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Pre-mRNA secondary structures are hypothesized to regulate RNA
processing pathways, but such structures have been difficult to visualize

invivo. Here, we characterize Saccharomyces cerevisiae pre-mRNA
structures through transcriptome-wide dimethyl sulfate probing, enriching
for low-abundance pre-mRNA through splicing inhibition. We cross-validate
structures found from phylogenetic and mutational studies and identify
structures within the majority of measured introns (79 of 88). We find
widespread formation of ‘zipper stems’ between the 5’ splice site and branch
point, ‘downstream stems’ between the branch point and the 3’ splice site,
and previously uncharacterized long stems that distinguish pre-mRNA

from spliced mRNA. Multi-dimensional chemical mapping revealsintron
structures thatindependently formin vitro without the presence of

binding partners, and structure ensemble prediction suggests that such
structures appear inintrons across the Saccharomyces genus. We further
develop a high-throughput functional assay to characterize variants of

RNA structure (VARS-seq), applying it to 135 sets of stems across 7 introns,
identifying structured elements that alter retained intron levels at a distance
from canonical splice sites. This transcriptome-wide inference of intron
RNA structuresintroduces alternative paradigms and model systems for
understanding how pre-mRNA folding influences gene expression.

Introns are widely prevalent features of eukaryotic genomes. Many
genes contain long stretches of these non-coding RNA sequences,
which are excised from mRNA precursors through RNA splicing.
In the splicing reaction, the spliceosome precisely recognizes and
positions three key intronic sequences termed the 5’ splice site, the
branch pointand the 3’ splice site, carrying out the two catalytic steps
required for removing introns (Fig. 1a)'. Despite the prevalence of
introns, the functional roles for many of them remain underexplored.
In some cases, intron sequences beyond splice sites regulate gene
expression by controlling splicing rates and promoting alternative
splicing®®. In addition, introns can contain functional non-coding
RNAs, alter pre-mRNA decay rates and facilitate the evolution of
new genes*°,

Intron RNA sequences are complex macromolecules that
occupy an ensemble of secondary structures, including single- and
double-stranded regions. Intron secondary structure can regulate
splice-site selection and splicing efficiency, and structure in pre-mRNA
can have a role in numerous other nuclear processes, such as RNA
editing and RNA end processing™". S. cerevisiae provides a useful
model system for studying therole of pre-mRNA secondary structures
because the catalytic steps of splicing, spliceosomal machinery, RNA
modification processes, and RNA-decay pathways are highly conserved
across eukaryotes, from S. cerevisiae to humans">", Research on S.
cerevisiae has revealed that intron stems called zipper stems can link
the 5’ splicesite to the branch point™™®, and hairpins can lower the effec-
tive distance between the branch point and 3’ splice site, facilitating
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Fig.1|Splicing inhibition by pladB allows for accumulation of pre-mRNA. (purple) and without (orange) pladB treatment. e, The Rl fraction with and
a, Schematic of RNA splicing. b, Schematic of splicing inhibition, followed by the without pladB treatment. Points are plotted on alog scale, and the equal retained
DMS-MaPseq experiment. ¢, Accumulation of pre-mRNA for RPL36B and MATal, fraction from both conditions isindicated by the dashed line. R, retained intron.
assessed using RT-PCR. This experiment was repeated with a biological replicate, f, Comparison of reactivity values for three introns with and without pladB
with similar results. d, Read coverage across intron-containing pre-mRNA with treatment.
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efficientsplicing®. Inaddition, pre-mRNA structures can bind to their
protein products to regulate autogenous gene expression control at
thelevel of splicing”*° %,

These studies highlight various functions of pre-mRNA structures,
butitremains unclear how generally these findings extend across the
transcriptome. A comprehensive experimental survey of structures
in introns across the transcriptome of any organism is lacking, and
functional data that test therole of native intron structures are limited.
Althoughscans for covariation have identified some potentially func-
tional structures®, others uncovered in functional studies have been
missed by these scans?®*>**, Moreover, while sequence variants have
beenused to test some intron structures®?, the depth of mutagenesis
hasbeenlimited®. At this stage, the structural landscape and functional
roles forintron secondary structures across any transcriptome are only
sparsely determined.

In vivo chemical probing provides an avenue for obtaining deep
structural data on RNA across the transcriptome?. However, owing
to their low abundance, introns typically escape structure detection
and quantification by these methods. Here, we use splicing inhibition
to enrich for unspliced pre-mRNA in transcriptome-wide structure
probing experiments, identifying patterns in reactivity that distin-
guish structures in S. cerevisiae introns from coding regions in vivo.
We combine this structural information with phylogenetic analysis
across yeast genomes, and we develop a strategy for high-throughput
functional analysis called VARS-seq to evaluate levels of unspliced and
spliced RNA for variants of 135 sets of stems in 7 introns. Our combined
structural, functional and evolutionary analysis provides an atlas of
pre-mRNA structures, serving as a foundation for understanding the
roles of introns in gene regulation.

Results

Transcriptome-wide structure probing with splicing inhibition
inyeast

Structure probing experiments such as dimethyl sulfate (DMS) muta-
tional profiling with sequencing (DMS-MaPseq)* can be used to
evaluate the formation of RNA secondary structures across the tran-
scriptome. However, because splicing proceeds rapidly inyeast®, the
coverage of pre-mRNA is limited in existing DMS-MaPseq datasets for
S. cerevisiae, preventing the analysis of introns. Recently, S. cerevisiae
strains with substitutions in the U2 snRNP component encoded by
HSH155 (SF3B1 in human) have been developed that sensitize yeast
to splicing inhibition by pladienolide B (pladB)*~°. Typically, splic-
ing proceeds in two catalytic steps: the 5" splice site and the branch
pointinteractin the first catalytic step, and the 5" splice site and the
3’ splice site participate in the second catalytic step (Fig. 1a)". Using a
pladB-sensitive yeast strain, we stalled the assembling pre-spliceosome
(A complex) before the first catalytic step of splicing, chemically inhib-
iting splicing for 1 h before DMS treatment (Fig. 1b).

Treatment with pladB led to the accumulation of pre-mRNA,
increasing the proportion of unspliced mRNA from RPL36B and
MATal (Fig. 1c). DMS-MaPseq revealed increased intron retention in
pladB-treated cells for many genes; intron read coverage increased
from negligible levels in untreated cells to levels approaching those
of coding regions (Fig. 1d). Most intron-containing genes showed
increased intron retention following pladB treatment, yielding a
median ratio of retained intron fraction (RI fraction) of 10.5 when
comparing pladB and control conditions (Fig. 1e). Only 1 intron
had an Rl fraction less than 0.05, and 180 introns had an Rl fraction
above 0.5. Without pladB treatment, 143 of 288 annotated introns
had an Rl fraction less than 0.05, and only 28 introns had an Rl frac-
tion above 0.5. Longer introns (more than 200 nucleotides (nt)) and
introns inribosomal protein genes (RPGs) exhibited increased Rl frac-
tions upon pladB treatment compared with those of other introns
(Supplementary Fig.1a,b). We noted no coverage bias between the ends
ofintrons (Supplementary Fig.1c), suggesting that they are not partial

degradation byproducts of nonsense-mediated decay (NMD), which
predominantly involves XRN1-mediated 5’ to 3’ decay®**. Rl fractions
for introns detected with and without pladB treatment are shown in
Supplementary Table1.

To assess the quality of our DMS-MaPseq reactivity data for
introns, we examined control RNAs with known structure. DMS
modifies A and C residues, leading to substitution frequencies of
2.7% and 2.3%, respectively, whereas unreactive G and U residues
exhibited substitution frequency rates closer to the background
level (0.3-0.4%) (Extended Data Fig.1a). Data for rRNA aligned with
prior experiments, showing that substitution frequencies for the
18S and 25S rRNA were highly correlated with values from an earlier
DMS-MaPseq study (r* = 0.83, Extended Data Fig. 1b)?". Moreover,
DMS reactivity values, a proxy for RNA single-strandedness, permit-
ted successful classification of accessible and inaccessible rRNA
residues, with an area under the curve (AUC) of 0.91 (Extended Data
Fig. 1b). Finally, the reactivity profiles for stem loops in HACI and
ASHI mRNA align with well-characterized secondary structures for
these regions?, with base-paired residues being less reactive than
residuesinloops (Extended Data Fig. 1c).

Assessing structures from DMS-MaPseq after splicing
inhibition

Using data generated from these DMS-MaPseq experiments, we
predicted secondary structures with RNAstructure®?*. We also
assigned confidence estimates for individual helices by performing
non-parametricbootstrapping onreactivity values, usinganapproach
that has empirically improved the quality of stem predictions®. To
calibrate helix confidence estimate cut-offs, we made DMS-guided
structure predictions for structured RNAs in our DMS-MaPseq data-
set, including rRNAs, small nuclear RNAs (snRNAs), tRNAs and mRNA
segments. The implementation of helix confidence estimate thresh-
olds improved the positive predictive value (PPV) and F, score for
stem predictions (Extended Data Fig. 2). When using reactivity data
for DMS-guided structure predictions with a helix confidence esti-
mate threshold of 70%, stems with at least 5 base pairs (bp) had a PPV
of 82.3% (Supplementary Table 2). This approach remained effective
even for larger RNAs, such as the U1 snRNA (Extended Data Fig. 2d,e
and Supplementary Table 2). We therefore designated stems with helix
confidence estimates of >70% and at least 5 bp as high-confidence stems
and focused subsequent analyses on them.

We next assessed the reproducibility of these high-confidence
stems. Across all 259 introns, we identified 425 such stems, with 331
(77.6%) agreeing between replicate experiments. Introns with higher
sequencing coverage had better replicability between experiments
(Extended DataFig.3a). Inthe 88 introns with higher reactivity correla-
tion betweenreplicates (> 0.6), 88.0% of high-confidence stems were
consistent betweenreplicates (Extended Data Fig. 3b). To confirm the
presence of these stems, we carried out targeted probing for 30 introns
to obtain higher-coverage data. DMS profiles for 24 of these introns
yielded r? > 0.9 between replicates of targeted probing (Extended Data
Fig.3c).Intheseintrons, 90.5% of high-confidence stemsidentified by
transcriptome-wide DMS-MaPseq matched structures from targeted
probing (Extended Data Fig. 3d and Supplementary Fig. 2). To verify
that DMS datainformed predicted structures, we extracted RNA from
cells and probed it with DMS after heat denaturation, revealing that
only 10.4% of these stems were present in denatured RNA (Extended
DataFig.3e and Supplementary Fig.2). We focused all further analyses
on the 88 introns with r*> 0.6 from DMS-MaPseq, limiting analysis
to high-confidence stems. We identified 301 stems across these 88
introns, with the majority (79 of 88) having at least 1 stem. With addi-
tional DMS-guided structure prediction approaches, we found that no
intronsincluded high-confidence pseudoknots, and all introns tested
for multiple structures were best explained by a single conformation
(see Supplementary Text). Supplementary Table 1 details introns’
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Fig. 2| Support from DMS reactivity for in vivo formation of control structures
and proposed functional structures. a-f, Helix confidence estimates and
covariation for intron structures reported in RPLISA* (a), RPS23B" (b), RPS14B*
(c), thefirstintronin RPL7A (d), RPS9A (e) and RPS9B’ (f). Secondary structures
are colored according to DMS reactivity, and helix confidence estimates are
depicted as green percentages. The 5’ splice site, branch point and 3’ splice site
sequences are circled in purple, blue and yellow, respectively. Covarying base
pairsin RPS9A, RPS9B and RPL7A are marked with green boxes. g, Summary of the

percentage of supported base pairs in structures proposed in prior functional
studies, R-scape scans for covariation in multiple sequence alignments (MSAs),
and other approaches using sequence alignments to pinpoint structures
(Evofold, RNAz and cMfinder). A base pair is supportedifitisincludedina

stem whose helix confidence estimate is >70%, and base-pair support statistics
are computed on the basis of all base pairs in proposed structures (functional
experiments, Evofold, RNAz, cMfinder) or significantly covarying base pairs
(R-scape covariation).

replicate correlation, high-confidence stems and structures from
transcriptome-wide and targeted probing.

To assess the impact of pladB treatment on intron folding, we
examined the three introns that had sufficient DMS-MaPseq cover-
age, both with and without pladB treatment. The reactivity profiles
of these introns were broadly similar, with many highly reactive posi-
tions shared between conditions (Fig. 1f). However, some intervals in
the introns of RPL26B and RPS13 exhibited shifted reactivity profiles
upon pladB treatment, surpassing the variation seen between repli-
cates (Supplementary Fig. 3). When comparing conditions with and
without pladB treatment, the reactivities had r* values of 0.58, 0.86
and 0.71 for the introns in RPL26B, RPL28 and RPS13, respectively. To
evaluate whether these differences affected structure prediction, we
identified high-confidence stems predicted for these three introns with
and without pladB treatment. We found that all high-confidence stems
were shared across conditions (Supplementary Fig. 4), suggesting that
structures obtained after pladB treatment could provide insightsinto
the structures in untreated S. cerevisiae.

DMS support for previously reported yeast intron structures

Structures have been proposed for someintronsinS. cerevisiae on the
basis of functional experiments”>'¢?222* solved spliceosome struc-
turesincluding introns®?¢, covariation scans that pinpoint functional

base pairs®* and de novo prediction methods based on sequence conser-
vation”. Using our DMS data, we evaluated the support for the presence
of these proposed structures in vivo.

Wefirst focused on sevenintrons thatincluded regulatory struc-
tures identified in functional experiments: introns in RPS17B""°,
RPS23B", RPL32 (ref. 20), RPS9A’, RPS14B***, RPL18A* and RPS22B*.
Most of these structures were supported by our DMS data (Fig. 2a-e),
with only two exceptions (Supplementary Fig. 5a,b), validating struc-
tures found through experiments assessing mutants and compensa-
tory mutants (Fig. 2g and Supplementary Text). By contrast, structures
identified through computational predictions in Hooks et al.” using
CMfinder®*®, RNAZz* and Evofold*® showed low support from DMS data
(Supplementary Fig. 6a—f), suggesting that these approaches are less
reliable for structure identification (Fig. 2g and Supplementary Text).
DMS-guided predictions include some false negatives (33.8% false
negative rate, Extended Data Fig. 2a,b) and will miss structures that
represent a minor portion of introns’ structural ensembles.

We next evaluated structures detected using R-scape, which
identifies pairs of residues with significant covariation compared
with phylogenetic sequence backgrounds. In particular, we evalu-
ated DMS support for the covarying residues identified in Gao et al.”*
and those identified in our R-scape scan using less stringent cut-offs
(Supplementary Fig. 7 and Methods). Seven of the eight S. cerevisiae
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introns that encode snoRNAs* included significant covariation, sug-
gesting that the remaining introns with covariation could also encode
functional structures. Most intron structures with covarying residues
were supported by DMS data (Fig. 2d-f and Supplementary Fig. 8),
with one exception (Supplementary Fig. 5c and Supplementary Text),
suggesting that covariation detected by R-scape** canreliably identify
structures (Fig.2g). Thus, we found that, compared with structures pre-
dicted by CMfinder*, RNAZz*’ and Evofold*’, those identified through
functional experiments and R-scape** covariation were more consist-
ently supported by DMS data.

We also used our DMS data to identify high-confidence stems in
tRNA introns in S. cerevisiae. Given that these tRNA introns are not
processed by the standard spliceosome machinery, pladB treatment
did not lead to their accumulation. Despite this, ten tRNA introns
had sufficient coverage for structure analysis. Each of these introns
included at least one high-confidence stem (Supplementary Fig. 9),
aligning with prior pre-tRNA structure models, and again confirming
structures from prior structural and functional experiments***,

Structural features found by probing S. cerevisiae pre-mRNA
Having established that our DMS-guided structure predictions are
in agreement with previously identified intron structures, we next
identified enriched structural features in our data. First, in vivo prob-
ing supports the widespread formation of zipper stems, thatis, stems
that reduce the distance between the 5" splice site and branch point.
Potential zipper stems have been noted in various introns”, and a zip-
per stemin the intron from RPS17B has been shown to be essential for
efficient splicing’"°. Toidentify zipper stems across introns, we sought
to precisely define the positional constraints on zipper stem formation,
modeling intronic stems with varying linker lengths in the context of
the A-complex spliceosome (Extended Data Fig. 4a,b and Methods).On
the basis of this modeling, we defined zipper stems as the longest stem
comprising 42 to 85 nt linking the stem, the 5’ splice site and branch
pointsequences. We found that high-confidence zipper stems (those
with atleast 6 bp and aminimum 70% helix confidence estimate) were
predicted for 32 of 88 introns (Fig. 3a). In our targeted DMS probing of
30introns, zipper stems were present in 25 of them (examples in Sup-
plementary Fig.2), whereas there were no zipper stems present when
DMS data were collected after unfolding with heat denaturation, as
expected (Extended Data Fig. 3d and Supplementary Fig. 2).

We next noted the presence of stems between the branch pointand
3’ splice site across introns, which we term downstream stems. These
stems are proposed to facilitate splicing by decreasing the effective
distance between the branch point and 3’ splice site". We found that
downstream stems (those with at least 6 bp and a minimum 70% helix
confidence estimate) are present in 21 of 88 introns (Fig. 3b). As with
zipper stems, the reactivity profiles for downstream stems (for exam-
ple, inintronsin RPL40B, RPS14A and RPS23B) show higher reactivity
inloop orjunctionresidues thaninbase-paired positions, supporting
their in vivo formation (Figs. 2b and 3b).

DMS reactivity patterns in some introns suggest the presence of
elaborate extended secondary structures with long stems and multiway

junctions. For example, the intron from RPL28 features a zipper stem
and adownstream stem, and the pre-mRNA includes a three-way junc-
tionand long stems of more than10 bp throughout theintron (Fig.3c).
When modeling the RPL28 intron in the context of the A-complex
spliceosome, we observe that these structures enable internal intronic
stems to extend beyond the core spliceosome, potentially allowing
binding partners to avoid steric clashes with the splicing machinery
(Fig.3d). We note that the three-dimensional (3D) modeling approach
here makes simplifying assumptions and samples only a few of many
possible conformations (see Methods). However, sampled conforma-
tions suggest that intron structures can extend beyond the spliceo-
some, even for shorter introns such as that in RPL36B, facilitated by
stems through the intron (Extended Data Fig. 4c).

Comparing intron structures with coding regions and
unspliced decoys

Our DMS-guided structure predictions revealed that the properties of
intron secondary structures are distinct from those of mRNA coding
regions. As found previously inmammalianstructure probing®, intron
regions have higher Gini coefficients, ameasure quantifying the extent
to which reactivity values diverge from an even distribution (Fig. 3e).
Therefore, introns include more non-random secondary structure
elements than do coding regions. Additionally, intron structures pre-
dicted using DMS data extend further from their sequence endpoints
thando coding-region structures, whichwe measure as the normalized
maximum extrusion from ends (MEE) (Fig. 3f and Methods). Introns
also include longer stems, with some high-confidence stems extend-
ingtomorethan20 bp (Fig.3g). Finally, intron stems have higher helix
confidence estimates on average, suggesting that reactivity values
better support intron secondary structures (Fig. 3h). These conclu-
sions were reproduced when analyzing data from each DMS-MaPseq
replicate separately (Supplementary Fig. 10).

The secondary structure patterns enriched in introns might dis-
tinguish spliced introns from other transcribed sequences that do
not splice efficiently. To explore this possibility, we assembled a set
of unspliced decoy introns in S. cerevisiae that included consensus
5’ splice site, branch point and 3’ splice site sequences in positions
that matched canonical introns’ length distributions (Extended
Data Fig. 5a). DMS-guided structure predictions for authentic intron
sequences enriched for more stable zipper stems with lower folding
free energy (AG), more stable downstream stems, longer stems and
higher MEE (Extended Data Fig. 5b). In contrast to spliced introns,
the DMS-guided secondary structures of unspliced decoys were not
enriched for these features (Extended Data Fig. 5b). We conclude
that, compared with coding regions and unspliced decoys, introns in
S.cerevisiaeadopt extended secondary structures with long stems, as
supported by DMS data.

The enrichment of structural features in introns compared with
coding regions and unspliced decoys suggests that these structures
could have a functional role. To explore this possibility, we analyzed
the placement of high-confidence stems in introns relative to the
positions of canonical and cryptic splice sites. To evaluate structures

Fig. 3| Structural insights from DMS probing of S. cerevisiaeintrons.

a, Reactivity support for zipper stemsin RPL7A and RPS11A, and a pie chart
representing the fraction of introns with zipper stems. 5’SS, 5’ splice site.

b, Reactivity support for downstream stems connecting the branch point and
3’splice sitein RPL40B and RPS14A, and a pie chart representing the fraction of
introns with downstream stems. 3’SS, 3’ splice site. ¢,The secondary structure of
the intronin RPL28, predicted by RNAstructure guided by DMS reactivity.

d, The top-scoring 3D model for the RPL28 intron in the context of the A complex
spliceosome (PDBID: 6G90)”, modeled using the secondary structure derived
from DMS-MaPseq. e-h, Comparisons between introns and coding regions for
the following secondary structure features: the Gini coefficient (e), normalized
maximum extrusion from ends (f), longest stem length (g) and average helix
confidence estimate (h). Pvalues were computed using one-sided Wilcoxon

ranked-sum tests to compare classes. In box plots, the medianiis the center

white point, box limits are the 25th (Q1) and 75th (Q3) percentiles, and whiskers
extend to the smallest and largest values that fall within 1.5 times the interquartile
range below Ql and above Q3.1i, Proportion of nucleotides in high-confidence
stems from sequence intervals surrounding the canonical 5’ splice site, branch
pointand 3’ splice site sequences. Intron sequence positions external to these
intervals were marked as ‘distal from SS. j, Comparison of the protection by high-
confidence stems between nucleotides in cryptic splice sites versus surrounding
nucleotides. An example from RPL34A is shown with astem occluding a cryptic 3’
splice site (red bracket). Secondary structures are colored by DMS reactivity and
are annotated with helix confidence estimates. The 5’ splice site, branch point
and 3’ splicesite sequences are circled in purple, blue and yellow, respectively.
Ini-j, Pvalues were computed with Chi-squared tests on 2 x 2 contingency tables.
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Fig. 4| Comparinginvivo and in vitro folding of intron RNA structures. a, In
vitro M2-seq Zscores for the intronin QCR9, with peaks representing helices
annotatedinred.b, Invitro chemical reactivity base-pairing probabilities for
the QCRYintron using one- and two-dimensional (1D and 2D) chemical reactivity

from M2-seq, with peaks representing helices annotated in black. ¢,d, Secondary
structure predictions guided by 1D and 2D DMS probing data for the intronin
QCR9 fromin vitro M2-seq (c) and in vivo DMS-MaPseq (d).

surrounding canonical splice sites, we first identified sequence inter-
vals in pre-mRNA surrounding the 5’ splice site, branch point and 3’
splice site, where structural conflicts with the spliceosome are antici-
pated (Methods). We noted that these intervals were significantly
depleted of high-confidence stems when generating structures for
intronsin the context of the surrounding pre-mRNA sequence (Fig. 3i).
However, the presence or absence of high-confidence stems involving
theseintervals near splice sites was not correlated with the fraction of
spliced constructs, suggesting that other factors have adominantrole
(Supplementary Fig. 11a). We next identified cryptic splice sites across
introns, expecting that these sites could be occluded by structure.
Indeed, in multiple introns, downstream stems between the branch
pointand 3’ splice site occluded cryptic 3’ splice sites (Supplementary

Fig. 11b), aligning with prior work on an intron stem in RPS23B that
blocks a cryptic 3’ splice site (Fig. 2b)". Across introns, we noted that
cryptic3’splice sites were enriched for high-confidence stems (Fig. 3j
and Supplementary Fig. 11c), suggesting that these stems have a role
in enforcing splicing fidelity by repressing the use of incorrect 3’
splicesites.

Evaluating S. cerevisiae intron RNA structures in vitro

To determine whether intron structures observed in vivo can form
in vitro even when potential protein binding partners are missing,
we probedisolated introns transcribed in vitro with DMS. For this, we
used mutate-and-map readout through next-generation sequencing
(M2-seq*®), which can identify base-pairing residues in addition to
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Fig. 5| Structurallandscape for S. cerevisiaeintrons. Heatmap and
dendrogram summarizingintron structural classes, with hierarchical clustering
based onsecondary structure features. In addition to the features displayed on
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the heatmap, flags indicating whether zipper stems and downstream stems were
present were included as features for hierarchical clustering. AG, folding free
energy; len, length; SS, splice site; BP, branch point.

providing average per-residue accessibility data. We applied in vitro
M2-seq to five introns with zipper stems in DMS-MaPseq. In the case
oftheintronsin QCR9 and RPL36B, Z-score plots fromin vitro M2-seq
included off-diagonal signals indicative of the presence of stems, and
highbase-pairing probabilities support the formation of these stems
invitro (Fig. 4a,b, Extended Data Fig. 6a,b and Supplementary Text).
Secondary structures from M2-seq agree with the stems observed
in vivo, with most high-confidence stems shared between these
structures (Fig. 4c,d and Extended Data Fig. 6¢,d). For the introns in
RPS11A, RPL37A and RPS7B, although M2-seq Z-scores did notinclude
off-diagonal signals, helix confidence estimates from M2-seq data sup-
ported stems observedinvivo (Extended DataFig.7). We additionally
assayed intron structures in vitro by refolding RNA extracted from
yeast and probing accessible residues with DMS (Methods). How-
ever, because only 3 introns reached a between-replicate reactivity
correlation of r*> 0.6 from this experiment (Supplementary Fig. 12),
we focused our analyses on cases studied with in vitro M2-seq. Our
invitro M2-seq results suggest that intron sequences can formstruc-
tures found in vivo, even outside the nucleus and without protein
binding partners.

Structural landscape for S. cerevisiae introns

Tounderstand the distribution of structural patternsinintronsacross
the yeast transcriptome, we clustered introns on the basis of their struc-
tural features. For eachintron, we assembled a full set of features using
probing data (Supplementary Table 1): zipper stem and downstream
stem free energy (Methods), the MEE, the longest stem length, the
average helix confidence estimate, the maximum Gini coefficient
window, and the accessibility across the 5’ splice site, branch point
and 3’ splice site.

The clustered heatmap (Fig. 5) depicts the global distribution of
secondary structure features across allintrons with sufficient sequenc-
ing coverage. The first class of introns includes 24 introns with zipper
stems; within this class, more stable zipper stems clustered together
(class1, yellowinFig. 5). Class 2 includes nine introns that have both a
zipper stem and downstream stem, with high average helix confidence
estimates (class 2, brown in Fig. 5). The next class includes 12 introns
with downstream stems (class 3, purplein Fig.5).InS. cerevisiae, intron
lengths are bimodal, with a set of shorter introns (shorter than 200
nt) and a set of longer introns (with most between 400 and 500 nt)".
Our structure probing data had sufficient coverage for 7 short introns
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and 81longintrons. Of the long introns, 55.6% include either a zipper
stemor downstream stemin classes1-3. Class 4 includes 13 structured
long introns that include other structures with high helix confidence
and long stems (red in Fig. 5). By contrast, the next class includes less
structured longintrons, which have neither high Gini coefficients nor

long stems (Class 5, greeninFig. 5). Class 6 includes most shortintrons,
whichtend tobedepleted of stems, without zipper stems, downstream
stems or high helix confidence estimates (orange in Fig. 5). Finally, class
7 includes structured short introns with at least one high-confidence
stem (blue in Fig. 5).
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Fig. 6 | High-throughput structure-function assay for evaluating intron stem
variants. a, An overview of the structure-function experiment. k,, transcription
rate; Kyre.mrna, Pre-mRNA decay rate; kg, splicing rate; Kngna decayy MRNA decay
rate; Kiyriaedecays iNtron lariat decay rate. b, Schematic for an example library design
for one intron stem, with variants disrupting the stem and rescue sequences
restoring base pairing. c-e, The effects of structure variants on the Rl fraction
for two regions of the RPL28intron (c¢,d) and for intron stemsin RPS9A (e). For a
given stem set or loop, violin plots depict data for the wild-type sequence and all
variant sequences; unique barcodes are shown as black points. Data for rescue
sequences are shown whenincluded inthe intronlibrary. Pvalues are indicated
for comparisons between the wild-type and variant sequence sets, and between
the variant and rescue sequence sets. P values were computed using two-sided
permutation tests for the difference in mean statistic. In box plots, the median is
the center white point, box limits are the 25th (Q1) and 75th (Q3) percentiles and
whiskers extend to the smallest and largest values that fall within 1.5 times the
interquartile range below Q1 and above Q3. Secondary structures are colored
accordingto reactivity data. Bars alongside the secondary structure indicate
the stem and loop disruption sets, with each bar representing a set of variant

sequences mutating nucleotides across the full extent of the bar. These bars are
colored by the RIscore for the corresponding stem or loop disruption set. The Rl
score is computed as the negative log (P value) when comparing Rl values between
wild-type and variant sequences; the signis used to indicate the effect direction,
with positive values (shown as blue) for alower variant Rl fraction compared with
the wild type, and negative values (shown as red) for a higher variant Rl fraction
compared with the wild type. Green boxes in e indicate significantly covarying
residues. f, Rl fractions as measured by RT-qPCR for individual strains containing
aset of wild-type, variant and rescue sequences for RPS9A stem 191-195 (top), with
datashown for strains constructed with two different barcode sequences from
three biological replicates (bottom). Data are presented as median values with
95% confidence intervals. Pvalues are computed with two-way ANOVA tests with
multiple comparisons. Exact Pvalues for the low-RI-fraction barcode case are as
follows: wild type versus 5’ mutant P <1x10°*, wild type versus 3’ mutant P < 1x
107, 5’ mutant versus rescue P<1x 10 *and 3’ mutant versus rescue P= 0.0003.
Exact Pvalues for the high-RI-fraction barcode case are as follows: wild type versus
5’mutant P=0.018 and 5’ mutant versus rescue P= 0.021.

A high-throughput assay to test the function of intron stems
To assess the influence of intron structures on gene expression, we
developed a high-throughput assay for evaluating variants of RNA
structure (VARS-seq). Here, we used VARS-seq to measure spliced and
unspliced mRNA levels for intron structure variants, anticipating that
these structures might influence splicing or pre-mRNA decay rates.
Structures that slow pre-mRNA decay or splicing could lead to an
accumulation of unspliced mRNA, whereas structures that increase
splicing rates could increase spliced mRNA levels (Fig. 6a). We chose
seven structured introns to assay with VARS-seq, including introns
with zipper stems (inRPL7A, QCR9, RPL36B and RPL28), covarying base
pairs (in RPS9A, RPS9B and RPL7A), and long stems that distinguished
pre-mRNA from coding RNA.

For eachintron, we designed variants with systematically mutated
secondary structures and rescued them with compensatory substitu-
tions where possible (Supplementary Table 3). More specifically, for
each target set of stems, we chose variants that were predicted to
disrupt base-pairing in the stem set while maintaining base-pairing
elsewhereinthestructure (Fig. 6b and Extended Data Fig. 8a,b). When
feasible withinlibrary length limits (Methods), we alsoincluded rescue
sequences that were predicted to restore the native secondary struc-
ture (Fig. 6b and Extended Data Fig. 8a,b). We tested 4-8 distinctintron
variants for each target stem set, with around 200 variant sequences
for each intron (Supplementary Table 3). We integrated these intron
variant libraries into the yeast genome*® in their native gene context

(Fig. 6aand Extended DataFig. 8c), installing unique barcodes to help
match spliced RNAs to their original pre-mRNA variant (Extended
Data Fig. 8c,d and Supplementary Fig. 13). With multiple barcodes
and variant sequences assigned to each set of stems, we could observe
subtle effects on gene expression due to changes in intron structure
(Supplementary Text). Using our RNA-sequencing data, we computed
two key readouts for each variant: the Rl fraction (fraction of total RNA
thatisunspliced) and the normalized mRNA level (spliced mRNA levels
normalized by representationin genomic DNA libraries).

Across the 7 tested introns, we detected statistically significant
changesinRland mRNA levels for 52 0f 136 tested sets of stems and 4 of
15tested loops (Extended Data Fig. 9 and Supplementary Fig.14). Some
stemdisruptions resulted insignificantly decreased Rl levels (Fig. 6¢),
whereas others significantly increased them (Fig. 6d). For many introns,
distinct variant sequences designed to disrupt overlapping sets of
stems produced similar effects, providing a useful cross-check for our
approach (Supplementary Fig. 14a-d). For instance, variants disrupt-
ing all 5 sets of stems and loops that included nucleotides 36-48 in
the RPL28intron significantly decreased the RI, suggesting that these
nucleotides reduce splicing efficiency or slow pre-mRNA decay (Fig. 6¢
and Supplementary Fig. 14a). Similarly, all mutations to nucleotides
73-96 of the RPL28 intron led to increased Rl fractions (Fig. 6d), sug-
gesting that the wild-type nucleotides promote splicing or pre-mRNA
decay. Unexpectedly, zipper stem variantsin the RPL28intron (Fig. 6¢)
lowered Rl fraction, suggesting that not all zipper stems promote

Fig.7|De novo secondary structure feature prediction for S. cerevisiae and the
Saccharomyces genus. a, Workflow for comparisons between introns’ secondary
structure ensembles and those of control sequences. b, Comparison of secondary
structure feature enrichment between introns and control sequences for DMS-
guided structure prediction (left; with folding engine RNAstructure, comparing
introns to shifted genomic controls), de novo MFE structure prediction (middle;
with folding engine RNAstructure, comparing introns with shifted genomic
controls), and de novo ensemble structure prediction (right; with folding engine
Vienna 2.0, comparing introns with shuffled sequence controls). *P < 0.01 by two-
sided Wilcoxon ranked-sum test. Exact Pvalues from left to right are as follows

for the left panel: P<1x107*,P=0.0003,P=0.0007,P<1x10™*, P<1x107* for

the middle panel: P<1x107*, P=0.0072,P=0.0008,P<1x10*, P=0.0015; and
for theright panel: P<1x10™*, P=0.0003,P=0.0011, P<1x10™*, P<1x10™.In

the left and middle panels, 140 introns are compared; 288 introns are compared
intheright panel. MFE, minimum free-energy; SS, splice site; BP, branch point;
intron - control score, difference between intron and control score. ¢, Differences
inzipper stem (top) and downstream stem (bottom) AG between introns and
shuffled sequence controls for introns in the Saccharomyces genus, using Vienna
2.0 ensemble predictions. *P < 0.01 by two-sided Wilcoxon ranked-sum test.

All Pvalues for the zipper stem comparisons are <1 x 10™. For each species,

the number of introns compared for both stem types and the Pvalue for the
downstream stem comparison are as follows: smik (n =279, P= 0.00150),

skud (n=279,P=0.21),suva (n=278,P=0.07), cgla(n =100, P<1x107*), kafr
(n=216,P=0.83),knag (n=175, P=0.011), ncas (n = 250, P= 0.10), ndai (n = 218,
P=0.00056), tbla (n =163, P=0.0017), tpha (n =143, P=0.0005), kpol (n
=175,P<1x107*), zrou (n =166, P=0.28), tdel (n =202, P= 0.58), klac (n =151,
P=0.0026),agos (n=185,P=0.26),ecym (n =19, P=0.41), sklu (n=229,P=0.27),
kthe (n =215, P=0.31) and kwal (n =210, P= 0.011). d, Distribution of zipper

stems across introns in the Saccharomyces genus. Green values on the heatmap
indicate a predicted zipper stem; white indicates no predicted zipper stem;

gray values indicate deleted introns. Ohnologous introns are combined into
asinglerow, and azipper stemis annotated if present in either homolog. The
species represented in this figure are: Eremothecium gossypii (agos), Candida
glabrata (cgla), Eremothecium cymbalariae (ecym), Kazachstania africana (kafr),
Kluyveromyces lactis (klac), Kazachstania naganishii (knag), Vanderwaltozyma
polyspora (kpol), Lachancea thermotolerans (kthe), Lachancea waltii (kwal),
Naumovozyma castellii (ncas), Naumovozyma dairenensis (ndai), Saccharomyces
kudiavzevii (skud), Saccharomyces mikatae (smik), Saccharomyces uvarum (suva),
Tetrapisispora blattae (tbla), Torulaspora delbrueckii (tdel), Torulaspora phaffii
(tpha) and Zygosaccharomyces rouxii (zrou). In box plots, the median is the center
white point, box limits are the 25th (Q1) and 75th (Q3) percentiles, and whiskers
extend to the smallest and largest values that fall within 1.5 times the interquartile
range below Ql and above Q3.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-025-01565-x

splicing by colocalizing splice sites™. In the context of secondary struc-
tures from DMS-MaPseq, these results demonstrate that intronic muta-
tions can influence gene expression, even when they are structurally
distant from splice sites (Fig. 6d and Supplementary Fig.14).

In cases in which we could generate compensatory mutations,
stem disruption and rescue variants pinpointed functional intronic
structural elements. For instance, in the case of RPL36B, sequence vari-
antsinoneregionreduced normalized mRNA levels and rescue variants
restored higher mRNA levels (Supplementary Fig. 15a), implicating
the RNA structure, rather thanits primary sequence, as the functional
element. In the case of the intron in RPS9A, we identified a functional
steminwhich disruptions reduced the Rl fraction, which was restored
by stemrescue (stem191-195, Fig. 6e). An analogous stem s presentin
the RPS9Bintron, with similar effects (Stems 165-183, Supplementary

Fig.14b). These RPS9A and RPS9B stems likely influence gene expres-
sionby inhibiting splicing or pre-mRNA decay, aligning with covariation
in these stems (Fig. 2e,f) and corroborating a prior study’ on RPS9A.
To validate our findings from VARS-seq, we constructed strains
containing individual variant and rescue sequences for intron stems
from RPL36B and RPS9A, and we used quantitative reverse transcrip-
tion PCR (RT-qPCR) to measure mRNA levels. In the case of RPS9A4,
RT-qPCR data fromindividual strains recapitulated structure effects
from VARS-seq along with the effects of barcode sequences (Fig. 6¢,f).
Indeed, whenassessing abarcode thatyielded low wild-type Rl fractions
(left, Fig. 6f), variant sequences lowered the R, and rescue sequences
restored it towild-typelevels, as determined by RT-qPCR. By contrast,
individual strains designed to assess intron stems from RPL36B (Sup-
plementary Fig. 15) did not show significantly different normalized
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mRNA levels as determined by RT-qPCR (Supplementary Fig. 15b,c).
Itis possible that effects found by aggregating data across variant and
barcode sequences through VARS-seq could not be discerned when
analyzingindividual RPL36B variantsin RT-qPCR. Owing to differences
in dynamic range between VARS-seq and RT-qPCR, effects for higher
RIbarcodesontheintronin RPS9A are not visible with RT-qPCR (right,
Fig. 6f), and significant zipper stem effects from RT-qPCR were not
visible with VARS-seq for RPL36B (Supplementary Fig.15b,c). Toenable
further analysis of intron stem variants, we summarize all variant and
rescue comparisons from VARS-seq in heatmaps in Supplementary
Figure 16, and we include per-barcode spliced and unspliced RNA
countsinSupplementary Table 4.

Enriched structural patterns across the Saccharomyces genus
Our transcriptome-wide structure mapping provides evidence for
widespread structure in S. cerevisiae introns, and with VARS-seq, we
find thatintron structures canimpact gene expression regulation. To
extend our observations to other species inthe Saccharomyces genus,
we turned to computational structure prediction. We first evaluated
whether de novo secondary structure prediction could recapitulate
structural features observed through DMS-guided analysis, compar-
ingintrons with length-matched controls (Fig. 7aand Supplementary
Fig.17). For de novo structure prediction, as a first approach, we pre-
dicted minimum free-energy structures®; as a second approach, we
generated secondary structure ensembles through stochastic sampling
of structures*’, which has previously enabled the study of structural
patternsinintrons'®’, With either of these approaches, structural fea-
tures from de novo secondary structure prediction and DMS-guided
structures were largely consistent (Fig. 7b, Supplementary Fig.18 and
Supplementary Text).

We next made de novo structure predictions across speciesin the
Saccharomyces genus, focusing on 20 species with intron alignments
from Hooks et al.’°. Enrichment for numerous secondary structure
patterns is conserved in introns across the Saccharomyces genus. In
particular, introns across the genus include more stable zipper stems
and downstream stems than do controls (Fig. 7c), along with higher
MEE and shorter distances between the 5’ splice site and branch point
(Supplementary Fig.19a). Furthermore, many of these features remain
enriched in comparison with phylogenetic controls, which include
random sequences constructed to match the mutation and indel fre-
quency between an intron and its homologous S. cerevisiae intron
(Supplementary Fig.19b).

Secondary structure patterns are maintained across Saccharo-
myces species despite extreme sequence-level divergence between
introns, suggesting that these structures have conserved functions.
Complete intron deletions between these species are common, with
many introns having orthologs in only a subset of the Saccharomyces
species (Supplementary Fig.19c), and most intron sequences have low
conservation (50 to 60%) between species (Supplementary Fig. 19d).
Some key functionalintervalsin introns are more conserved across the
Saccharomyces species, with higher sequence conservation (72.3% to
83.6%) across the seven small nucleolar RNA (snoRNAs) in these intron
sequence alignments. By contrast, zipper stem regionsin S. cerevisiae
introns diverge substantially between Saccharomyces species; most zip-
per stems are only 20 to 30% conserved in the primary sequence. Strik-
ingly, this structural motifappearsin disparate introns across species,
with many zipper stems present in only asmall number of orthologous
introns (Fig. 7d). It is possible that functional secondary structures in
theseregions have been challenging to find by covariation due to high
intron sequence divergence in closely related fungal genomes.

Discussion

RNA structures have critical rolesin regulating awide array of nuclear
processes, including transcription, RNA modification and editing and
splicing. Intronic RNA structures are poised to participate in these

processes, for instance by altering splicing kinetics, changing RNA
decayrates, orinteracting with other nuclear factors. Here, we sought
to understand the structural landscape of introns in S. cerevisiae, a
model system for eukaryotic splicing. First, we evaluated the pres-
ence of structural patterns in introns using transcriptome-wide DMS
probing after splicing inhibition. This revealed extended secondary
structures in introns that distinguished these regions from coding
mRNA. These structural dataenable the clustering of intronsinto seven
classes, with most falling into classes that contain introns with zipper
stems or downstream stems, long introns with intermediate structure,
and unstructured short introns. In Extended Data Figure 10 and Sup-
plementary Figure 20, we display secondary structures and reactivity
profiles for allintrons from DMS-MaPseq, grouped into these classes.
With a high-throughput structure-function assay, VARS-seq, we used
deep mutagenesis toidentify intron structural elements thatinfluence
spliced and unspliced mRNA levels. Finally, through computational
structure prediction, we identified signals for structure in introns
across the Saccharomyces genus.

Structure probing experiments have enabled the assessment of
RNA structure across the transcriptome, but these experiments often
lack sufficient coverage to provide information for low-abundance
transcripts, including many unspliced pre-mRNA molecules. Spe-
cific low-abundance introns can be probed by target-specific
enrichment?* or nuclear RNA enrichment**?, but here we enhance
detection of pre-mRNA sequences generally by using global splic-
ing inhibition. We expect that most pre-mRNAs in pladB-treated
cells remain unspliced, as accumulating pre-mRNAs are expected
to outnumber spliceosome components™. It is possible that splic-
ing inhibition could alter pre-mRNA structure compared with that
in untreated cells, as accumulating pre-mRNA could interact with
the nuclear pore complex®*, nuclear exosome® or NMD machinery.
Nevertheless, forintrons with sufficient coverage from untreated cells,
we found similar high-confidence stems with and without splicing
inhibition. In future work, it would be interesting to directly observe
long-range base-pairing and higher-order RNA structures in introns
using approachessuch as PARIS” or KARR-seq*® in pladB-treated cells.

Our dataallowed usto discern structural patterns that distinguish
introns from coding regions. For instance, with higher Gini coefficients
and longer stems, stable structures are enriched inintrons compared
with coding regions. It is possible that introns’ intramolecular struc-
turesare necessary to avoid spuriousinteractions betweenintron RNA
and other nucleic acidsinthe crowded nuclear environment, prevent-
ing dysregulation of gene expression. Additionally, although there
is evidence across species for depletion of double-stranded RNA in
coding RNA to avoid activating cytosolic antiviral cellular responses™,
this selective force would not affect intronsin the nucleus. Long stems
could also be depleted from coding mRNA because cytosolic mMRNAs
with stable stems might accumulate stalled ribosomes, becoming
subjected to decay pathways such as no-go decay"*°. Finally, without
the evolutionary constraints of adhering toacoding sequence, introns
might be free to form extended structures that can regulate a host of
nuclear processes.

Given that structural motifs are enriched in S. cerevisiaeintrons,
we hypothesized that these introns could harbor functional structures.
Althoughbioinformaticscans for covariation have identified functional
structures in a several S. cerevisiae introns (including RPS9A’, RPS9B,
RPS13(ref.23), RPL7B* and RPL7A), sequence-only analyses could miss
functional structures owing to the limited power of existing intron
alignments®, with high variation between aligned intron sequences.
Indeed, tools such as R-scape can be limited by low sequence con-
servation in alignments**®', By using the high-throughput VARS-seq
analysis to evaluate intron variants and rescue sequences, we identified
additional functional structures. Although prior intron variantlibrar-
ies have been designed to assess the effects of sequence motifs®>,
libraries assessing the role for structured elements in introns have
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been limited. Using VARS-seq, we found that some introns included
domainsthat couldinfluence gene expression despite being distal from
splicesitesintheintron’ssecondary structure. These examples add to
the complexity of potential functional roles for introns®'°. Additional
evaluation of individual strains using orthogonal assays could validate
the effects for specific stems of interest, which we carried out forintron
stem sets from RPS9A and RPL36B.

Together, our structural, computational and functional experi-
ments point to structural patterns across introns that impact gene
expression. Inone common pattern, we found an enrichment for struc-
tures around cryptic splice sites and depletion of structures around
canonical splice sites, potentially indicating a role for structures in
encouraging the use of canonical sites. Another pattern was the for-
mation of zipper stems that colocalize the 5’ splice site and the branch
point. Introns included highly stable zipper stem structures in vivo,
and these structures were further confirmed by multi-dimensional
chemical mapping (M2-seq) invitro. These zipper stems could enable
efficient splicing by reducing the physical distance between the 5’ splice
site and branch point®* or by enhancing specific interaction with the
spliceosome, withintron helical density seen interacting directly with
the Eand pre-A spliceosome complexes®°.

To investigate the mechanisms by which these and other struc-
tured elements regulate gene expression, customized experiments
for individual introns are needed. Structures located close to splice
sites could influence spliceosome recruitment, while structures far-
ther away from splice sites might interact with other nuclear factors.
Intron secondary structures can regulate splicing by sequestering
alternative splice sites®>®°, occluding exonic splicing enhancers®, physi-
cally bridging splice sites®, facilitating co-transcriptional splicing®
or mediating protein interactions that influence splicing patterns’.
Additionally, these intronic structures could have regulatory func-
tions in pathways orthogonal to splicing, much like the snoRNAs
encodedin S. cerevisiaeintrons*. In fact, RNA secondary structuresin
introns are associated with RNA-binding proteinsinvolvedin transcrip-
tion, tRNA and rRNA processing, ribosome biogenesis and assembly
and metabolic processes’’%. Furthermore, secondary structures in
introns could influence gene expression in auto-regulatory circuits,
as seen previously in the cases of RPS14B* or RPS9A’, with structural
elements within a gene’s introns binding its protein products and
thereby downregulating subsequent gene expression. Intronstructures
could also influence numerous pre-mRNA decay pathways, including
nuclear retention followed by decay by the nuclear exosome, NMD
and NMD-independent decay by cytoplasmic exonucleases®*>**%72,
Finally, structures can have a functional role in regulating adaptation
to starvation by influencing the accumulation of introns under nutri-
ent depletion®, and it will be interesting to explore these structures
inthese saturated-growth conditions.

Our work identifies a set of intron structures with properties dis-
tinct from thosein coding regions, support forin vivo formation from
DMS-MaPseq and signals in related yeast species. Furthermore, we
identify structured intervals of introns that modulate gene expression.
These functional experiments provide candidates for further mecha-
nistic characterization and provide aglimpse into the broad regulatory
potential for intron sequences beyond splice sites. The widespread
presence of structured elements in S. cerevisiae introns raises the
possibility that similar motifs and stable secondary structures play a
roleinintronsinhigher-order eukaryotes, perhaps forming regulatory
elementsin human pre-mRNA.
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Methods

Strains, medium and growth conditions for DMS probing

The strain OHYO0O1 was constructed from JRY8012 (ref. 75), which
includes three deletions of ABC transporter genes (prdS::kan’,
snq2::kan’, yorl::kan') to reduce drug efflux. OHYOO1 was generated
through CRISPR editing of JRY8012 to mutate portions of HSHISSHEAT
repeat domains 15-16 to match the sequence found in human SF3B1
(seesequencein Supplementary Table 5).

Strains were grown at 30 °C on YPD plates and in YPD liquid
medium. Single colonies of OHY0O1 were used to inoculate overnight
cultures and grown to an optical density at 600 nm (OD,,) of 0.5-0.6.
Biological replicates were obtained from distinct single colonies.

Splicing inhibition and DMS treatment

We carried out splicing inhibition and DMS treatment for two biological
replicates, only splicing inhibition for a no-modification control and
only DMS treatment for another control. We cultured 15-60 ml to an
0D, 0f ~0.5for eachreplicate of each condition (2 biological replicates
of DMS treatment, 1 no-modification control, 1 no-pladB control and
2biological replicates of in vitro DMS treatment). We treated cultures
with 5 uM pladB (Cayman Chemicals), and we incubated cultures at
30 °C for 1 h with shaking. The condition without splicing inhibition
was treated with an equal volume of DMSO.

Forinvivo DMS modification, we treated cultures with 3% DMS or
anequivalent volume of H,0 for the no-modification control. Treated
cells were incubated with occasional stirring in a water bath at 30 °C
for 5 min, and the reaction was quenched by adding 20 ml stop solution
(30% 2-mercaptoethanol, 50% isoamyl alcohol) for every 10 ml of cul-
ture. Cultures were mixed and then spun down for3 minat1,500g and
4 °C,and washed first with 5 mlwashsolution (30% 2-mercaptoethanol)
forevery10 mlof culture. A second wash was performed with 3 ml YPD
per10 mlculture. RNA was extracted using the YeaStar RNAKit (Zymo
Research), using 7.5 pl of Zymolase for every 2.5 ml of cell culture and
shortening the Zymolase incubation to 15 min at 30 °C.

For in vitro DMS modification, we followed a protocol similar to
the one used in Rouskin et al.”. We first obtained RNA from cultures
after splicing inhibition with the YeaStar RNA Kit (Zymo Research).
We thenre-folded the RNA in vitro, first denaturing 200 pg of RNA at
95 °C for 2 min, cooling it onice for 2 min, and then foldingitat30 °C
for 30 min in 10 mM Tris HCI pH 8.0, 100 mM NaCl and 6 mM MgCl,.
We treated RNA with 3% DMS at 30 °C for 5 min, and we quenched the
reaction with 25% 2-mercaptoethanol. RNA was purified by ethanol
precipitation and eluted in 20 pl RNase-free H,0.

RT-PCR for verifying splicing inhibition

As initial verification of splicing inhibition by pladB, we used RT-PCR
to compare unmodified RNA extracted after 1 hof either 5 uM pladB or
DMSO treatment. We first treated samples with TURBO DNase (Thermo
Fisher). We then carried out reverse transcription with the iScript
Reverse Transcription Supermix (Bio-Rad), using 10 pl of each RNA
sample for areaction that included the reverse transcriptase, and
the remaining 10 pl for a control without the enzyme. PCR was then
performed for 30 cycles at an annealing temperature of 56 °C using
the NEBNext Ultra Il Q5 Master Mix (New England Biolabs (NEB)) with
primers RR063 and RR064 for RPL36B,and RRO67 and RRO70 for MATal
(Supplementary Table 5).

DMS-MaPseq sequencing library preparation

To prepare DMS-treated RNA for sequencing, we first depleted the
extracted RNA of rRNA using RNase H. We concentrated extracted
RNA for each condition using RNA Clean and Concentrator-5 columns
(ZymoResearch), yieldingbetween46.1and 200 pug RNA for each rep-
licate of each condition. We pooled and concentrated 108 fifty-base
oligonucleotides (RR-rRNAdep-1-108; Supplementary Table 5) that
tiled the 5S, 5.8S, 18S and 25S rRNAs in S. cerevisiae. Up to 40 pg of

total RNAwasincludedin each rRNA depletion reaction, and multiple
reactions were performed as needed for each sample. First, a 15-pl
annealing reaction was prepared with total RNA, an equal mass of
rRNA depletion oligonucleotides, and 3 pl of 5x hybridization buffer
(500 mM Tris-HCIpH7.5and1 M NacCl). For the annealing reaction, the
reaction mix was heated to 95 °C for 2 min, and the temperature was
ramped down to 45 °C by 0.1°C s with athermocycler. Then, 7.5 pl of
Hybridase Thermostable RNase H (Lucigen) with 2.5 pl of 10x diges-
tion buffer (500 mM Tris-HCI pH 7.5, 1 M NacCl, 100 mM MgCl,) was
preheated to 45 °C. We combed the annealing mix and the RNase H mix
and incubated the reaction at 45 °C for 30 min. For each reaction, we
used an RNA Clean and Concentrator-5column with the size-selection
protocol to exclude RNA and oligonucleotides below a size cutoff of
200 nt. We then treated each reaction with TURBO DNase. Reactions
were purified and then eluted in 9 pl of RNase-free H,0.

We fragmented each reaction with 10X RNA Fragmentation
Reagent (Ambion), incubating at 70 °C for 8 min. We added 1 pl of
Stop Solution (Ambion), cleaned up reactions using RNA Clean and
a Concentrator-5 column, and removed the 3’ phosphate groups left
by fragmentation with 1.5 pl rSAP (NEB). We next ligated a universal
cloninglinker tothe RNA to serve as a handle for reverse transcription.
To prepare linker for this reaction, we first phosphorylated 1 nmol
of the DNA universal cloning linker with a 3’ amino blocking group
(oligo RR118; Supplementary Table 5) with T4 PNK (NEB), and we next
adenylated the linker with Mth RNA Ligase (NEB). We then purified
the reaction with an Oligo Clean and Concentrator column. We added
adenylated linker in twofold molar excess to each RNA sample, with
ligation using T4 RNA ligase 2 truncated KQ (NEB). The reaction was
incubated at25°Cfor2 hinathermocycler. Ligated RNA was purified
using an RNA Clean and Concentrator-5 column, followed by elutionin
15 plof RNase-free H,0. The excess DNA linker was then degraded with
1l of 5’ deadenylase (NEB) and 1 pl of RecJf (NEB) in a 20-pl reaction.
The mixture was incubated at 30 °C for 1 h and purified with an RNA
Clean and Concentrator-5column.

We then proceeded to RT with mutational readthrough. For the RT
primer, we used the oligonucleotide RR114 (Supplementary Table 5),
which included a sequence complementary to the universal cloning
linker, a 5" phosphate modification that would allow for circulariza-
tion after RT, a 10-nt randomized unique molecular identifier (UMI)
sequence, and sequences complementary to lllumina sequencing
primers to allow for PCR amplification of the final library. We added
2 pl of 5% TGIRT buffer (250 mM Tris-HCI pH 8.0, 375 mM KCl, 15 mM
MgCl,), 0.5 pl of 2 uMRT primer, and 6 pl of the RNA sample. Thereac-
tionwas denatured at 80 °Cfor 2 minand leftatroom temperature for
5Smin. Then, 0.5 pl TGIRT enzyme (InGex), 0.5 pl SUPERase inhibitor,
0.5 11100 mMDTT, and1 pl 10 mM dNTPs were added to the reaction.
The reaction was incubated at 57 °C for 1.5 hin athermocycler for RT.
RNAwasthendegraded by adding 5 pl of 0.4 MNaOH for 3 minat 90 °C,
and thereactions were neutralized by adding 5 pl of anacid quench mix
(from a stock solution of 2 ml of 5M NaCl, 2 ml of 2M HCl and 3 ml of
3 M sodium acetate). The reaction was purified using an Oligo Clean
and Concentrator column, with elutionin 7.5 pl of RNase-free H,0. The
cDNA was then purified with a denaturing PAGE (dPAGE) gel to remove
excess RT primer, selecting the 200-400-nt size range. Purified cDNA
was eluted using the ZR small-RNA PAGE Recovery Kit (Zymo Research).

The size-selected cDNA was circularized and then amplified for
sequencing. For circularization, we used CircLigase ssDNA Ligase
(Lucigen), with overnight incubation at 60 °C followed by 10 min at
80 °C. The circularized cDNA was purified with an Oligo Clean and
Concentrator column and eluted in 7.5 pl of RNase-free H,0. Residual
RT primer was removed by degradinglinear DNA, first with treatment
with RecJf, followed by ExoCIP A and ExoCIP B (NEB) treatment. The
circularized cDNA was purified and eluted in 10 pl. We then carried
out 9 cycles of indexing PCR to add i5 and i7 index sequences to the
sequencing library, using the NEBNext Ultra Il Q5 Master Mix (NEB)
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with 10 pl of cDNA and 2.5 pl of 10 pM primers including different
index sequencesforeachsample (i5_4 andi7_4 for replicate1,i5_3and
i7_3 for replicate 2, i5_5 and i7_5 for the no-modification control, and
i5 2andi7_2forthe-pladB control; Supplementary Table 5). Nine PCR
cycles were carried out, with annealing at 70 °C for 30 s. The reaction
mix was purified with the DNA Clean and Concentrator-5 kit (Zymo
Research), with elution in 10 pl of H,0. To obtain sufficient material,
we then carried out two more cycles of PCR forin vivo replicates1and
2 and the no-modification control, five more cycles for the no-pladB
control, nine more cycles forinvitroreplicate1,and three more cycles
forinvitroreplicate 2. For the final PCRreaction, we used the same reac-
tion conditions and cycling parameters as the first indexing PCR with
primers P5and P7 (Supplementary Table 5). We purified the final library
with two rounds of bead purification with size selection to remove
remaining excess RT primer. We used RNACleanXP beads (Beckman
Coulter), mixing 42.5 pl beads with the 50 pl PCR reaction. For the first
round of bead-based size selection, we performed elution in 50 pl of
H,0, and for the second round, we performed elution in 20 pl of H,0.
The sequencing libraries were quantified with a Qubit high sensitiv-
ity dsDNA Assay Kit (Invitrogen) and Bioanalyzer HS DNA assay. The
dsDNA libraries for in vivo replicate 1, the no-modification control,
and the no-pladB control were sequenced across three lllumina HiSeq
lanes with paired-end reads of length150. The dsDNA library forin vivo
replicate2 and thein vitroreplicates were sequenced with NovaSeq S4
partial lanes; these also had a paired-end read length of 150.

DMS-MaPseq sequencing data analysis

We obtained 557 million reads for in vivo replicate1,1.30 billion reads
forinvivoreplicate 2,375 million reads for the no-modification control,
169 million reads for the control without pladB, 335 million reads for
invitroreplicate1,and 174 million reads for in vitroreplicate 2. We used
UMI-tools” to extract UMI tags from reads, and we used cutadapt to
trim low-quality reads (Q-score cut-off of 20) and remove adapters. We
thenaligned sequencing reads to sequence sets of interest, including
rRNA, introns, pre-mRNA ORFs, coding mRNA, decoy intron sequences
(see below), and sequences for structured controls (the ASH1 and
HAC1 mRNA sequences). S. cerevisiae intron annotations, including
genomic coordinates and branch point positions, were obtained from
Talkish et al.”. Coding ORF annotations were obtained from the Sac-
charomyces Genome Database’ for the S288C reference genome,
and coding sequences corresponding to introns were identified for
all cases except the two introns in snoRNAs (SNR17A and SNR17B).
Paired-end alignment was performed with Bowtie2 (ref. 80) using the
following alignment parameters in ShapeMapper 2 (ref. 81): —local -
sensitive-local-maxins=800 -ignore-quals—no-unal-mp3,1-rdg5,1-rfg
5,1 -dpad 30. Alignments were merged, sorted, and indexed using
samtools®’. Reads with matching UMI tags were then deduplicated
using the UMI-tools dedup function.

Mutational frequencies, coverage values and normalized reactivi-
ties were obtained by processing alignments using RNAframework®
executables. We first ran rf-count with the flag -m to compute muta-
tion counts, using all other default parameters. We obtained coverage
statistics for each sequence with rf-rctools stats, per-position mutation
counts and coverage with rf-rctools view, and reactivity values with
rf-norm (flags: -sm2-nm2-ow-rb AC -dw).

DMS-MaPseq data quality assessment

For each construct, per-base coverage was computed as the number
of reads obtained from rf-rctools stats multiplied by the total read
length and divided by the construct length. To compare the retained
intron fraction across all introns before and after pladB treatment,
these coverage values were obtained for all introns and all coding
regions for genes containing introns in the conditions without and
with pladB. The retained intron fraction was the ratio of these values.
We removed introns in GCRI from further consideration as the gene

includes multiple distal alternative 5’ splice sites®*. We combined data
fromtwo introns in SRCI from nearby alternative 5’ splice sites differ-
ing by 4 nt. We additionally consolidated data from two-intron genes
with multiple annotated isoforms (in RPL7B, VMA9, DYN2 and SUSI), in
which annotated introns included both single individual introns and
the longer intron representing the skipped isoform®. We used annota-
tions for the ribosomal protein-coding genes from Hooks et al.*°. We
excluded eight snoRNA-containing introns from further analysis*, as
the majority of these constructs’ reactivities represented the excised
snoRNA structure rather than the complete intron structure.

We next found the Pearson correlation between intron reactivi-
tiesfor replicate 1and replicate 2. Reproducibility between replicates
is reported as the square of the Pearson correlation coefficient (r?)
through the manuscript. A linear fit for log coverage versus replicate
correlation for each intron indicated that the replicate correlation
rwas best approximated as 0.2 log (coverage) — 1.03. On the basis of
this relationship, toreach r = 0.6, we used a coverage cut-off of 7,673,
averaged between replicate 1and replicate 2 in subsequent analyses.

To obtain the correlation between rRNA mutational frequencies
in Zubradt et al.”” and our data, we obtained the paper’s DMS-MaPseq
reads for S. cerevisiae with TGIRT reverse transcriptase (replicate 1
accession number SRX1959209, run number SRR3929621). We aligned
thesereadstothe18Sand25S yeast rRNA sequences with Tophat v2.1.0
(ref. 86) using the alignment parameters stated in Zubradt et al.”’:
-N 5 -read-gap-length 7 -read-edit-dist 7 -max-insertion-length
5-max-deletion-length 5-g 3. We obtained mutational frequencies with
rf-count, as described above, and we compared them with our dataset.

We evaluated whether reactivity values could differentiate
surface-accessible, unpaired residues from base-paired residues across
the18S and 25S rRNA. To identify surface-accessible residuesin rRNA,
we followed a similar protocol to that in Rouskin et al.”®. With the S.
cerevisiae ribosome structure (PDB ID 4V88 ref. 87), we computed
solvent-accessible surface area (SASA) values for the rRNAs’Nlatoms
on A residues and N3 atoms on C residues in PyMOL, approximat-
ing DMS as a sphere with solvent_radius 3 and with dot_solvent and
dot_density parameterssetto 1. We determined the receiver operating
characteristic curve for distinguishing unpaired and solvent-accessible
rRNA residues from Watson-Crick base-paired positions (found with
DSSR®), using a SASA cut-off of 2 to determine solvent accessibility.

DMS-guided structure prediction and validation

For introns with between-replicate > > 0.6, we performed second-
ary structure prediction by RNAstructure® guided by DMS reactivity
with 1,000 bootstrapping iterations, using the package Biers*® with
default parameters for RNAstructure to obtain minimum free-energy
structures and base-pair confidence matrices from bootstrapping.
Structures were visualized with VARNA, Biers and RiboDraw (https://
github.com/ribokit/RiboDraw).

To assess DMS-guided structure prediction, we performed struc-
ture prediction for a set of controls with known secondary structures.
We obtained ground-truth secondary structures for the 5S, 5.8S, and
18S rRNA with DSSR®*® from a eukaryotic ribosome structure (PDB
ID: 4V88)¥; for US snRNA from Nguyen et. al.*; for U1 snRNA from
Li et. al.”’; for tRNA from Rfam-derived secondary structures’’; and
for mRNA segments from Zubradt et al.”. We did not include control
RNAs withknown pseudoknots (for example, RNase PRNA®?) because
our structure predictions did not include pseudoknots. Additionally,
we excluded control cases with multiple conformations, suchas the U2
snRNA”, For DMS-guided structure prediction, 1,000 bootstrapping
iterations were performed for all cases except the 18S rRNA, for which
we performed 100 bootstrapping iterations. Positive stem predic-
tions were casesin which predicted stemsincluded atleast 5bp above
the helix confidence estimate threshold. False positive predictions
occurred when less than 50% of the predicted stem’s base pairs were
included in the ground-truth structure. False negative predictions
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included stemsofatleast Sbpinlengthinthe native structure that had
either low confidence or fewer than 50% of their base pairs correctly
predicted.

We additionally explored other methods for structure predic-
tion. First, using Arnie (https://github.com/DasLab/arnie) we ran
ShapeKnots® (allowing for pseudoknot prediction) on all 88 introns
with sufficient coverage, guiding predictions with DMS data in 100
bootstrappingiterations. As a control, we predicted the RNase PRNA
structure with ShapeKnots, comparing to the ground-truth secondary
structure from PDB ID 6AGB ref. 92. We also generated predictions
using DREEM? for the following intron regions with high coverage
from DMS-MaPseq (numbered fromintronstart): RPL2875-300, RPL7A
120-340 (firstintron), ECM3335-270,RPL26B300-400, RPS13140-212,
RPL25148-255,RPS9B147-266 and RPL30 25-165.

Targeted DMS probing of RNAin S. cerevisiae cells and
heat-denatured RNA

To evaluate structures identified from transcriptome-wide
DMS-MaPseq, we carried out targeted DMS probing for 30 introns
that contained zipper stems (listed in Supplementary Table 6). For
each of two biological replicates of targeted DMS probing, 5 ml of
culture at an OD,,, of ~0.5 were treated with 3% DMS, and RNA was
extracted as described above. We additionally obtained DMS pro-
files for heat-denatured RNA. More specifically, for two biological
replicates, we denatured 20 pg of RNA extracted from . cerevisiae,
denaturing RNA in a 500 pl volume with 1 mM EDTA by heating at
90 °C for 3 min. For these denatured RNA samples, we then incubated
with 1.5% DMS for 1 min at room temperature, quenched the reactions
with 500 pl 2-mercaptoethanol and purified RNA with RNA Clean and
Concentrator-5 (Zymo Research). We depleted rRNA from all targeted
probing samples with RNase H, as described above.

Wethen prepared sequencing libraries from the DMS-treated RNA
samples, using targeted primers for RT and PCR to specifically assess
thestructure of our 30 targetintrons. We designed primers to amplify
220-270-ntintron segments, with overlapping intervals covering the
full length of the intron (primers RR400-RR523 in Supplementary
Table 5). Primers were designed to overlap exon and intronboundaries
to ensure that unspliced pre-mRNA was specifically amplified. These
primers were pooled for multiplexed PCR into four pools with Primer
Pooler” (setting the Mg?" concentration to 0 mM, the Na concentra-
tionto 50 mMand the dNTP concentration to 0.8 mM), with theaim to
minimize the formation primer dimers and otherincorrect amplicons.
Primers in Supplementary Table 5 are annotated with the resulting
pool number.

DMS-treated RNA was reverse transcribed with each of the four
RT primer pools. Each RT reaction was conducted with Induro reverse
transcriptase (NEB) using 2 pl of 10 pM RT primer pool with 1 pug RNA
ina20-plreaction. Reactions were incubated at 55 °Cfor1 hfor RT,and
NaOH was used to degrade RNA, as described above. Purified cDNA
was first amplified in a pooled format with a separate reaction for
each primer pool, combining 20 pl of 10 uM PCR primer pool with 5 pl
cDNA template and 25 pl Q5 master mix for an 11-cycle PCR reaction
(annealing temperature 61 °C). DNA was purified with the DNA Clean
and Concentrator-5 kit (Zymo Research). We next added adapters for
lllumina sequencing, using primers RR524-RR647 (Supplementary
Table 5) inindividual PCRreactions with 15 cycles at anannealing tem-
perature of 64 °C. Finally, i5 and i7 primers were added with 8 cycles
of PCR with annealing temperature 70 °C (primers RR281, RR282 for
targeted DMS probing replicate 1; RR283, RR284 for targeted DMS
probing replicate 2; RR285, RR286 for denatured RNA probing rep-
licate 1; and RR287, RR288 for denatured RNA replicate 2). To select
amplicons with final library size between 350 and 400 bp, we used
AMPure beads. Specifically, we used 28.5 pl of beads for a 50 pl sample
volume toremove large fragments, and thenadded 13 pl of beads to the
supernatant to capture the correctamplicon size range. The resulting

library was quantified with Qubit and Bioanalyzer, and sequenced asa
part of aNovaSeq X+ lane with a 2x150 cycle kit.

Datawere processed using asimilar workflow as described above
for DMS-MaPseq. Targeted primers were removed using cutadapt, and
primer-binding regions at the 5 and 3’ end of each intron were masked
during DMS-guided structure prediction. We obtained coverage of
at least 100,000 for each of the 30 tested introns with targeted DMS
probing.

Two-dimensional chemical mapping (M2-seq)

We carried out two-dimensional chemical probing to assess the forma-
tion of base pairs from DMS-MaPseq. DNA sequences for the introns
from QCR9, RPL36B, RPS11A, RPL37A and RPS7B were obtained as gene
fragments from Twist Biosciences (Supplementary Table 5). Each gene
fragmentincluded the fullintron sequence, a T7 promoter, reference
hairpins for normalizing structure probing data, and adapters for uni-
versal RT and PCR primers. To generate apool of DNA variants through
error-prone PCR, we first assembled a reaction mix with the following
for each intron: 10 pl of 2 ng pl™ template, 10 pl of 100 mM Tris pH
8.3,2.5pul of 2MKCI, 3.5 pl of 200 mM MgCl,, 4 pl of 25 mM dTTP, 4 pl
of 25 mM dCTP, 4 pl of 5 mM dATP, 4 pl of 5mM dGTP, 2 pl of 25 mM
MnCl,, 1 plof Taq polymerase (Thermo Fisher), 2 pl of 100 mM primers
(RR1and RR107; Supplementary Table 5) and 51 pl of H,0. We carried
out24 cycles of PCRwith a 64 °C annealing temperature, and samples
were purified using RNACleanXP beads (Beckman Coulter) with an
AMPure bead to sample volume ratio of 1.8. We then transcribed RNA
in vitro with 5 pl of 1x T7 RNA polymerase (NEB), 2 ul of IM DTT, 6 pl
of 25mM NTPs, 5 pl of 40% PEG-8000, 5 pl of T7 transcription buffer
(NEB) and template DNA in a final reaction volume of 50 pl. Reactions
were incubated at 37 °C overnight. Samples were treated with TURBO
DNase (Thermo Fisher). RNA was purified with RNACleanXP beads
using a 70:30 ratio of beads to 40% PEG-8000 as the beads mixture.

We proceeded with structure probing, RT, and library preparation
for these RNA pools. We prepared 3 pl of 12.5 pmol RNA for each intron
for DMS treatment and a no-modification control. We denatured the
RNA by unfolding at 95 °C for 2 min, and left it onice for 1 min. To fold
the RNA, we added 5 pl of 5x folding buffer (1.5 M sodium cacodylate
pH7.0.50 mM MgCl,) and 14.5 pl of RNase-free H,0, and incubated the
mixture for 30 minat 37 °C. We modified the RNA by adding 2.5 pl of 15%
DMS (DMS condition) or 100% ethanol (no-modification control), and
heating at 37 °C for 6 min. The reaction was quenched by adding 25 pl
of 2-mercaptoethanol and purified by AMPure bead purification, fol-
lowed by elutionin 7 pl of RNase-free H,O. We reverse-transcribed the
modified RNA with mutational read-through using TGIRT, as described
above, in a10 pl reaction volume. For reverse transcription, we used
FAM-labeled primersthatincluded a distinctindex sequence foreach
constructand condition (RTB primersinSupplementary Table 5). The
RT reaction was incubated at 57 °C for 3 hours, RNA was degraded
with NaOH, and the solution was neutralized with an acid quench (see
above). cDNA was purified using RNACleanXP beads and then ampli-
fied with PCR to add lllumina adapters for sequencing, using Phusion
high-fidelity DNA polymerase (NEB) for 20 cycles at annealing tem-
perature 65 °Cwith MaP forward and reverse primers (Supplementary
Table5). Theresulting libraries were sequenced in two partial sequenc-
ing runs using Illumina MiSeq v3 600-cycle reagent kits, providing
300-nt paired-end reads.

M2-seq sequencing reads were processed using the M2seq pack-
age*. First, barcodes for the different introns and conditions were
demultiplexed, obtaining at least 500,000 reads for each intron. The
ShapeMapper 1.2 (ref. 81) software was used to align reads using Bow-
tie2 and compute mutation rates. The output from ShapeMapper
was processed by the simple_to_rdat.py script to obtain RDAT files
for both DMS and no-modification conditions, and processed with
the Biers package®® to generate Z-score plots, base-pairing probabil-
ity matrices, and predicted secondary structures. These secondary
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structure predictions were made using RNAstructure’s Fold execut-
able®with 500 bootstrappingiterations, guiding predictions with both
one-dimensional and two-dimensional DMS reactivity data. Structures
were visualized using VARNA and Biers.

Assessing proposed functional structures with DMS data

Using our DMS data, we assessed previously proposed intron struc-
tures. Structures from Hooks et al.”” were obtained by request. For
structures with covarying residues, DMS-guided structure predictions
were displayed when agreeing with proposed covarying base pairs
(in RPS9A, RPS9B, and RPL7A), and structures from CaCoFold®” were
displayed otherwise (RPS13).

To expand the set of covarying residuesidentified across introns,
we used the protocol and software developed by Gao et al.” with thresh-
oldsasfollows. We obtained allcomplete and chromosome-level assem-
blies of genomes in the Ascomycota phylum from NCBI GenBank*® (107
sequences, accessed on 17 August 2021). For each S. cerevisiae intron,
we generated multiple-sequence alignments in flanked mode with a
non-coding threshold of 50. We then applied R-scape** with an E-value
threshold of 0.05, and we generated structures with CaCoFold”. We
identified all introns with at least one significantly covarying pair
between two non-consecutive residues in a stem with at least three
base pairs. We evaluated the presence of these covarying residues in
minimum free-energy secondary structures from ViennaRNA 2.0 (ref.
49). The set of snoRNA-containing introns was obtained from the S.
cerevisiae snoRNA database™.

Zipper stem identification and stability calculation
Weidentified the positional constraints for forming astembetween the
5’ splice site and branch point (‘zipper stems’) by modeling 3D struc-
tures for introns in the context of the spliceosome using the Rosetta
protocol FARFAR2 (ref. 99). For test constructs, we used variants of
the RPS17B intron, which includes a previously characterized zipper
stem'®. To identify the minimum linker length for which a zipper stem
is sterically compatible with the spliceosome, we built models of the
RPS17Bintron with arange of linker lengths between the 5" splice site,
zipper stem, and branch point. We based models on an A-complex
spliceosomesstructure (PDBID: 6G90)™. The tested variants included
36,40, 45,50,and 56 total nucleotides between the 5 splice site, zipper
stemstrands, and the branch point. Allmodels were built using Rosetta
(release v3.10) for RNA homology modeling'®°.

More specifically, for each modeled RPS17B variant, we used
Rosetta’s rna_thread to replace the pre-mRNA nucleotides resolved
inthe A-complex structure with the RPS17B sequence. We docked the
RPS17B zipper stem into the binding site for an intron stem in the Ul
snRNP by aligning the E-complex structure including a zipper stem
(PDBID: 6N7Rref. 25) with the A-complex structure in PyMOL. For each
variant, 1,250 structures were sampled using Rosetta’s rna_denovo. The
A-complex spliceosome, docked zipper stem, and rethreaded RPS17B
residues were treated as rigid bodies, and remaining linker residues
in RPS17B were sampled freely. To accelerate structure sampling, we
generated models using three scoring terms, only including rna_vdw at
weight10.0 (the RNA van der Waals score term), rnp_vdw at weight 50.0
(the RNA-protein van der Waals score term), and linear_chainbreak
at weight 10.0 (a score term penalizing chain breaks). We collected
linear chain break scores for each of the top ten sampled structures,
monitoring whether linker lengths were too short to extend between
docked nucleotides.

The 3D modeling approaches used here make numerous approxi-
mations that could lead to inaccuracies. First, components such as
the docked zipper stem are included as a rigid body, which precludes
capturing local dynamics in these components. Second, we used a
simplified score function and did not model explicit waters andionsin
our system. Without additional score terms (for example electrostat-
ics), we cannot model specific interactions accurately. Finally, these

intronstructures are highly flexible, but we analyzed only asmall set of
structures to obtain statistics. These structural models can be used to
estimate pre-mRNA length constraints, rather thanto analyze detailed
structural features and interactions. Therefore, despite modeling
limitations, this structural modeling can provide guidelines for zipper
stem formation.

Onthebasis of the linear chain break scores, to designate azipper
stem, we required at least 42 nt connecting the zipper stem to the 5
splice site and branch point. Additionally, these stems were required
tobeginatleast10 ntfrom the 5’ splice site and end at least 20 nt from
the branch point, as closer positions could not form base pairs in the
context of the A complex. Finally, we required that the linker between
zipper stems and the 5" splice site and branch point be at most 85 nt
total, as zipper stems must colocalize the 5’ splice site and branch point.
For agiven secondary structure, we firstidentified the longest zipper
stem satisfying these constraints with at most 5 bulge nucleotides,
and we computed the stem’s AG stability with RNAcofold'”’. Vienna 2.0
carries out free-energy calculations using a nearest-neighbor energetic
model, which computes the total free energy by summing energies
for stacking neighboring base pairs (including enthalpic and entropic
contributions). Asa caveat, these calculations will not capture non-local
interactions that might be modeled by sampling 3D structures. Free
energies were computed at the default temperature (37 °C) and salt
concentration (1.021 M).

Analyzing intron secondary structures surrounding canonical
splice sites

We designated intervals surrounding the 5" splice site, branch point,
and 3’ splice site where pre-mRNA secondary structures would clash
withthe spliceosome. We identified the number of pre-mRNA nucleo-
tides that threaded through structures of the E, A, pre-B, B, Bact, Cand
C*state spliceosome®7#1°21%_ We noted that the following nucleotides
threaded through the spliceosomein atleast one state: 16 nt upstream
and 10 nt downstream of the 5" splice site; 33 nt upstream and 21 nt
downstream of the branch point; and 8 nt upstream and 20 nt down-
stream of the 3’ splice site. We expected that these sequence intervals
would be depleted of structure. We generated DMS-guided secondary
structure predictions for eachintronalong with 50 upstreamand down-
stream nucleotides, and we analyzed the proportion of nucleotides
occluded by high-confidence stems.

Analyzing intron secondary structures surrounding cryptic
splice sites

We identified cryptic splice sites by searching for alternative 5" splice
sites, branch points, and 3’ splice sites in relevant intron regions.
More specifically, we searched for any splice site sequences that had
appeared in either canonical introns or previously annotated proto
introns’®. We noted that at least 42 nt were required between the 5’
splice site and branch point for pre-mRNA to be compatible with spli-
ceosome structures (see above). Thus, we located cryptic 5’ splice
site sequences by searching for alternative 5’ splice sites up to 42 nt
upstream of the canonical branch point. Similarly, we located cryptic
branch point sequences between 42 nt downstream of the 5’ splice site
and the canonical 3’ splice site. Finally, we identified cryptic 3’ splice
siteswithin the intron that were at least 10 nt downstream of the branch
point sequence. Using intron structures derived from DMS probing
data, including 50 nt of surrounding context, we evaluated the protec-
tion of these cryptic sites by high-confidence stems, comparing with
the background protection of nucleotides in each region.

We additionally tested whether cryptic 3’ splice sites used only
upon Prpl8p inactivation (GAG, UG, CG and GG splice sites) were
protected'”, finding a significant enrichment of secondary structure
at these cryptic 3’ splice sites relative to surrounding background
(291/1,559 =18.6% protection at these sites relative t0 526/4,280 =12.3%
protection at background sites; P< 0.001). However, cryptic 3’ splice
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sites matching the standard consensus sequence (UAG, CAG or AAG)
were more protected (53/183 =29.0% protection).

DMS structure analysis for introns and coding regions

We made reactivity-guided secondary structure predictions toidentify
structural features of S. cerevisiae introns and coding sequences for
intron-containing genes. To count the number of introns thatincluded
zipper stems, we used the zipper stem criteria identified through
spliceosome modeling as described above. We additionally identified
‘downstream stems’ between the branch point and 3’ splice site with at
least 6 base pairs and bootstrapping support at least 70%.

To calculate secondary structure properties, we used both fine-and
coarse-grained graphs. Fine-grained graphsincluded anode for every
base pair and single-stranded position, with edges between consecu-
tive positions or base pairs. Coarse-grained graphs included a sin-
gle node for each stem, junction, loop, single-stranded 5’ end, and
single-stranded 3’ end. Fine-grained graphs were used to compute the
maximum extrusion from ends, using the arnie package'*® to find the
shortest path length from each position to either end of the sequence.
The maximum value for this shortest path across all nodes yielded
the maximum extrusion from ends, providing the effective distance
betweenthe sequence ends and the position farthest from these ends.
The values for maximum extrusion from the ends were normalized
by the length of each construct. Coarse-grained graphs were used to
identify the longest stem with at most 10 total loop nucleotides and
at least 90% bootstrapping probability. Additionally, coarse-grained
graphs were used to compute average helix confidence estimates
for all stems with a length of at least 6. Finally, Gini coefficients were
calculated on the basis of mutational frequency values for intron and
coding regions, using windows of 20 nt and scanning in intervals of
10 nt. To calculate the Gini index, we required that every position had
per-position coverage at least 15,346 as computed from rf-rctools
view, corresponding to 0.6 Pearson correlation of reactivity profiles
betweenreplicates.

Modeling of intron stems in spliceosome structure

We modeled the RPL28 and RPL36B introns in the context of the
A-complex spliceosome (PDB ID: 6G90)™, using a protocol similar to
that for RPS17B zipper stem modeling, described above. Intron nucleo-
tidesresolvedinthe PDB structure were replaced by the corresponding
sequences from RPL28 andin RPL36Bwith the rna_thread application'®.
The secondary structure used for modeling was obtained from RNAs-
tructure prediction guided by DMS data, and helices were supplied as
rigid bodies. 4564 models were sampled using the Rosetta application
rna_denovo® with the simplified score function described above.

Comparison of introns with decoys

To determine whether secondary structure features can distinguish
authenticintrons fromunspliced genomic sequences that match splic-
ing motifs, we assembled a set of decoy introns. To find these decoy
introns, we first computed the position weight matrix (PWM) for the 5
splice site (6 nt with the consensus sequence GUAUGU), branch point
(8 ntwith the consensus sequence UACUAACN) and 3’ splice site (3 nt
withthe consensus sequence YAG) for all annotated S. cerevisaeintrons.
We then obtained three length distributions from annotated introns:
the completeintronlength, the distance between the 5’ splice site and
branch point, and the distance between the branch point and 3’ splice
site. Tofind decoyintrons, we scanned all genes for intervals containing
5-splice-site, branch-point, and 3’-splice-site sequences matching the
PWMs and three length distributions for introns, using cut-offs that
captured at least 95% of canonical introns. We filtered these decoy
sequences to exclude annotated introns. For each authentic intron
and decoy sequence, we assembled length-matched control sequences
that were shifted in the genome by 500 nt. DMS-guided structure
predictions and structural features were computed for each intron,

decoy and matched control sequence with sufficient coverage, as
described above. Additionally, we computed the distance between the
5’ splice site and branch point as the length of the shortest path in the
secondary structure graph between these sites. We then determined
whether authentic introns and decoy intron sequences enriched for
these structural features more than shifted genomic controls.

Visualizing the structure landscape for S. cerevisiae introns

We used secondary structure features from DMS-MaPseq to classify S.
cerevisiaeintrons. For eachintron, we included the following metrics:
the sequence length, the presence of a zipper stem, zipper stem free
energy, the presence of a downstream stem, downstream stem free
energy, maximum extrusion from ends, the longest stem length, the
average helix confidence estimate, the maximum Gini coefficient, and
average DMS accessibility across splice sites and branch points. Hierar-
chical clustering was performed using scipy’s hierarchy module"’ with
Ward linkage and optimal leaf ordering, and Seaborn’s clustermap was
used to generate adendrogram and heatmap.

Designing intron structure variants for structure-function
assay

We chose seven structured introns to mutate systematically by iden-
tifying secondary structures with zipper stems, covarying residues,
and long stems. Intron library sequences were constrained to 300
nt, including fixed primer binding sites, leaving around 200-250 nt
downstream from the 5’ splice site as the variable region. For each
intron, we designated stem and loop sets, with each stem set containing
one or more continuous stems, and each loop set containing a single
junction or loop.

For each stem set and loop set, we generated candidate variants
and scored these candidates on the basis of the desired secondary
structure properties. For each stem set, we first generated 10,000
randomized and 10,000 shuffled sequences mutating the 5’ strands
of the stems. Additionally, if the stem’s 3’ end fell within the library’s
length constraints, we generated rescue sequences for each variant,
installing compensatory mutations inthe 3’ strand. For each loop set,
we generated 20,000 random and shuffled variants. For each variant
and rescue sequence, we calculated the minimum free energy struc-
ture with Contrafold™ within the full intron context. We then assessed
whether the variant disrupted any targeted stems without altering the
remainder of the secondary structure. More specifically, for each vari-
ant, we computed two penalty scores: a variable region penalty and a
constantregion penalty. The variable region penalty was the sum of the
number of paired residues in the variable region along with the number
ofbase pairs present in this region. The constant region penalty focused
onnucleotides outside the variable region, computing the number of
native base pairs disrupted by the variant, and adding half of the num-
ber of base pairs gained in the variant. If applicable, we calculated the
rescue penalty as the number of base pairs altered between the native
secondary structure and the rescue sequence. We chose the top 4-8
unique variants per regionon the basis of the sumof'the variable region,
constantregion and rescue penalties. Our variants did not affect the 5
splice site, branch point or 3’ splice site. We additionally included the
wild-type sequence for each set. The final chosen variant sequences
and their penalty scores are in Supplementary Table 3.

Designing gene context for intron variants

Introns were cloned into their native gene context to better mimic
the effects of structures in native S. cerevisiae on gene expression.
Each constructincluded the promoter TDH3 (which has been shown
toinduce high expression levels*®), the 5’ untranslated region (UTR)
beginning at the transcription start site, the full gene including the
intron sequence and the ADHI terminator (shown toyield high mRNA
halflife"?) (Extended Data Fig. 8c). For each gene, we used the YeasTSS
database to identify the most prominent transcription start site to
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start the 5 UTR'™. When cloning intron libraries into this gene con-
text, we included a 8-nt fixed sequence in the 5’ UTR to distinguish
theinserted gene from the endogenous copy (AGCGGACG for QCR9,
RPL28, RPS9A and RPL36B; AGAAGACG for RPS14B; AGAAGAGC for
RPL7A and AACTGCCC for RPS9B). Additionally, we included a ran-
dom12-nt (12N) barcode in the 5’ UTR to identify variants even after
introns are spliced out. We ran simulations sampling 12N barcodes to
confirm that, for our expected number of clones (10,000-50,000),
most barcodes would have an edit distance of at least two from all
others (Extended Data Fig. 8d). We therefore expected that these bar-
codeswould enable unambiguously assigning spliced reads to intron
variants.

Growth media for structure variant library assay
We used the following growth media and plates for our structure-func-
tion assay:

« YPD medium: YPD powder (Difco; yeast extract 10 g 17,
peptone 20 g1, dextrose 20 g1™)

» YPD plates: Difco YPD powder 50 g1, Difco agar powder
20gl?

« SD-LEU plates: premix from Takara Bio

« SD-HIS plates: premix from Takara Bio

Constructing yeast background strain for integrating
structural variant libraries

Weintegrated our variant library into the yeast genome using homol-
ogous recombination and CRISPR-Cas9-induced double-stranded
breaks. We chose the ARS416 locus as our integration site, because it
is a highly efficient site"*. To ensure that our library was integrated
in the expected locus, we first constructed the background strain
PLHOO1, whichinserted a partial LEU2 selection marker at this locus,
beginning at the second codon of the coding sequence. We then
designed our structure variant library constructs toinclude the LEU2
promoter and start codon, selecting for integration at the correct
locus with SD-LEU.

The strain PLHOO1 was constructed from background strain
BY4741(Mata, his3A1, leu2A0, metl15A0, ura3A0). A partial LEU2 selec-
tion marker and acomplete HIS3selection marker were integrated into
the ARS416 genelocus™. LEU2 and HIS3were obtained from the pHLUM
plasmid'®, adding homology arms by PCR for genomic integration into
ARS416. These constructs were cloned into the pUC19 backbone™® using
NEBuilder Hifi DNA Assembly (NEB) (Extended Data Fig. 8c and insert
sequence RRLHinSupplementary Table 5). We obtained alinear insert
for transformation with PCR, which was integrated into the ARS416

locus using SD-HIS selection™.

Constructing plasmid backbones for structure variant library
We first cloned a plasmid backbone for each intron variant contain-
ing the intron’s gene context (pRR1-pRR7), and we then cloned our
intronlibrariesinto this background. For eachintron, the background
gene consisted of the TDH3 promoter, the 5 UTR, the gene and intron
excluding the variant library, the ADHI terminator and homology
arms for insertion into the ARS416 locus (Extended Data Fig. 8c). All
PCR reactions in the following sections were carried out with the
NEBNext Ultra Il Q5 Master Mix (NEB). We used the following gene
fragments from Integrated DNA Technologies to build gene back-
ground constructs: (1) gene blocks with the homology arm and TDH3
promoter; (2) ageneblock withthe ADHI terminator, LEU2 promoter,
LEU2 start codon and LEU2 homology arm; and (3) gene blocks with
the target gene and constant regions in the intron (gblockRR4-12;
Supplementary Table 5). Gene blocks were amplified with PCR using
primers RR222-RR233 (Supplementary Table 5) and cloned into the
background plasmid using a NEBuilder Hifi DNA Assembly (NEB)
reaction.

Cloning structure variant library with high-efficiency
transformation

Intron libraries were obtained as one oPool per intron from Integrated
DNA Technologies, and the seven sub-libraries were amplified by PCR.
Foreachintron, we carried out eight parallel PCR reactions with lim-
ited PCR cycling to reduce bias. We used the following primer pairs:
RR273 and RR249 for RPS14B; RR274 and RR251 for RPS9B; RR275 and
RR253 for RPS9A; RR276 and RR255 for QCR9; RR277 and RR257 for
RPL36B; RR279 and RR261 for RPL28; and RR280 and RR263 for RPL7A
(Supplementary Table 5). Primers included overhangs for plasmid
insertion, and forward primersincluded 12N random barcodes. PCR
was carried out with 30 ngtemplate and 14 amplification cycles. The
eight PCR reactions were concentrated together with the QIAQuick
PCR Purification Kit (Qiagen) and gel purified with a MinElute PCR
Purification Kit (Qiagen). Plasmid backbones pRR1-pRR7 were lin-
earized using PCR primers RR223 and RR239-RR245 using a 3.5-min
extension time, gel purified, and treated with Dpnl (NEB). We trans-
formed NEB Stable Competent E. coli cells (NEB) with NEBuilder HiFi
DNA Asssembly (NEB) reactions for each of our 7 sub-libraries, using
2.5 pl of ligation product for 32 pl of competent cells. We obtained
6,000-46,000 clones per sub-library (30-230x library coverage) and
validated 8-16 clones per sub-library with Sanger sequencing. Plas-
mid DNA was extracted using the ZymoPURE Il Plasmid Midiprep Kit
(Zymo Research).

Yeast genomic integration for structure variant library assay
The plasmid library was linearized by restriction digest. For the initial
digestion, we combined 3 pl of XemI (NEB) with 10 pl of 10X R2.1buffer
(NEB) and added 5 pg of each plasmid sub-library in a total volume of
100 pl. Reactions were left at 37 °C for 60 min and at 65 °C for 20 min.
Then, for the second digestion, we added 2.0 pl of 2.5 M NaCl, 4.16 pl
of TrisHCIpH 7.9, and 1.5 pl of the Bglll enzyme, followed by an incuba-
tion at 37 °C for 60 min. To increase the efficiency of integration, the
linearized plasmid library was transformed with Cas9. We obtained
50 pgof plasmid p426 (ref.114) with the ZymoPUREII Plasmid Maxiprep
Kit (Zymo Research) and linearized with Ahdl digest.

We used heat-shock transformation in PLHOO1 with the lin-
earized Cas9 plasmid and library insert for genomicintegration with
thelithium acetate (LiAc), single-stranded DNA (ssDNA) and polyeth-
ylene glycol (PEG) transformation protocol'. For each sub-library
transformation, we used 5 pg linearized plasmid library and 5 pg
linearized p426 plasmid to transform 25 ml of cells at an OD,, 0f 0.5.
We plated transformed cells on SD-LEU selection plates. As negative
controls, we transformed DNA from one sub-library into BY4741, and
we transformed p426 alone without alibrary insertinto PLHOO1. We
saw no colony growth for either of these negative control conditions
onSD-LEU selection plates. We obtained 9,000-35,000 colonies for
eachsub-library, yielding 45-175x library coverage for each intron. We
verified correctintegration for four to eight colonies per sub-library
with Sanger sequencing.

Genomic DNA sequencing for structural variant library assays

We sequenced genomic DNA to assign barcodes to each designed vari-
antsequence and to obtain transformation frequencies. We extracted
DNA using the YeaStar Genomic DNA Kit (Zymo Research). We then
carried outanindexing PCR with limited cycles to amplify targetintron
library regions and add i5 and i7 indices for lllumina sequencing with
the primers RR281-RR294 (Supplementary Table 5). These primers
amplified the target sub-libraries including barcodes, with forward
primers binding to the fixed 8-nt sequences that distinguished the
insertedintronlibrary fromthe endogenous gene copy. For eachindex-
ing PCR, we used 50 ng genomic DNA template and 7 amplification
cycles. We then amplified ourindexing PCR sample with P5and P7 prim-
ers, now with 11-14 PCR cycles and annealing at 66 °C. Samples were
purified using RNACleanXP beads (Beckman Coulter) with a AMPure
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bead to sample volume ratio of 0.8 to remove primer dimers from the
sample. The sequencing libraries were quantified and the libraries were
sequenced using an Illumina MiSeq v3 600-cycle kit.

Targeted RNA sequencing for structure variant library assay
We aimed to sequence RNA to obtain levels of spliced and unspliced
RNA. We started overnight cultures from 100 pl of yeast sub-library
glycerolstocks, and we used 5 ml culture per sub-library intwo columns
fromthe YeaStar RNAKit (Zymo Research), with 2.5 pl of Zymolase for
every 2.5 mlstarting cell culture. We pooled RNA extracted fromeach
sub-library, combining 50 pg total RNA from each sub-library to yield
350 pg total RNA. For RNA sequencing, as described previously, we
first depleted rRNA from our total RNA with RNase H, using 50-mer
oligos to tile rRNA sequences. We then carried out size selection with
RNA Clean and Concentrator-5kit (Zymo Research), followed by treat-
ment with TURBO DNase, and purified reactions with the RNA Clean
and Concentrator-5 kit (Zymo Research).

To assess the removal of contaminating genomic DNA from our
total RNA, we carried out a reverse transcription reaction with and
withoutreverse transcriptase and checked for amplification of control
RNA regions with PCR. For reverse transcription, we used the iScript
Reverse Transcription Supermix (Bio-Rad). We purified samples with
Oligo Clean and Concentrator columns (Zymo Research), withelution
in15 plH,0. We then performed PCR with the MATal and RPL36B prim-
ersasdescribed above.

We next generated cDNA using the DMS-MaPseq library-
preparation strategy described above. In brief, first, we fragmented
our RNA and purified with the RNA Clean and Concentrator-5 kit (Zymo
Research). We thenremoved 3’ phosphate groups from fragmentation
withrSAP (NEB) treatment followed by rSAP inactivation. We prepared
adenylated linker from RR118 (Supplementary Table 5), and we then
ligated this linker to our RNA sample with a T4 RNA ligase 2 truncated
KQ (NEB) reaction, adding adenylated linker in 2x molar excess of the
RNAsample. Excesslinker was degraded with 5’ deadenylase (NEB) and
RecJf (NEB) exonuclease. For reverse transcription, we used the TGIRT
enzyme (InGex), using the reverse transcription primer RR301 which
includes a10-nt UMI and lllumina adapters (Supplementary Table 5).
We degraded RNA and then purified cDNA with an Oligo Clean and
Concentrator column (Zymo Research).

Next, we amplified cDNA with targeted PCR primers for each
sub-library to generate final sequencing samples. We first carried out
ashortindexing PCR for each sample. For these PCR reactions, we
used the following primer pairs: RR281and RR302; RR283 and RR303;
RR285 and RR304; RR287 and RR305; RR289 and RR306; RR291 and
RR307; and RR293 and RR308 (Supplementary Table 4). Our forward
PCR primers included the 8-nt fixed sequence that distinguished the
inserted library from the endogenous gene. These primers allowed
for the amplification of cDNA, including barcode sequences and the
splicesitejunction. Additionally, these primersincluded uniquei5 and
i7index sequences. Forindexing PCR, we used Q5 with seven amplifica-
tion cycles. Wethen carried out 24-28 additional PCR cycles with P5and
P7 primers (Supplementary Table 5). Finally, to obtain double-stranded
DNA for sequencing, we carried out two rounds of size-selection and
purification with RNACleanXP beads (Beckman Coulter), using an
AMPure bead to sample volume ratio of 0.7, followed by elution in
15 pl H,0. The sequencing libraries were sequenced using a partial
Illumina NovaSeq S4 lane, providing around 700 million paired-end
reads of length 150.

Genomic DNA sequencing data analysis for structure variant
library

Genomic DNA sequencing provided links from barcodes to intron
variants along with quantification for the number of transformants for
each variant. To prepare genomic DNA sequencing reads for analysis,
wefirstused UMI-tools” to extract barcodes and thenerror-corrected

paired-end reads using bbmerge"®, removing Illumina adapter

sequences and ensuring consistency between paired-end reads.

We used the following pipeline to assemble consensus intron vari-
antsequences for each barcode using the fgbio toolkit (fulcrumgenom-
ics.github.io/fgbio/). First, paired-end reads were aligned to introns
using BWA™, alignments were sorted using fgbio’s SortBam, and
mate-pairs were annotated with fgbio’s SetMatelnformation. We then
grouped reads with the same barcode using fgbio’s GroupReadsByUmi
with the adjacency method. Consensus reads were called using fgbio’s
CallMolecularConsensusReads with the flags-m 20 -M 5 torequire that
bases have a Q score above 20, and that at least 5 reads covered each
consensus sequence. We then filtered these sequences using fgbio’s
FilterConsensusReads withthe flags-M 5-q20-N20-E 0.01, additionally
requiring that consensus bases have a quality of at least 20, and reads
have average error rates lower than 0.01. We merged paired-end reads
using bbmerge''®, obtaining consensus length distributions. Finally,
to ensure that barcodes are mapped primarily to single consensus
reads, we kept the primary consensus sequence for each barcode
and required that at most 5% of reads map to secondary consensus
sequences, removing 0.4-4.7% of barcodes.

From our consensus sequences, we obtained barcode mappings,
along with transformation frequencies, for designed variants. We
collated barcodes that mapped to designed variant sequences, and
found atleast ten unique barcodes for many of the designed variants.
We additionally found that some colonies had consensus sequence
variants that were mutations of wild-type sequences or designed
variants. From these sequences, we retrieved mutated QCR9 branch
point sequences as a control sample. To obtain transformation fre-
quencies, we found read coverage using the output from fgbio’s
FilterConsensusReads.

RNA-sequencing data analysis for structure variant library

To process RNA-sequencing data, we first extracted barcodes (one
for each transformant) and UMIs (one for each cDNA molecule) from
our sequencing reads with UMI-tools””. We then removed Illumina
adapters from the reads using cutadapt, additionally trimming bases
witha Q-score <20. We then aligned reads to spliced isoform reference
sequences. For our reference sequence annotations, we collated all
possibleisoforms capturing spliced and unspliced transcripts (four iso-
forms for two-intron RPL7A and two for all other genes), and we gener-
ated gff annotation files with gmap'?°. We used TopHat2 (ref. 86) to align
sequencingreads, using the following flags:-no-novel-juncs -T -b2-mp
3,1-b2-rdg5,1-b2-rfg5,1-segment-length 20 -~segment-mismatches
3 -read-gap-length 7 -read-edit-dist 50 -m 1 -max-insertion-length 19
-max-deletion-length 19. We generated fasta files from the resulting
alignment files with samtools®.

We classified each aligned sequence into one of three categories:
unspliced, spliced at the expected junction, or other, requiring 14 nt
of agreement at the unspliced or spliced junction. Sequences that did
not include canonical spliced or unspliced junctions were classified
as alternative splicing events if they appeared in at least ten UMIs per
barcode and at least three barcodes per variant. For canonical spliced
orunsplicedjunctions, we counted reads after deduplicating UMIs. We
then computed two metrics for each barcode: the retained intron frac-
tion and the normalized mRNA level. The retained intron fraction was
theratiobetween the unspliced read counts and total read counts. The
normalized mRNA level was the ratio between the spliced read count
and the transformation frequency fromgenomic DNA sequencing. For
eachintron sub-library, we used the barcode-variant correspondence
from genomic DNA sequencingto collect retained intron fractions and
normalized mRNA levels.

For all the stem and loop sets assessed in each intron sub-library,
we compared Rl fractions and normalized mRNA levels between the
wild-type sequence versus stem disruption variants, and the stem
disruption variants versus the rescue sequences. Comparisons were
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made using two-sided permutation tests (SciPy"?) for the differencein
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 RPS9A4 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,
andrescue sequences for two different barcodes (from gblock_RR15-18
with two barcodes subsequently added by PCR). For RPL36B, we cloned
eightintronvariantsincluding 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 highretainedintronlevels, and with primers RR253 and RR338
toinclude 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 Xcml (NEB) and a second digest with
Bglll (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 PLHOOL. Linearized plasmids were transformed into PLHOO1 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 RNAKit (Zymo Research) with 5 ml culture withan OD, of
0.5-0.6,as described above. We treated the samples with TURBO DNase
(Thermo Fisher) and cleaned up samples with Zymo5RNA 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 gPCR
with the iTaq Universal SYBR Green Supermix (Bio-Rad), using 1 pl of
forward and reverse primer ina 20-pl 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
RPL36Bwe used primers RR346 and RR347 to amplify the spliced prod-
uct,and RR346 and RR348 to amplify the unspliced product. Aregion
of ACTIwas used as a controlinterval, with primers RR341and 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 2> 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
eachintron’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 RNAstructure®. 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
forthe 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.*°. To count the number
of orthologs for each intron, we found all the species with non-empty
sequencesalignedtotheS. cerevisiae intron. We additionally counted
the number of zipper stem orthologs by finding all the non-empty
regions aligned to the longest zipper stemin 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
theintrons across the Saccharomyces genus. We tested each intronin
these 20 species against matched control sets, with each intron hav-
ing amatching 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
indelsrandomly into the homologS. cerevisiaeintron at this measured
average frequency. As described earlier for the analysis of S. cerevi-
siaeintrons, 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-
turesareincludedinSupplementary Table 1. Processed DMS reactivity
data, control RNA secondary structures and base-pairing probabilities
fromstructure prediction with bootstrapping canbe 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 datafor the Supplementary figures have been provided
asaSupplementary DataFile. Source datafor 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-seqis available at https://github.
com/ramyarangan/VARSseq.

References

75. Jeong, H., Herskowitz, I., DKroetz, D. L. & Rine, J. Function-altering
SNPs in the human multidrug transporter gene ABCB1 identified
using a Saccharomyces-based assay. PLoS Genet. 3, €39 (2007).

76. Rouskin, S., Zubradt, M., Washietl, S., Kellis, M. & Weissman, J. S.
Genome-wide probing of RNA structure reveals active unfolding
of mRNA structures in vivo. Nature 505, 701-705 (2014).

77. Smith, T., Heger, A. & Sudbery, I. UMI-tools: modeling sequencing
errors in unique molecular identifiers to improve quantification
accuracy. Genome Res. 27, 491-499 (2017).

78. Talkish, J. et al. Rapidly evolving protointrons in Saccharomyces
genomes revealed by a hungry spliceosome. PLoS Genet. 15,
1008249 (2019).

79. Cherry, J. M. et al. Saccharomyces Genome Database: the
genomics resource of budding yeast. Nucleic Acids Res. 40,
D700-D705 (2012).

80. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

81. Busan, S. & Weeks, K. M. Accurate detection of chemical
modifications in RNA by mutational profiling (MaP) with
ShapeMapper 2. RNA 24, 143-148 (2018).

82. Li, H. et al. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

83. Incarnato, D., Morandi, E., Simon, L. M. & Oliviero, S. RNA Framework:
an all-in-one toolkit for the analysis of RNA structures and
post-transcriptional modifications. Nucleic Acids Res. 46,
€97 (2018).

84. Kawashima, T., Douglass, S., Gabunilas, J., Pellegrini, M. &
Chanfreau, G. F. Widespread use of non-productive alternative
splice sites in Saccharomyces cerevisiae. PLoS Genet. 10,
1004249 (2014).

85. Hossain, M. A., Rodriguez, C. M. & Johnson, T. L. Key features
of the two-intron Saccharomyces cerevisiae gene SUS1
contribute to its alternative splicing. Nucleic Acids Res. 39,
8612-8627 (20M).

86. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in
the presence of insertions, deletions and gene fusions. Genome
Biol. 14, R36 (2013).

87. Ben-Shem, A. et al. The structure of the eukaryotic ribosome at
3.0A resolution. Science 334, 1524-1529 (2011).

88. Lu, X.J. & Olson, W. K. 3DNA: a software package for the analysis,
rebuilding and visualization of three-dimensional nucleic acid
structures. Nucleic Acids Res. 31, 5108-5121(2003).

89. Nguyen, T. H. D. et al. Cryo-EM structure of the yeast U4/U6.U5
tri-snRNP at 3.7 A resolution. Nature 530, 298-302 (2016).

90. Li, X. et al. CryoEM structure of Saccharomyces cerevisiae U1
snRNP offers insight into alternative splicing. Nat. Commun. 8,
1035 (2017).

91. Kalvari, I. et al. Rfam 14: expanded coverage of metagenomic,
viral and microRNA families. Nucleic Acids Res. 49, D192-D200
(2021).

92. Lan, P. etal. Structural insight into precursor tRNA processing by
yeast ribonuclease P. Science 362, eaat6678 (2018).

93. Rodgers, M. L. et al. Conformational dynamics of stem Il of the
U2 snRNA. RNA 22, 225-236 (2016).

94. Hajdin, C. E. et al. Accurate SHAPE-directed RNA secondary
structure modeling, including pseudoknots. Proc. Natl Acad. Sci.
USA 110, 5498-5503 (2013).

95. Tomezsko, P. J. et al. Determination of RNA structural diversity and
its role in HIV-1 RNA splicing. Nature 582, 438-442 (2020).

96. Brown, S. S. et al. PrimerPooler: automated primer pooling to
prepare library for targeted sequencing. Biol. Methods Protoc. 2,
bpx006 (2017).

97. Rivas, E. RNA structure prediction using positive and negative
evolutionary information. PLoS Comput. Biol. 16, 1008387
(2020).

98. Benson, D. A. et al. GenBank. Nucleic Acids Res. 41, D36-D42
(2013).

99. Watkins, A. M., Rangan, R. & Das, R. FARFAR2: improved de novo
rosetta prediction of complex global RNA folds. Structure 28,
963-976 (2020).

100. Watkins, A. M., Rangan, R. & Das, R. Using Rosetta for RNA
homology modeling. Methods Enzymol. 623, 177-207 (2019).

101. Bernhart, S. H. et al. Partition function and base pairing
probabilities of RNA heterodimers. Algorithms Mol. Biol. 1,
3(2006).

102. Bai, R., Wan, R., Yan, C,, Lei, J. & Shi, Y. Structures of the fully
assembled Saccharomyces cerevisiae spliceosome before
activation. Science 360, 1423-1429 (2018).

103. Plaschka, C., Lin, P. C. & Nagai, K. Structure of a pre-catalytic
spliceosome. Nature 546, 617-621 (2017).

104. Yan, C., Wan, R., Bai, R., Huang, G. & Shi, Y. Structure of
a yeast activated spliceosome at 3.5 A resolution. Science 353,
904-911(2016).

105. Galej, W. P. et al. Cryo-EM structure of the spliceosome
immediately after branching. Nature 537, 197-201 (2016).

106. Yan, C., Wan, R., Bai, R., Huang, G. & Shi, Y. Structure of a yeast
step |l catalytically activated spliceosome. Science 355,
149-155 (2017).

107. Roy, K. R. et al. Spliceosomal mutations decouple 3’ splice site
fidelity from cellular fitness. Preprint at bioRxiv https://doi.org/
10.1101/2023.01.12.523824 (2023).

108. Hagberg, A., Schult, D. & Swart, P. Exploring network structure,
dynamics, and function using NetworkX. In Proc. 7th Python in
Science conference (SciPy 2008) (eds. Varoquaux, G., Vaught, T. &
Millman, J.) 11-15 (2008).

109. Cheng, C. Y., Chou, F. C. & Das, R. Modeling complex RNA tertiary
folds with Rosetta. Methods Enzymol. 553, 35-64 (2015).

10. Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific
computing in Python. Nat. Methods 17, 261-272 (2020).

1. Do, C.B., Woods, D. A. & Batzoglou, S. CONTRAfold: RNA
secondary structure prediction without physics-based models.
Bioinformatics 22, e90-e98 (2006).

12. Curran, K. A., Karim, A. S., Gupta, A. & Alper, H. S. Use of
expression-enhancing terminators in Saccharomyces cerevisiae to
increase mRNA half-life and improve gene expression control for
metabolic engineering applications. Metab. Eng. 19, 88-97 (2013).

13. McMillan, J., Lu, Z., Rodriguez, J. S., Ahn, T. H. & Lin, Z. YeasTSS:
an integrative web database of yeast transcription start sites.
Database (Oxford) 2019, baz048 (2019).

114. Reider Apel, A. et al. A Cas9-based toolkit to program gene
expression in Saccharomyces cerevisiae. Nucleic Acids Res. 45,
496-508 (2017).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://github.com/ramyarangan/DMS_intron_analysis
https://github.com/ramyarangan/pre-mRNA_Secstruct
https://github.com/ramyarangan/pre-mRNA_Secstruct
https://github.com/ramyarangan/VARSseq
https://github.com/ramyarangan/VARSseq
https://doi.org/10.1101/2023.01.12.523824
https://doi.org/10.1101/2023.01.12.523824

Article

https://doi.org/10.1038/s41594-025-01565-x

115. Mulleder, M. et al. A prototrophic deletion mutant collection for
yeast metabolomics and systems biology. Nat. Biotechnol. 30,
1176-1178 (2012).

116. Norrander, J., Kempe, T. & Messing, J. Construction of improved
M13 vectors using oligodeoxynucleotide-directed mutagenesis.
Gene 26, 101-106 (1983).

117. Gietz, R. D. & Woods, R. A. Transformation of yeast by lithium
acetate/single-stranded carrier DNA/polyethylene glycol method.
Methods Enzymol. 350, 87-96 (2002).

118. Bushnell, B., Rood, J. & Singer, E. BBMerge—accurate paired
shotgun read merging via overlap. PLoS ONE 12, e0185056 (2017).

119. Li, H. & Durbin, R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

120. Wu, T. D. & Watanabe, C. K. GMAP: a genomic mapping and
alignment program for mRNA and EST sequences. Bioinformatics
21, 1859-1875 (2005).

Acknowledgements

We thank K. B. Hooks (Faculty of Life Sciences, University of
Manchester, M13 9PT, United Kingdom) and D. Delneri (Faculty of
Life Sciences, University of Manchester, M13 9PT, United Kingdom)
for providing secondary structure data upon request. We thank A.
Hoskins, J. Puglisi, T. Lan and S. Rouskin for illuminating discussions
on this project, and we thank V. V. Topkar and |. Zheludev for advice
on experimental protocols. We thank Stanford University for
providing computational resources and support for the Sherlock 2.0
cluster that contributed to these results. This work was supported
by the National Science Foundation Graduate Research Fellowship
Program grant no. 1650114 (R.R.); the Gerald J. Lieberman Fellowship
(R.R.); the National Institutes of Health grant R85GM145266 (M.A.), a
Stanford Bio-X Interdisciplinary Initiative Award (R.D.); the National
Institutes of Health grant R85GM122579 (R.D.) and the Howard
Hughes Medical Institute (HHMI) Investigator Program (R.D.). This
article is subject to HHMI’s Open Access to Publications policy.
HHMI lab heads have previously granted a nonexclusive CC BY

4.0 license to the public and a sublicensable license to HHMI in their
research articles. Pursuant to those licenses, the author-accepted

manuscript of this article can be made freely available under

a CC BY 4.0 license immediately upon publication. The funders had
no role in study design, data collection and analysis, decision to
publish or preparation of the manuscript.

Author contributions

R.R. and R.D. conceived the project. R.R. designed and performed
experiments and carried out computational analyses. O.H. and M.A.
developed the S. cerevisiae strain OHY0O1 used in the project. R.H.
conducted in vitro and targeted DMS probing experiments. P.P.
tested alternate structure prediction approaches. R.R., M.A. and R.D.
interpreted the results. R.R. wrote the initial draft, and R.R., M.A. and
R.D. wrote the final manuscript with input from all authors.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41594-025-01565-x.

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41594-025-01565-x.

Correspondence and requests for materials should be addressed to
Rhiju Das.

Peer review information Nature Structural & Molecular Biology
thanks Aaron Hoskins and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. Primary Handling Editor
Dimitris Typas was the primary editor on this article and managed its
editorial process and peer review in collaboration with the rest of the
editorial team. Peer reviewer reports are available.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-025-01565-x
https://doi.org/10.1038/s41594-025-01565-x
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41594-025-01565-x

i 6.29%
A Per base mutational frequency 7.10%
0.03
2 B A
5 mc
: —
S
(=
‘—g | V)
2 0.01
8
=]
=
0.00-
DMS No modification
B Correlation of rRNA mutational frequency
for 255 and 18S rRNA residues ROC curve for 255 and 18S rRNA residues
5 1.0 1
Q.
O 0.8
o
E 0.8
E g
> 0.6 ©
c g 0.6
v =
(%]
O 4
g 0.4 8_0_4-
= )
© 2
< =
S 021
2 0.2 02
S
>
= 00 r% 0.832 0.0 AUC: 0.911
010 012 of4 0:6 018 OtO 012 Oj4 0?6 0?8 1i0
Mutational frequency (Zubradt, et al. 2016) False positive rate
u
ou N
C A AA 180 1?C'\f\\;’° 0
%, 00 G NE
Ll'_l:l;\ ol \\ -\\C -\G A
. (T}
c=G G N\ AcA
o—2  ASH1 0w
c=GC AT N\ A@C
.l',,Ac o00 16@2\ E 220
7 Aup. A A _ 200 1E N @l
Ag / VU g.c ® \.GC®
Ye AI\AIJA/(/:I ’ AA:uc HAC1
w6, A e Reactivity
A—U i\ —d
- Ay [
A—U - 0 2
U—A

Extended Data Fig. 1| DMS-MaPseq data quality. A) Per-base mutational frequencies. B) Accuracy of mutational frequency values for rRNA residues. C) HACI and ASH1

positive control structures with overlaid reactivity profiles.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-025-01565-x

0.9 PPV for control structure stems §gg15|t|wty for control structure stems . 501 Score for control structure stems
. . g . ;
1 1
0.85 0.85 : 0.851 :
1
0.80 0.80 ' 0.80 :
2 ] o !
- 0.75 S 075 fFmmmmmmm o e 50751 !
= 1 (v}
2 0.70 5 0.70 ] V1 0.70
o wv
e i — :
0.65 Zo.es H LL 0.65 1 H
1 ——————
0.60 0.60 : 0.60 :
1 1
0.55 0.55 1 0.554 1
1 1
0.50 1= : T 0.50 ! 0.50 1 B . b
0.0 0.2 0.4 0.6 0.8 .0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 06 0.8
Helix confidence estimate Helix confidence estimate Helix confidence estimate
220
uu G
]
U1 snRNA
sn Pra
Vassw g
DMS-MaPseq 5, o
Vg
v A
A
® /A
06”40 240
200 gBh
u ,A.u
GU.AU Y v o, A c.’c_
A U 40 ua%’p,rc 2 0% ¢ b4
BN\ oA Og” c "G ue Vg O C
0N, ugoV ot c. ; o4 . © - Ogu
A “QA e Veu J.A{’:/, ~ Ag e u'%(f\%u\ ° J qu,gc T . U\UOC\\c o SGQJ;@WCF ‘Z‘%/\ v,
U\ U 80 G 1hoge AAL 479 o456 C U, G [}
49 c\‘*QO‘/l o P it cI/.\A,Gvc G—A‘:j/i/c G % "évu'”\ QAe‘Sb A o 0., v, /Uu
0a Nt at © ' Q 96" s, uu A
A 1] L) L / u A e P
o8 AR Cxg-c U\ K o ’u"ﬁ
Cx 67 280 COTA A0y
£ e O T e, 2y o
A N Cx G o vu_u oG
G,—U C—g 180 ,u:f 300 W gﬁc vog 460 iy
=C = \ 75, — v
W & % e ] i
A~ Ygammy Csei’ /v, v c=¢ .
G C‘gw}é chzéﬁ” c’coocoﬁ»c ..A.U ! c‘C‘ 2
20 Al A—U U A VP Fe o B G 0 ‘\G
@:% A—U gﬁn/g C‘u‘_j//c’c» i c\\ (;U ° -
U—AA—U = C foo g, 320 ach % Cg 7 v _u
AUACUUACCUUAAGAUA—UC=GCUGAC=GGGOUUUU N 00U \\\c C.g/f CSea’
s40U—A K o v c@g% AC v AaﬁAQ/’“C 420m6y°£,
209 S Foa 1Y AGC\\ 3 " cuac. 400
Gop sz0 Dl /A OB Al T o Ugl F
A= u o cu /G
o Gm U—A 560 A é: A’ﬁo/%\/kc
H % ¢ % Aan-l Ve s °
A% . - A~ s00 AA
A ] u Gidgse
U1 snRNA o
A sV u"l ¢~ o
ﬁ o vy
. G A
native ek '
€6
=00,
" ®
.“//AA
140 v D//'c
cu.Au C"‘CVAVC‘A‘C mcqc 20
c': ‘é 120 o ‘A UUO/A
\ 0 A, G c U
N L ST < a2
vgl uk/\\\” ot AC////CAA’A-— ccut “J U,
w G RAT L AL AN 2 A
%9o® Cor T ¢ e
o RN cc', U9 ¢
G uh uta\\n:' c “.ic
u_A 4
C A
G ¢
C=G
G=C 160
006G N
o N
g ﬁ 180 c'(@c
" ®c :’ A9 [ uc\\;‘G
° lljfouFﬁlljllc};GA::tU; ® cuu\ucbni A
A-G-G-A-g. 100 LT ©" € FooY G
Cuat G;CU/AI Egﬂg \EWC'KAGGA ui/;u_
u— GG G
o 50 cu‘:a .
% :
A—U
AUACUUACCUU .UAAUUl.lUllGAUIJUAUUUU
560
u
u

Reactivity

0 2

Extended Data Fig. 2| See next page for caption.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-025-01565-x

Extended Data Fig. 2| Support from DMS reactivity for in vivo formation
of control structures. A) PPV, B) sensitivity, and C) F1score for structure
prediction of aset 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 F1score for Vienna RNA
structure prediction without using DMS data. D)-E) DMS-MaPseq structure

prediction for the U1snRNA compared to the native secondary structure. D)
DMS-guided secondary structure prediction for the U1snRNA, with reactivity
values overlaid and helix confidence estimates indicated in green percentages.
E) Native secondary structure for the U1snRNA, 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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DMS probing

replicates of targeted DMS probing for 30 introns without (left) or with (right)
heat denaturation. D) The number of high confidence stems found in 24 introns
with r?> 0.9 from targeted DMS probing and r>> 0.6 from DMS-MaPseq. E) The
number of high confidence stems found in 22 introns with r* > 0.9 from targeted
DMS probing of denatured RNA and r* > 0.6 from DMS-MaPseq.
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with decoy sequences chosen to have 5’ splice site, branch point, and 3’ splice
site placements matching length distributions from canonical introns (see
Methods). B) Secondary structure features are enriched in standard canonical
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Extended Data Fig. 7 | Base-pairing probabilities and secondary structure
predictions fromin vitro M2-seq and in vivo DMS-MaPseq. Base-pairing
probabilities and secondary structure predictions are shown for introns in RPS11A
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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 setsin anintron.

