PNAS

Fig. $3. Mutate-and-map signal visible in independent work. Data are for the P4-P6 domain of Tetrahymena group | intron, as in main text Fig. 2, but are
derived from applying the computational analysis procedure of this work to sequencing data deposited in high-DMS RING-MaP study (21).

Fig. S4. Mutation and conversion spectra for DNA template and unmodified or DMS-modified RNA. (A) Mutation spectra for P4-P6 in each condition,
showing frequency of each type of mutation at each sequence position. (B) Conversion spectra for P4-P6 at different stages of protocol, showing either
average or maximum frequency of each type of mutation across the sequence. (Right) Source of DNA template and modification condition.
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Fig. S5. M2-seq signal and mutation spectra for additional experimental conditions. (A-D) M2-seq signal for DMS-modified RNA (A) transcribed from DNA
template prepared from plasmid, (B) transcribed from DNA template prepared with error-prone PCR, (C and D) transcribed from PCR-assembled DNA template
and PAGE-purified with UV-shadowing at >20 cm (C) and at <5 cm (D) (S/ Methods). (E) Mutation spectra for RNA from indicated preparation with either no
modification or DMS modification.
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Fig. S6. M2-seq data and mutation spectra for P4-P6 at varying reaction pH. (A, Left) M2-seq signal for DMS-modified RNA in standard buffer (300 mM Na-
- cacodylate, pH 7.0, and 10 mM MgCl,); data same as Fig. 2D. (Right) M2-seq signal for DMS-modified RNA in 300 mM Na-CHES, pH 10.0, and 10 mM MgCl,.
R (B) Mutation spectra for RNA in indicated buffer with either no modification or DMS modification.
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Fig. S7. Titration of DMS dose to discriminate one-hit vs. two-hit mechanisms. Pairs of residues analyzed are annotated in purple on P4-P6 secondary structure
and M2-seq dataset. For each pair of residues (1-8), the plot at the Left shows the following: (i) a scatter plot of the fraction of reads with a mutation at both
positions at each DMS modification rate (red circles, with replicates of standard DMS modification condition shown as X and diamond), (ii) a fit to these points
(red line), and (iii) the product of linear fits to the fraction of reads with a mutation at each member of the residue pair (blue line). The bar plots at Right show
the fraction of reads with a mutation at both positions that display each type of mutation from the native residue, for the dataset shown in Fig. 2D.
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Fig. S8. Estimating M2-seq sequencing requirements. M2-seq datasets for the PA-P6 RNA were resampled with replacement to simulate sequencing runs with
lower statistics. Intentional installation of mutations through error-prone PCR (closed circles) or pooling of separately prepared mutant libraries (closed
squares) reduces sequencing requirements compared with use of background mutations (open circles). Detections were carried out automatically with M2-net.
Curves shown are for PSb (magenta; base pairs between 141-149 and 154-162); P5a (blue; base pairs between 136-138 and 180-182); and P6a (green; base
pairs between 220-223 and 250-253).
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Fig. S9. M2-seq recovers helices across diverse RNA folds—additional data. Each panel shows crystallographic secondary structures (Left) and Z-score-
transformed maps (Right), with colored labels (both panels) marking helices and multihelix domains automatically identified by M2-net analysis. Data sets
are as follows: (A) ydaO cyclic-di-AMP riboswitch aptamer (RNA-puzzle 12; background mutations), (B) Zika Xrn1-resistant RNA (RNA-puzzle 18; background
mutations), and (C) TPP riboswitch aptamer (error-prone PCR). Fig. 4 in the main text gives data for four larger RNA molecules.
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Fig. $10. Compensatory mutagenesis supports alternative RNase P helix modeled by M2-seq. (A) Literature secondary structure and alternative secondary
structure predicted by M2-seq analysis, in the P19 region of ribonuclease P catalytic domain. (B and C) Single mutations and compensatory double mutations,
evaluated by DMS (B) and SHAPE (C) mapping on the RNase P C domain with capillary electrophoresis readout (48). As a control, disruptions throughout
structure from single mutations are rescued by compensatory mutation for each of the four base pairs of P19b, shared in both secondary structure models.
Analogous experiments show no rescue for the three base pairs of P19 but do show rescue for altP19c. Note in particular the mapping profiles in the P19 region
itself (orange bar). Gray bar marks region with high uncertainty due to high background reverse transcription stops.
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Table S2. RNA sequences and DNA primers

Molecule name*

Sequence’

RNA preparation
P4-P6 RNA

P4-P6 primer 1
P4-P6 primer 2
P4-P6 primer 3
P4-P6 primer 4
P4-P6 primer 5
P4-P6 primer 6
GIR1 lariat capping ribozyme

L T

z

1\

GIR1-refs-1
GIR1-refs-2
GIR1-refs-3
GIR1-refs-4
GIR1-refs-5
GIR1-refs-6
GIR1-refs-7
GIR1-refs-8
RNase P catalytic domain

RNaseP-P1
RNaseP-P2
RNaseP-P3
RNaseP-P4
RNaseP-P5
RNaseP-P6
RNaseP-P7
RNaseP-P8
Adenosyl-cobalamin riboswitch aptamer

BN AS  DNAS P

RNAPZ6-REFS-1
RNAPZ6-REFS-2
RNAPZ6-REFS-3
RNAPZ6-REFS-4
RNAPZ6-REFS-5
RNAPZ6-REFS-6

ydaO riboswitch aptamer

rnap12mod-1
rnap12mod-2
rnap12mod-3
rnap12mod-4
rnap12mod-5
rnap12mod-6
rnap12mod-7
rnap12mod-8
Zika xrRNA

Puzzle18A.2HP-P1
Puzzle18A.2HP-P2
Puzzle18A.2HP-P3
Puzzle18A.2HP-P4

GGAAUUGCGGGAAAGGGGUCAACAGCCGUUCAGUACCAAGUCUCAGGGGAAACUUUGAGAUG-
GCCUUGCAAAGGGUAUGGUAAUAAGCUGACGGACAUGGUCCUAACCACGCAGCCAAGUCCUAAGUCAACAGA-
UCUUCUGUUGAUAUGGAUGCAGUUC

TTCTAATACGACTCACTATAGGCCAAAACAACGGAATTGCGGGAAAGGGGTCAACAGCCG
GGCCATCTCAAAGTTTCCCCTGAGACTTGGTACTGAACGGCTGTTGACCCCTTTCCCG
GGGAAACTTTGAGATGGCCTTGCAAAGGGTATGGTAATAAGCTGACGGAC
GTTGACTTAGGACTTGGCTGCGTGGTTAGGACCATGTCCGTCAGCTTATTACCATAC
CAGCCAAGTCCTAAGTCAACAGATCTTCTGTTGATATGGATGCAGTT
GGTTTGGTTTTGAACTGCATCCATATCAACAGAAG
GGUUGGGUUGGGAAGUAUCAUGGCUAAUCACCAUGAUGCAAUCGGGUUGAACACU-
UAAUUGGGUUAAAACGGUGGGGGACGAUCCCGUAACAUCCGUCCUAACGGCGACAGACUGCACGGCCCUGCC-
UCUUAGGUGUGUUCAAUGAACAGUCGUUCCGAAAGGAAGCAUCCGGUAUCCCAAGACAAUC

TTCTAATACGACTCACTATAGGAAGCCCGAGTAGGGCCAGGTTGGGTTGGGAAGT
ACCCGATTGCATCATGGTGATTAGCCATGATACTTCCCAACCCAACCTGG
CCATGATGCAATCGGGTTGAACACTTAATTGGGTTAAAACGGTGGGGGACGATCCCGTAA
CGCCGTTAGGACGGATGTTACGGGATCGTCCCCCAC
CCGTCCTAACGGCGACAGACTGCACGGCCCTGCCTCT
GCTTCCTTTCGGAACGACTGTTCATTGAACACACCTAAGAGGCAGGGCCGTG
TCGTTCCGAAAGGAAGCATCCGGTATCCCAAGACAATCAGCGCGAGTAGCGCA
CGTTGCGCTACTCGCGCTGA
GUUAAUCAUGCUCGGGUAAUCGCUGCGGCCGGUUUCGGCCGUAGAGGAAAGUCCAUGCUCGCACGGUGC-
UGAGAUGCCCGUAGUGUUCGUGGAAACACGAGCGAGAAACCCAAAUGAUGGUAGGGGCACCUUCCCGAAGGA-
AAUGAACGGAGGGAAGGACAGGCGGCGCAUGCAGCCUGUAGAUAGAUGAUUACCGCCGGAGUACGAGGCGCA-
AAGCCGCUUGCAGUACGAAGGUACAGAACAUGGCUUAUAGAGCAUGAUUAAC

