and largest value that fall within 1.5 times the interquartile range 
below Q1 and above Q3. Secondary structures are colored by reactivity data, 
and bars alongside the secondary structure indicate stem and loop disruption 
sets, with each bar representing variant sequences mutating nucleotides across 
the full extent of the bar. These bars are colored by the retained intron (RI) score 
for the interval. The RI score is the negative log(p-value) comparing RI values 
between wildtype and variant sequences, and the sign indicates the effect 
direction, with positive values (shown as blue) for lower variant RI compared to 
wildtype, and negative values (shown as red) for higher variant RI.
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Extended Data Fig. 10 | One-page overview of secondary structures and overlaid DMS reactivity profiles for all introns with sufficient coverage from DMS-
MaPseq. Introns are grouped into classes from hierarchical clustering (Fig. 5). Secondary structures are depicted schematically using RiboGraphViz (https://github.
com/DasLab/RiboGraphViz).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used for data collection.

Data analysis Sequencing data processing pipelines are detailed at the GEO accession GSE209857. The following software was used for sequencing data 
analysis: bowtie2 (v2.3.4.1), cutadapt (v1.18), UMI-tools (v1.1.1), samtools (v1.16.1), fgbio (v2.0.2), gmap (2015-12-31), TopHat (v2.1.1), Biers 
(v1.2), RNAframework (v2.6.9), and ShapeMapper (v1.2). The following tools were used for structure prediction and structure analysis: 
Rosetta (v3.5),  RNAstructure (v6.1), Vienna (v2.4.13), Contrafold (v2.00), DREEM (v0.0.2), Arnie (v0.2.6), and R-scape (v1.6.0). RiboDraw 
(v1.0.0) and RiboGraphViz (https://github.com/DasLab/RiboGraphViz) were used for structure visualization. Structural feature calculation, 
statistical comparisons, and evolutionary analyses are included at https://github.com/ramyarangan/pre-mRNA_Secstruct. Code for designing 
VARS-seq sequences and analyzing gDNA and RNA sequencing data from VARS-seq is included in https://github.com/ramyarangan/VARSseq. 
Analysis of intron evolution and computational predictions for intron secondary structures and structural features were performed using the 
code in: https://github.com/ramyarangan/pre-mRNA_Secstruct.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All sequencing data are available at the Gene Expression Omnibus (GEO) accession number GSE209857. DMS-derived secondary structures are included in Table S1. 
Processed DMS reactivity data, control RNA secondary structures, and base-pairing probabilities from structure prediction with bootstrapping are included in 
https://github.com/ramyarangan/DMS_intron_analysis. VARS-seq intron variant sequences along with spliced and unspliced read counts are included in Tables S3-
S4. PDB IDs 6G90, 4V88, 6AGB, and 6N7R were used for analysis. We compared our data with prior DMS-MaPseq data included at GEO accession GSE84537 (sample 
SRX1959209, run number SRR3929621). We additionally used annotations from the Saccharomyces Genome Database, S. cerevisiae snoRNA database, and the 
YeasTSS database.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or 
other socially relevant 
groupings

N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Structure probing experiments were carried out in two replicates per condition, aligning with prior standards in the field.

Data exclusions No data were excluded.

Replication For all transcriptome-wide structure probing experiments (in vivo, in vitro refolded, and denatured conditions) along with targeted DMS-
MaPseq, we performed experiments with two replicates to confirm replicable structure profiles. Biological replicates were additionally 
performed for RT-qPCR experiments. In all cases, replicate experiments were performed by growing overnight cultures from independent 
yeast clones, with separate cell treatment and RNA extraction. All attempts at replicating experiments were performed successfully.

Randomization Randomization was not relevant to this study design, as experiments were conducted where treatments were applied to some sequences but 
not others.

Blinding Blinding was not relevant to this study design, as we did not expect that bias would influence outcomes of experiments.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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n/a Involved in the study
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Palaeontology and archaeology

Animals and other organisms

Clinical data
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Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants