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 LPLOO1 (top) and for transforming the intron
library via genomic integration into LPLOO1 (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).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-025-01565-x

RPS9A

uCc
Loop 196-205 u CC
u
A
Stem 191-195 G Gy i HAN
200 e &M
Y G C c—a . Stem 51-58 Stem 73-79
A—U AG *u A—U So p—
= & 23
b= -
lé:é 40— é 2270 G:X 5 05 p-val 0.0065 08l W
Stems c—6 ﬁjga ap 2280 Sos 04
184-195 G—X UA*UC GeU % 02 0.2
- 3 . .
A c—S ey £ e | b
c—g ﬁ:ﬂ 25‘)0 U—AaG Wildtype Variant Wildtype Variant
— — Cc—G - R
Stems c o o & AU RACUCAAG G—a =20 g, Stems73-84 . Stems73-06
- AU—A b
182-195 Areo ! TFFARCTRA 1{23(;\ 280 “bccau Sos o8
AGAGGCUUUyU lfﬁ;(f\ c < ool - 06l “pal 00011
u uuyu AGGUA 3?0 g p-val 2¢-05 .
=4
[ 1 s AU so 5% . o
Stems 171-195 ."\ ?AUA %JALHCM. yo=e 20 02
© .
eyucuuC 370-AACACGUGEAG GG g ; .
G 150 U @R ‘ Wildtype Variant Wildtype Variant
§yeene PEPPRTR >
140-U e | 2 @
AACUUGY AGAAGGLgA 380
UUU © 390
s GCU A
130 vu A Stem 191-195 Stems 184-195
UUUUuuuA A—0 UC 210 N . 10 -
1;0 8:2\ Zos 08
gTG 400 Sos "p-val 00010 pval00014 06 'pval 0.00016'
Stems 102-114 u—A o4 04
F— o
c Stems 102-114 U U 202 02
2101 c._ U =
g c—G & o ° e
goe g:g 410 Wildtype Variant Rescue Wildtype  Variant Rescue
< 0.6 o
%M pval 00042 10@“‘3 . UUA Stems 184-195 and Stem 191-195 Stems 182-195
= 0 10 gy . R 10 -
Ee] G o .
2 A I .
€02 . o **
'g UL{Ji AU 29 prval4e-05 ' | pval0.0075 08 W
o O U—A 506 - 06
Wildtype Variant A—U =
£ 04 0.4]
U—A =
A—U—420 Qo2 02 N
S e
" g .
X:G “ " Wildtype  Variant Rescue Wildtype  Variant Rescue
C—Gy < Stems 171-195 Loop 196-205
U—A 2 1.0 prrw— - ; "
Stems 73-9 c—Gy g o
. < 0.8 o . o
S*E\ "é ol p-val 0.00054 06 "pval 0.00036
® A Stems 73-84 G ey 430 £
U—A G0 EN
20-C—G c—aY 02 02
4 5
6.6 Stem 73-79 U—a g, o
UC*GU”.SO é:g Wildtype Variant Rescue Wildtype Variant
00U 40 G—C —440 450 460 470 480 490 500
Cc— A—U
GUACGU CGUUAA U—A GAAUAUUUUU AU UAAA ﬁ:H UG—CGCAUUCG UUUGAAAAAGAGAGCG CUCAC UAACAAUGG UUGUAAUUAUCUUGUAAAACAG
50 | A—U"
A 70 .
0 Reactivity
Stems 51-58 A—U
U—A :
A—U 0 0.5 1
c © Rl score
60-UG
<4 2 0 2 >4
Significantly Signficantly
higher RI lower RI

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 whenincluded in theintron
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
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stems 171-195. Embedded box plots mark the median as the center white point
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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 theinterval. The RIscore is the negative log(p-value) comparing Rl values
between wildtype and variant sequences, and the sign indicates the effect
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wildtype, and negative values (shown as red) for higher variant RI.
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Supplemental Text

Alternative DMS-guided structure prediction approaches. We explored additional structure
prediction approaches to identify potential pseudoknots and alternative conformations in introns
using the DMS data. To find potential pseudoknots, structural motifs that often participate in
stable three-dimensional RNA folds, we predicted structures using ShapeKnots! guided by DMS
data for each intron. No introns included predicted pseudoknots with helix confidence estimates
exceeding the 70% confidence threshold. As a control for our pseudoknot predictions, we
predicted the secondary structure for the RNase P RNA with ShapeKnots' guided by DMS data.
The known pseudoknot in RNAse P? was recovered with this approach but only with 21% helix
confidence estimate, suggesting that some pseudoknots in introns may be missed in our scan due
to low sensitivity when using the 70% helix confidence threshold.

Additionally, for eight intron regions with high coverage (see Methods), we generated structure
predictions using DREEM? to test for alternate conformations represented by the DMS data.
However, reactivity data for all eight regions were best explained by a single structure based on
the Bayesian Information Criteria (BIC) test statistic reported by DREEM. We note that it is
possible these introns have significant alternative conformations that would only become
apparent when probing with higher DMS concentrations or sequencing more deeply.

Detailed evaluation of proposed functional structures in S. cerevisiae introns. Our DMS-
MaPseq data after splicing inhibition allowed us to assess classes of previously proposed intron
structures in S. cerevisiae. These classes include intron structures that were identified through
mutational studies and functional experiments, along with introns identified through
computational structure prediction and evolutionary analysis. We find that structures identified
with functional experiments or scans for covariation were largely supported by our in vivo
chemical probing data, whereas structures identified through other computational prediction
approaches had limited support. Here, we include a detailed description of these classes of
structures along with their support from our DMS data.

Prior studies have used experiments assessing the role of structure using mutants and
compensatory mutants to pinpoint to potential regulatory structures in some S. cerevisiae introns.
For instance, in the case of RPSI7B, a stem linking the 5’ splice site to the branch point, termed a
“zipper stem”, enables efficient splicing despite this intron’s weak 5 splice site.*> A stem
between the branch point and 3’ splice site in RPS23B hides a more proximal cryptic 3’ splice
site and enables thermosensitive regulation of 3” splice site selection for this intron. In the case
of the introns in RPL32, RPS9A4, and RPS14B, portions of the intron have been implicated in
regulating gene expression by binding of excess protein product to pre-mRNA, leading to gene-
specific reduced splicing efficiency.’”!° Finally, structures in introns from RPL184 and RPS22B
have been found to mediate the degradation of unspliced pre-mRNA.!!

In four out of six cases, structures from prior functional experiments received medium or high
support from our DMS data, with high loop reactivity, low stem reactivity, and high helix
confidence estimates (Fig. 2). For instance, the structure in RPL18A involved in pre-mRNA
degradation includes high confidence stems from DMS probing (Fig. 2A). DMS data
additionally support the intron stem in RPS23B co-localizing the branch point and 3’ splice site
(Fig. 2B), and high confidence stems are identified in the secondary structure proposed in



RPS14B to bind the RPS14B protein (Fig. 2C). Finally, high confidence stems are predicted in
the RPS94 intron structure proposed to regulate gene expression levels of RPS94 and RPS9B
(Fig. 2E). In other cases, proposed structures are not supported by the probing data, with DMS
accessible residues present in these structures’ stems. These lower support structures include the
zipper stem in the RPS17B intron (Supplementary Fig. 5A), and the RPL30 structure proposed to
regulate gene expression (Supplementary Fig. 5B). The structure in RPS22B found to trigger pre-
mRNA degradation was not assessed, as this intron did not pass our DMS-MaPseq coverage
threshold. With most structures in this class showing medium or high DMS support, proposed
structures from functional experiments assessing mutants and compensatory mutants are in
general validated by our data (Fig. 2G).

We next evaluated structures identified by Hooks, et al. (2016)!? through predictions from
CMfinder'?, RNAz!4, and Evofold', approaches that use sequence alignments to identify
structures. These structures showed mixed support from DMS data, with introns in YRA/,
RPLI8B, RPL7A, and RPL2S including some stems with high confidence and other stems with
low DMS support (Supplementary Fig. 6A-D). The intron structures in RPL22B and GLC7 were
not predicted from the DMS data (Supplementary Fig. 6E-F). Proposed intron structures in
MPT5 and RPS22B could not be evaluated due to low sequencing coverage. Unlike R-scape,
RNAZz uses thermodynamics calculations and conservation alone rather than covariation, and
CMfinder and Evofold do not use phylogeny sequence backgrounds to identify significant
covariation. With a higher fraction of predicted structures that were not validated by DMS data
from this set (Fig. 2G), these approaches appear to less reliably identify structures that form in
vivo compared to functional experiments.

We evaluated intron structures that included covarying residues using DMS data, finding that in
the majority of cases, covarying base-pairs were supported by the DMS data. Six of the seven
snoRNA-containing introns exhibited sufficient coverage from DMS-MaPseq for evaluation. In
these six introns, a majority of covarying residues were supported by DMS data, with 20 of the
27 covarying residues present in high-confidence stems from DMS-guided structure prediction
(Supplementary Fig. 8). Beyond snoRNA-containing introns, covarying residues were identified
in four introns from our covariation scan and in two introns from Gao, et al. (2021).'® First, we
identified covariation in stems of RPL7A’s first intron, and these covarying residues were
included in high confidence stems forming a 3-way junction (Fig. 2D). Next, as noted by
sequence analysis in Plocik and Guthrie (2012),° we found signals for covariation in a hairpin
shared by the introns in RPS94 and RPS9B, and covarying base pairs in these two introns align
with the secondary structure from DMS-MaPseq (Fig. 2E-F). Only the structure in RPS13 noted
to have covarying residues in Gao, et al. (2021)'® was assigned low helix confidence estimates
(22%), suggesting that these residues are not paired in the dominant in vivo structure
(Supplementary Fig. 5C). The first intron in RPL7B, found to have covarying residues by Gao, et
al. (2021)'¢ and in our covariation scan, did not result in enough sequencing coverage from
DMS-MaPseq for analysis. Overall, the prevalence of DMS-validated covarying residues across
these cases suggests that covariation from R-scape!” can reliably identify structures that form in
vivo (Fig. 2G).

Intron RNA folding with in vitro M2-seq. Our DMS-guided intron secondary structure
predictions suggested that in vivo, S. cerevisiae introns harbor extended secondary structure, with
longer, high-confidence stems compared to coding regions. We explored the structure of introns



outside the nuclear environment through in vitro structure probing. Here we discuss in detail our
findings from in vitro probing with M2-seq for a set of in vitro transcribed candidate introns.

To assess the in vitro folding of individual intron RNAs, we turned to mutate-and-map readout
through next-generation sequencing (M2-seq'®) on introns that were in vitro transcribed and
probed separate from other RNA. M2-seq allowed us to assess the formation of base-pairs found
from DMS-guided secondary structure prediction in vitro, identifying base-pairing partners in
addition to providing average per-residue accessibility data. For each intron, we generated a pool
of RNA in vitro transcribed with sparse errors that were installed via error-prone PCR. These
mutations can lead RNA molecules to adopt altered secondary structure ensembles, with a
mutated residue in a stem exposing its base-pairing partner in solution and potentially leading to
unfolding of the stem. Chemical probing of this RNA pool by DMS, in addition to modifying
positions that are accessible in the wildtype RNA, also modifies base-pairing partners for
mutated stem residues and any other newly accessible positions in the mutated RNA. Off-
diagonal signals in the resulting background-subtracted Z-score plots indicate the presence of a
stem, as these appear when one residue’s mutation leads to an increase in another residue’s
accessibility. In the case of the introns in QCR9 and RPL36B, the Z-score plots from in vitro M2-
seq included these off-diagonal signals, with mutations in some positions resulting in increased
DMS reactivity at other distal positions (Fig. 4A, Extended Data Fig. 6A). When using
RNAstructure to predict secondary structures for these constructs using both 1D and 2D
reactivity data, the resulting helix confidence estimates from bootstrapping confirm the
formation of stable stems in both cases (Fig. 4C, Extended Data Fig. 6C). The Z-scores include
two-dimensional reactivity signals for many of these stems (Fig. 4A, Extended Data Fig. 6A),
and the resulting base-pairing probabilities support the formation of these stems as these introns’
primary structure (Fig. 4B, Extended Data Fig. 6B). These secondary structures agree with the
stems observed in vivo, with high confidence stems in vivo also appearing in the in vitro M2-seq
structures (Fig. 4C-D, Extended Data Fig. 6C-D).

VARS-seq experimental design and validation. To evaluate the effects of intron structure
variants with VARS-seq, we integrated genes containing intron libraries into the yeast genome!”
(Fig. 6A). Reasoning that exogenous reporter genes can alter pre-mRNA secondary structure and
splicing patterns, we instead integrated them into the genome in their full native gene context
with CRISPR/Cas9 (Extended Data Fig. 8C). Random barcodes (12N) were installed in the 5’
UTR upstream of the intron to serve two roles. First, these sequences helped link spliced reads to
the pre-mRNA variant they originated from. Second, these randomized sequences provided
perturbations for the efficiency of splicing and mRNA decay; these perturbations are especially
useful to identify effects in cases where wildtype retained intron levels are beyond the dynamic
range for our assay. For instance, in the case that retained intron levels are low with highly
efficient splicing for a wildtype intron, this barcoding strategy can provide additional dynamic
range for our assay because some randomly designed barcode sequences will attenuate splicing
or pre-mRNA decay rates. In particular, by measuring the effects of many unique barcode
sequences per intron variant, we can observe the distribution of retained intron levels for
wildtype and variant sequences across barcodes, robustly identifying variants that shift this
distribution and alter gene expression.

We sequenced genomic DNA (gDNA) to link randomized barcodes to intron variant sequences
and obtain transformation frequencies, and we measured spliced and unspliced RNA levels with



targeted RNA sequencing (Fig. 6A). Reassuringly, most consensus variant sequences obtained
from gDNA sequencing were the expected library length (between 71.5% and 84.8% across sub-
libraries, Supplementary Fig. 13A), and most designed variants were assigned to at least 10
unique barcodes (92.1%, Supplementary Fig. 13B). Our targeted RNA sequencing measurements
were free from genomic DNA contamination (Supplementary Fig. 13C), and as expected,
variants that disrupted key splice site sequences (branch point mutants in QCR9) significantly
increased retain intron levels (Supplementary Fig. 13D). Though we did observe alternative
splicing events from our RNA sequencing data, all 6 observed events represented a minor
population of transcripts produced from variants including these events (Supplementary Fig.
13E). Using our DNA and RNA sequencing data, we computed the following two metrics for
each barcode and variant sequence: the retained intron (RI) fraction (fraction of RNA-seq reads
that were unspliced) and the normalized mRNA level (spliced mRNA read counts normalized by
the gDNA read counts). Though many variants led to small changes in these two readouts
compared to wildtype sequences, barcode sequences enabled us to robustly identify even subtle
effects by providing perturbations that altered baseline splicing and decay rates.

Comparing intron DMS-guided structure prediction with de novo structure prediction. We
found that many structural features that were enriched in introns when using DMS-guided
structure prediction remained enriched when using de novo structure prediction. Zipper stems
and downstream stems in introns are more stable (lower dG values) than those in control
sequences, whether using DMS-guided structure prediction, de novo minimum-free energy
structure prediction, or de novo secondary structure ensemble prediction (p-values < 0.01, blue
and orange in Fig. 7B). Introns have longer stems than length-matched control sequences and
have higher maximum extrusion from ends, again both from de novo structure predictions and
DMS-guided structure predictions (p-values < 0.01, green and red in Fig. 7B). We additionally
measured the secondary structure graph distance between the 5° splice site and branch point
sequence positions, comparing between introns and the control sequences (purple in Fig. 7B).
From DMS-guided structures, the 5” splice site and branch point were more distant in introns
than controls (p-value < 0.01), perhaps due to the requirement for single-stranded nucleotides
proximal to these sequences in the A-complex spliceosome. On the other hand, de novo structure
prediction suggests that introns have lower secondary structure graph distances between the 5’
splice site and branch point without the context of the spliceosome (p-values < 0.01), as found by
Rogic, et al. (2008),> suggesting that introns co-localize key splicing sequences. We tested other
structure prediction approaches and found similar structural feature enrichment, comparing
against other control sets, using an alternate folding package, and making predictions including
exonic context (Supplementary Fig. S18). In particular, the enrichment for stable zipper stems,
higher maximum extrusion from ends, and lower 5’ splice site to branch point distances
remained significant across all tested de novo prediction approaches.

References

1. Hajdin, C.E. et al. Accurate SHAPE-directed RNA secondary structure modeling,
including pseudoknots. Proc Natl Acad Sci U S A 110, 5498-503 (2013).

2. Lan, P. et al. Structural insight into precursor tRNA processing by yeast ribonuclease P.
Science 362(2018).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Tomezsko, P.J. et al. Determination of RNA structural diversity and its role in HIV-1
RNA splicing. Nature 582, 438-442 (2020).

Charpentier, B. & Rosbash, M. Intramolecular structure in yeast introns aids early steps
of in vitro spliceosome assembly. RNA (1996).

Rogic, S. et al. Correlation between the secondary structure of pre-mRNA introns and the
efficiency of splicing in Saccharomyces cerevisiae. BMC Genomics 9, 355 (2008).
Meyer, M., Plass, M., Perez-Valle, J., Eyras, E. & Vilardell, J. Deciphering 3'ss selection
in the yeast genome reveals an RNA thermosensor that mediates alternative splicing. Mol
Cell 43, 1033-9 (2011).