TTCTAATACGACTCACTATAGGAAAGTTAATCATGCTCGGGTAATCGCTGCGGCCGGTT
GGCATCTCAGCACCGTGCGAGCATGGACTTTCCTCTACGGCCGAAACCGGCCGCAGCGAT
CGGTGCTGAGATGCCCGTAGTGTTCGTGGAAACACGAGCGAGAAACCCAAATGATGGT
TGTCCTTCCCTCCGTTCATTTCCTTCGGGAAGGTGCCCCTACCATCATTTGGGTTTCTCG
GAACGGAGGGAAGGACAGGCGGCGCATGCAGCCTGTAGATAGATGATTACCGCCGGAGTA
CGTACTGCAAGCGGCTTTGCGCCTCGTACTCCGGCGGTAATCATCTATC
GCCGCTTGCAGTACGAAGGTACAGAACATGGCTTATAGAGCATGATTAACAACAAAA
TGTTGTTAATCATGCTCTATAAGCCATGT
CGGCAGGUGCUCCCGACCCUGCGGUCGGGAGUUAAAAGGGAAGCCGGUGCAAGUC-
CGGCACGGUCCCGCCACUGUGACGGGGAGUCGCCCCUCGGGAUGUGCCACUGGCCCGAAGGCCGGGAAGGCG-
GAGGGGCGGCGAGGAUCCGGAGUCAGGAAACCUGCCUGCCG

TTCTAATACGACTCACTATAGGAACAGCCCGAGTAGGGCCGGCAGGTGCTCCCGACCCTG
GGGACCGTGCCGGACTTGCACCGGCTTCCCTTTTAACTCCCGACCGCAGGGTCGGGAGCA
CCGGCACGGTCCCGCCACTGTGACGGGGAGTCGCCCCTCGGGATGTGCCACTGGCCCGAA
TCGCCGCCCCTCCGCCTTCCCGGCCTTCGGGCCAGTGGCACAT
AGGGGCGGCGAGGATCCGGAGTCAGGAAACCTGCCTGCCGGCGCGAGTAGCGCAAA
CGTTTGCGCTACTCGCGCCGGCAGGCAGGTT
GAUCGCUGAACCCGAAAGGGGCGGGGGACCCAGAAAUGGGGCGAAUCUCU-
UCCGARAAGGAAGAGUAGGGUUACUCCUUCGACCCGAGCCCGUCAGCUAACCUCGCAAGCGUCCGAAGGAGAA-
uc
TTCTAATACGACTCACTATAGGAGACCTCGAGTAGAGGTCAAAGGAT
CCTTTCGGGTTCAGCGATCCTTTGACCTCTACTCGAGGTCTCCTATAGTG
CGCTGAACCCGAAAGGGGCGGGGGACCCAGA
CGGAAGAGATTCGCCCCATTTCTGGGTCCCCCGC
GGGCGAATCTCTTCCGAAAGGAAGAGTAGGGTTACTCCTTCGACCCGAGC
CGGACGCTTGCGAGGTTAGCTGACGGGCTCGGGTCGAAGGAGTAA
TCGCAAGCGTCCGAAGGAGAATCAAACGCATCGAGTAGATGCGAACA
GTTCGCATCTACTCGATGCGTT
GGGUCAGGCCGGCGAAAGUCGCCACAGUUUGGGGAAAGCUGUGCAGCCUG-
UAACCCCCCCACGAAAGUGGG
TTCTAATACGACTCACTATAGGCCAAAGGCGTCGAGTAGACGCCGGGTC
CAGGCTGCACAGCTTTCCCCAAACTGTGGCGACTTTCGCCGGCCTGACCCGGCGTCT
GCTGTGCAGCCTGTAACCCCCCCACGAAAGTGGGAAACAAACGTCAGCGAGTAGCTGACA
TGTCAGCTACTCGCT
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Table S2. Cont.
Molecule name* Sequence’
TPP riboswitch aptamer GGACUCGGGGUGCCCUUCUGCGUGAAGGCUGAGAAAUACCCGUAUCACCUGAUCUGGAUAAUGCCAGCG-
UAGGGAAGUUC
TPP.RBSW-P1 TTCTAATACGACTCACTATAGGAAAGGACTCGGGGTGCCCTTCTGCGTGAAGGCTGAGA
==