Vilardell, J. & Warner, J.R. Regulation of splicing at an intermediate step in the
formation of the spliceosome. Genes Dev 8, 211-20 (1994).

Li, Z., Paulovich, A.G. & Woolford, J.L., Jr. Feedback inhibition of the yeast ribosomal
protein gene CRY?2 is mediated by the nucleotide sequence and secondary structure of
CRY?2 pre-mRNA. Mol Cell Biol 15, 6454-64 (1995).

Plocik, A.M. & Guthrie, C. Diverse forms of RPS9 splicing are part of an evolving
autoregulatory circuit. PLoS Genet 8, €1002620 (2012).

Fewell, S.W. & Woolford, J.L., Jr. Ribosomal protein S14 of Saccharomyces cerevisiae
regulates its expression by binding to RPS14B pre-mRNA and to 18S rRNA. Mol Cell
Biol 19, 826-34 (1999).

Danin-Kreiselman, M., Lee, C.Y. & Chanfreau, G. RNAse III-Mediated Degradation of
Unspliced Pre-mRNAs and Lariat Introns. Molecular Cell 11, 1279-1289 (2003).

Hooks, K.B., Naseeb, S., Parker, S., Griffiths-Jones, S. & Delneri, D. Novel Intronic
RNA Structures Contribute to Maintenance of Phenotype in Saccharomyces cerevisiae.
Genetics 203, 1469-81 (2016).

Yao, Z., Weinberg, Z. & Ruzzo, W.L. CMfinder--a covariance model based RNA motif
finding algorithm. Bioinformatics 22, 445-52 (2006).

Gruber, A.R., Neubock, R., Hofacker, I.L. & Washietl, S. The RNAz web server:
prediction of thermodynamically stable and evolutionarily conserved RNA structures.
Nucleic Acids Res 35, W335-8 (2007).

Pedersen, J.S. et al. Identification and classification of conserved RNA secondary
structures in the human genome. PLoS Comput Biol 2, €33 (2006).

Gao, W., Jones, T.A. & Rivas, E. Discovery of 17 conserved structural RNAs in fungi.
Nucleic Acids Res 49, 6128-6143 (2021).

Rivas, E., Clements, J. & Eddy, S.R. A statistical test for conserved RNA structure shows
lack of evidence for structure in IncRNAs. Nat Methods 14, 45-48 (2017).

Cheng, C.Y., Kladwang, W., Yesselman, J.D. & Das, R. RNA structure inference through
chemical mapping after accidental or intentional mutations. Proc Natl Acad Sci U S A
114, 9876-9881 (2017).

Lee, M.E., DeLoache, W.C., Cervantes, B. & Dueber, J.E. A Highly Characterized Yeast
Toolkit for Modular, Multipart Assembly. ACS Synth Biol 4, 975-86 (2015).



Supplemental Figures

A B
Long vs short retained intron fraction ratios RPG vs non-RPG retained intron fraction ratios
80 1 801
g —_— % —_—
?"‘; 60 - p<1E-4 2 60+ p<1E-4
Z S
E X
@ 401 2 40
£ y
o ¢
é 20 1 & 20-
0 1 0
Long introns Short introns RPG introns Other introns
C Coverage at intron ends
140000
&,120000
c©
% 100000
o 80000
o
= _
«g 60000 n.s.
& 40000
&
20000
0 ¢
5'End (40 nts) 3'End (40 nts)

N =5162 positions N = 5546 positions
Supplementary Figure 1: Analyzing effects of pladB treatment on intron retention and intron
degradation. Comparing the ratio of the retained intron (RI) fraction between A) 123 long (> 200
nucleotides) and 118 short (< 200 nucleotides) introns, and between B) 103 introns in ribosomal
protein coding genes (RPGs) vs 138 other introns. C) Comparing per-position coverage at the 5’
end and 3’ end of all introns after pladB treatment (no significant difference at p=0.05 threshold).
p-values were computed using two-sided Wilcoxon ranked sum tests to compare classes. Box
plots mark the median as the center white point and include a box from the 25" (Q1) to 75" (Q3)
percentile, extending whiskers to the smallest and largest value that fall within 1.5 times the
interquartile range below Q1 and above Q3.
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Supplementary Figure 2: Secondary structures predicted guided by DMS data from DMS-
MaPseq, targeted DMS probing, and DMS probing of denatured RNA. A) RPL28 intron DMS-
MaPseq structure. B) RPL2S intron targeted DMS probing structure. C) RPL28 intron denatured
RNA DMS probing structure. D) RPL7A4 intron DMS-MaPseq structure. E) RPL74 intron
targeted DMS probing structure. F) RPL74 intron denatured RNA DMS probing structure. G)
QCR?9 intron DMS-MaPseq structure. H) QCR9 intron targeted DMS probing structure. I) QCR9Y

intron denatured RNA DMS probing structure.
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RPS22B

Supplementary Figure 7: Full gallery of introns longer than 200 nucleotides with at least one
covarying base-pair in a stem of at least 3 base-pairs, only showing cases where the covariation
data was consistent with the predicted minimum free energy structure.
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Supplementary Figure 8: DMS reactivity support for the in vivo formation of intron structures
that include covariation in snoRNA regions. Covarying base-pairs are annotated in green boxes

when they agree with base-pairs from the DMS-guided structure prediction, and lines when they
include residues that are not base-paired in the DMS-guided structure prediction.
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Supplementary Figure 9: DMS-guided structure predictions for tRNAs containing introns with
length at least 30 nucleotides. Red lines indicate the excised introns’ start and end positions.

19



A Medium + high confidence introns (reactivity r* > 0.25): Replicate 1
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B Medium + high confidence introns (reactivity r2 > 0.25): Replicate 2
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Supplementary Figure 10: Comparing intron and coding structural properties across replicate
experiments. Comparisons are shown for A) medium and high confidence introns (between-
replicate reactivity > > 0.25) using data from the first DMS-MaPseq replicate, and B) medium
and high confidence introns (between-replicate reactivity r> > 0.25) using data from the second
DMS-MaPseq replicate. P-values for comparisons of secondary structure features between
introns and coding regions were computed using one-sided Wilcoxon ranked sum tests. Box
plots mark the median as the center white point and include a box from the 25" (Q1) to 75" (Q3)
percentile, extending whiskers to the smallest and largest value that fall within 1.5 times the
interquartile range below Q1 and above Q3.

20



175

Retained intron fraction (-pladB)

0251 .g7¢s
Tk
0.00 4 S
0.04 0.06 0.08 0.10 0.12
Fraction of positions near splice sites
protected by stems
®
G C.
B %
| 160
cc40 0o, c
Ay 9 Ioihoawce
100 Y QAl, cu:A cd HAr u/ A }ZL;%.A
R ~c c A
cu%"c 120 cc@\;m = CutCe
=6 CCUA
AT 6 A
ol c %
|’co“uu u“c\\ c
160/6 @ g Yoz, ®
U, /E “\\CRZAC&EA
o=y /E\\ A2
c u 00 c A ®
u G oVG (EAU
cU uu u N
=P G
VMA10 - -
u’lgl uoG
UCUUGCUAACAUGAAAAAGUUUUUVUUBGAAGC=CAAGUAUGUAAUAUUCUCUUUAG G=C
60 140 160 o0 x@ﬁ‘
A
A ‘A U—A
Cc GA UV—A
#Zﬂ::i:m uBC14
ACAUACUAACGCAAAACS u.»:HGCEAAAGUCUUUUUGAACVUUCAUAHAG
2 0
C 5'SS Branchpoint 3'SS
N=1664 N=478 N=183
Nucleotides in
L 18.5% 13.5% 28.9%
cryptic sites
in region
“Ip=o.oooaz H]:p<1e4
N=37024 N=46176 N=5561
All nucleotides 15.4% 17.3% 13.7%

in region

Supplementary Figure 11: Intron structures surrounding canonical and cryptic splice sites. A)
The relationship between retained intron fraction and the fraction of positions surrounding the 5’
splice site, branch point, and 3’ splice site sequences that are occluded by high confidence stems.
B) Example structures with downstream stems between the branch point (blue circle) and 3’
splice site (yellow circle) that occlude cryptic 3’ splice sites (red brackets). Secondary structures
are colored by DMS reactivity and helix confidence estimates are depicted as green percentages.
C) Comparison of the proportion of nucleotides protected by high confidence stems between
nucleotides in cryptic splice sites versus nucleotides surrounding these sequences. Cryptic splice
sites were identified by searching for sequences that matched other introns’ splice site sequences

in defined sequence intervals (details in Methods.) P-values are computed with Chi-squared tests
on 2x2 contingency tables.
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Supplementary Figure 12: Probing in vitro refolded RNA. Left: Pearson’s correlation
coefficient between in vitro DMS-MaPseq replicates for each intron in S. cerevisiae versus the
average sequencing coverage between replicates. Right: correlation between reactivity values for
introns probed in in vivo and in vitro DMS-MaPseq, versus the average coverage in these
experiments. The vertical red line indicates the coverage cutoff used for analysis of in vivo
samples.
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Supplementary Figure 13: Structure variant library gDNA and RNA sequencing validation. A)
Histogram of consensus sequence lengths determined for each barcode from gDNA sequencing.
B) Number of designed variants assigned to at least 1, 3, 5, or 10 unique barcodes from gDNA
sequencing. Red dashed line indicates total number of designed variants per construct. C) RT-
PCR for control regions (RNA intervals in RPL36B and MATal) demonstrating depletion of
gDNA from targeted RNA-sequencing library preparation. D) Accumulation of retained introns
for QCRY variants with branch point mutations. P-value from a two-sided permutation test for
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the mean statistic, comparing 143 wildtype samples with 5 branchpoint mutants. E) For each of
six recurring alternative splicing events across 4 introns, we identified the variant sequences for
which these events were observed. These violin plots depict the fraction of splicing events that
were alternatively spliced for transcripts from these variant sequences. Box plots mark the
median as the center white point and include a box from the 25" (Q1) to 75" (Q3) percentile,
extending whiskers to the smallest and largest value that fall within 1.5 times the interquartile
range below Q1 and above Q3.
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Supplementary Figure 14: Effects of structure variants on retained intron levels for A) RPL2S,
B) RPSY9B, C) RPL7A4, D) RPS94, E) RPS14B, and effects of structure variants on normalized
mRNA levels in F) QCRY, and G) RPL36B. 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-
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sided permutation tests) are indicated for comparisons between wildtype and variant sequences,
and between variant and rescue sequences. The number of datapoints for each variant sequence
along with source data for plots are included in Supplementary Table 4. Box plots mark the
median as the center white point and include a box from the 25" (Q1) to 75" (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 (A-E) and mRNA scores (F-G) 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.
Similarly, the mRNA score is computed as the negative log(p-value) comparing normalized
mRNA levels between wildtype and variant sequences, with positive (green) values indicating
higher variant mRNA levels, and negative (brown) values indicating lower variant mRNA levels.
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Supplementary Figure 15: Assessing the effects of stem variant and rescue sequences on stem
sets in the RPL36B intron with VARS-seq and RT-qPCR. A) The effects of structure variants on
normalized mRNA levels for two regions of the RPL36B intron. For a given stem set or loop,
violin plots depict data for the wildtype sequence and all variant sequences, with black points for
each unique barcode. p-values are indicated for comparisons between wildtype and variant
sequence sets, and between variant and rescue sequence sets. For stems 29-59, comparisons
involve 180 wildtype sequences, 282 variant sequences, and 128 rescue sequences. For stems 29-
46, comparisons involve 180 wildtype sequences, 224 variant sequences, and 119 rescue
sequences. p-values are computed using two-sided permutation tests for the difference in mean
statistic. Box plots mark the median as the center white point and include a box from the 25%
(Q1) to 75" (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. Bars alongside the secondary structure indicate stem and loop disruption sets,
with each bar representing a set of variant sequences mutating nucleotides across the full extent
of the bar. These bars are colored by the mRNA score for the corresponding stem or loop
disruption set. The mRNA score is computed as the negative log(p-value) when comparing
normalized mRNA levels between wildtype and variant sequences, with positive (green) values
indicating higher variant mRNA levels, and negative (brown) values indicating lower variant
mRNA levels. B, C) RI fractions as measured by RT-qPCR for individual strains representing
two sets of wildtype, variant, and rescue sequences for RPL36B stem sets. Stem variants are
shown on the left, and RT-qPCR data are shown for 3 biological replicates on the right. Data are
presented as median values with a 95% confidence interval marked. p-values are computed with
2-way ANOVA tests with multiple comparisons, with *p-value < 0.05, and **p-value < 0.001.
Exact p-values for the RI fractions in B) are as follows: p=0.0003 for wildtype vs 5’ mutant,
p=0.011 for wildtype vs 3’ mutant, p=0.0002 for 5’ mutant vs rescue, p=0.011 for 5’ mutant vs
3’ mutant, and p=0.0068 for 3’ mutant vs rescue. Exact p-values for the RI fractions in C) are as
follows: p=0.0004 for wildtype vs 3’ mutant, p=0.0022 for 5’ mutant vs 3’ mutant, and p=0.0004
for 3’ mutant vs rescue.
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Supplementary Figure 16: Heatmaps depicting the effects of structure variants on retained
intron fractions and normalized mRNA levels for A) QCRY, B) RPL28, C) RPSY9B, D) RPL7A,
E) RPS9A4, F) RPS14B, and G) RPL36B. Each row corresponds to a stem or loop disruption set,
and the nucleotides these labels correspond to are noted in Supplementary Table 3. Boxes are
colored based on the significance of the difference in RI fraction or mRNA score between
sequence sets, and numbers in boxes indicate the minimum number of sequences used for each
comparison. Boxes are gray if comparisons involve 2 or fewer sequences, either due to low
coverage or because the sequence set was not included in the library. The heatmap compares the
following sets of sequences: 1) left column: wildtype sequences are the base set and variant
sequences are the comparison set; 2) middle column: wildtype sequences are again the base set
and compensatory rescue sequences are the comparison set; 3) right column: variant sequences
are the base set and compensatory rescue sequences are the comparison set. The heatmaps are
colored by the retained intron (RI) scores (left) and mRNA scores (right). The RI score is the
negative log(p-value) comparing RI values between sets, and the sign indicates the effect
direction, with positive values (shown as blue) for lower RI values in the comparison set
compared to the base set, and negative values (shown as red) for higher RI values in the
comparison set. Similarly, the mRNA score is computed as the negative log(p-value) comparing
normalized mRNA levels between sets, with positive (green) values indicating higher
comparison set mRNA levels, and negative (brown) values indicating lower comparison set
mRNA levels. P-values are computed by two-sided permutation tests for the difference in mean
statistic.
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Supplementary Figure 17: Schematics for de novo secondary structure feature prediction. A)
Sample structures from an intron secondary structure ensemble and control secondary structure
ensemble, with structural features annotated. B) Enrichment of secondary structure features
comparing intron sequences to shuffled sequences using secondary structure ensembles predicted
from Vienna 2.0. *p-value < 0.01 by a two-sided Wilcoxon ranked-sum test with N=288 for all
comparisons. From left to right, exact p-values are <1E-4, 0.00027, 0.0011, <1E-4, <l1E-4. Box
plots mark the median as the center white point and include a box from the 25" (Q1) to 75" (Q3)
percentile, extending whiskers to the smallest and largest value that fall within 1.5 times the
interquartile range below Q1 and above Q3.
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Supplementary Figure 18: Computational prediction of secondary structure feature enrichment
with various parameters. A) Feature enrichment when comparing intron sequences to a various
control sequence sets. B) Feature enrichment when predicting secondary structure ensembles
with RNAstructure vs Vienna, comparing introns to shuffled controls. C) Feature enrichment
when including a 50 nucleotide sequence context upstream and downstream of the intron. *p-
value < 0.01 by a two-sided Wilcoxon ranked-sum test with N=288 for all comparisons. Box
plots mark the median as the center white point and include a box from the 25" (Q1) to 75" (Q3)
percentile, extending whiskers to the smallest and largest value that fall within 1.5 times the
interquartile range below Q1 and above Q3. Exact p-values are as follows from left to right for
each plot: A) left: <1E-4, 0.060, 0.034, <1E-4, <1E-4; A) middle: <1E-4, 0.055, 0.031, <1E-4,
0.0017; A) right: <1E-4, 0.00027, 0.0011, <1E-4, <1E-4; B) left: <1E-4, 0.0054, 0.0026, <1E-4,
<1E-4; B) middle: <1E-4, 0.00027, 0.0011, <1E-4, <1E-4; C): <1E-4, 0.021, 0.091, <1E-4, <1E-
4.
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Supplementary Figure 19: Intron secondary structure properties across Saccharomyces genus.
A) P-values (log scale, base 10) as computed by Wilcoxon ranked sum test comparing secondary
structure metrics for intron and shuffled sequence control ensembles across Saccharomyces yeast
species. B) P-values computed by two-sided Wilcoxon ranked sum test for secondary structure
metric comparisons between introns and phylogenetic control sequences (log scale, base 10). C)
Statistics on the number of orthologs for each S. cerevisiae intron and zipper stem across the
Saccharomyces genus. D) Statistics on sequence conservation for introns (full sequence and
zipper stem sequences specifically) across the genus. The species analyzed in this figure are as
follows, with label abbreviations noted: E. gossypii (agos), C. glabrata (cgla), E. cymbalariae
(ecym), K. africana (kafr), K. lactis (klac), K. naganishii (knag), V. polyspora (kpol), L.
thermotolerans (kthe), L. waltii (kwal), N. castellii (ncas), N. dairenensis (ndai), S. kudiavzevii
(skud), S. mikatae (smik), S. uvarum (suva), T. blattae (tbla), T. delbrueckii (tdel), T. phaffii
(tpha), Z. rouxii (zrou).
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B Class 1: Zipper Stems, continued
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C Class 2: Zipper and Downstream Stems
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D Class 3: Downstream Stems
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Class 4: Remaining Structured Long Introns
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F Class 5: Long Introns with Low or Intermediate Structure
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G  Class 5: Long Introns with Low or Intermediate Structure,
continued
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H Class 6: Unstructured Short Introns
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| Class 7: Structured Short Introns
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Supplementary Figure 20: 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). Gene names are included for each
intron, with all labels at the 5° ends of introns.
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Gene name Class Length | TP FP FN
RDN18-1 (18S rRNA) rRNA 1800 14 4 15
RDN5-1 (5S rRNA) rRNA 121 4 0 0
RDN58-1 (5.8S rRNA) rRNA 158 0 0
SNR7-L (U5 snRNA) snRNA 214 4 3 2
SNR19 (U1 snRNA) sNRNA 568 18 2 4
TRR4 tRNA 72 1 0 2
TRT2 tRNA 72 2 0 1
IMT4 tRNA 72 2 0 1
HAC1 mRNA mRNA 382 1 1 0
ASH1 mRNA MRNA 356 2 0 0
RPS28B mRNA mMmRNA 351 2 0 0
SFT2 mRNA MmRNA 301 0 0 1
Total (MRNA) Total - 5 1 0
Total Total - 51 11 |26

Supplementary Table 2: True positive, false positive, and false negative stem predictions across
a set of positive control structures including rRNAs, snRNAs, tRNAs, and mRNA segments.
Secondary structure predictions are made using a 70% helix confidence estimate cutoff from
bootstrapping DMS reactivity values. Stems are included if they include at least 5 base-pairs.
The ground truth secondary structures for the 5S, 5.8S, and 18S rRNA were obtained from a
high-resolution X-ray crystallography structure of the eukaryotic ribosome (PDB ID: 4V88)%°.
Structures for the U5 snRNA and Ul snRNA were obtained from Nguyen, et. al. (2016)*! and Li,
et. al. (2017)?? respectively. Rfam-derived secondary structures?® served as ground truth
structures for the four tRNA structures, and structures for mRNA segments in HACI, ASHI,
RPS28B, and SFT2 were obtained from Zubradt, et al. (2017)*.
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Source Data for Supplementary Figure 13: Uncropped gel from Supplementary Figure 13C.
RT-PCR for control regions (RNA intervals in RPL36B and MATal) demonstrating depletion of
gDNA from targeted RNA-sequencing library preparation.
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