TPP.RBSW-P2 CAGATCAGGTGATACGGGTATTTCTCAGCCTTCACGCA

TPP.RBSW-P3 ACCCGTATCACCTGATCTGGATAATGCCAGCGTAGGGAAGT

TPP.RBSW-P4 TGTTGAACTTCCCTACGCTGGCAT

" Reverse transcription
RTB0O0O ATCTACCAGGCGCTGG
[ ]

RTB0O1 ATCTGAGGCCTTGGCC
RTB002 ATCTCTTTAAAATATA
RTB003 ATCTTGACTTGCACAT
RTB004 ATCTTGCGCCATTGCT
RTB0O05 ATCTACAARATGGTGG
RTB006 ATCTCTGCGTGCAAAC
RTB0O07 ATCTGATTTGCACCTA
RTB008 ATCTGGTATATGTACA
RTB009 ATCTCCCGCGCTGGGT
RTBO10 ATCTATGCATGCACAG
RTBO11 ATCTTAATGCAACTTC
RTB012 ATCTGCAAATGTGCTA
RTBO13 ATCTTGGCGAACATGG
RTBO14 ATCTCTTTCCCACACT
RTBO15 ATCTAACGTGTGTGAC
RTBO16 ATCTGCCTGGGTGGCT
RTBO17 ATCTTGACCATGTATA
RTBO18 ATCTAAGGACCACTGG
RTBO19 ATCTCTTATTACACAC
RTB020 ATCTTATGCCCCAAAT
RTB021 ATCTCCAATGGGTGTA
RTB022 ATCTAGCCAAAACTGG
RTB023 ATCTGTGTGITTGCCC
RTB025 ATCTACCAGTTTTAAT
RTB026 ATCTCGGGCACGGCGG
RTB027 ATCTTTACTGGCCGCA
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Table S2. Cont.

Molecule name* Sequence’
RTB028 CTAGCAATGTGA
RTB029 GCCATGCCAACC
RTB030 TAGTACTGCCAG
RTB031 AGTCGTGATGTT
Sequencing

Forward library cDNA amplification
primer (universal)

Reverse cDNA amplification primer for 'CTGGCCAAAACAACGG
P4-P6

Reverse cDNA amplification primer for C TCTGGAAGCCCGAGTA-
GIR1 ribozyme GGGCCAGG

Reverse cDNA amplification primer for CAAGCAGAAGAC( 'CTGGAAAGTTAATCA-
RNase P C domain TGCTCGGG

Reverse ¢cDNA amplification primer for G 'CTGGAACAGCCCGAG-

AdoCBL riboswitch

Reverse cDNA amplification primer for
ydaO riboswitch

Reverse cDNA amplification primer for
Zika xrRNA

Reverse cDNA amplification primer for
TPP riboswitch

Reverse library amplification CAAG A
primer for DNA templates (universal) CACTATA

'CTGGAGACCTCGAGT-

CTGGCCAAAGGCGTC-

TCTGGAAAGGACTCGGG

TCTTTCTAATACGACT-

*Target RNA sequences are given in bold; others are DNA oligonucleotides.

TGray marks flanking regions outside the “region of interest” of each target RNA (sequences containing U’s instead of T's). Reverse-transcription primer
binding sites in the RNA or the priming sequence (in DNA) are colored green. Primers for PCR assembly of each transcription template add the 20-nt T7 RNA
polymerase promoter, highlighted in purple, TTCTAATACGACTCACTATA. Blue marks the 12-nt barcode region in reverse-transcription primers (RTB000 to
RTBO031). lllumina adapter sequences are colored in orange and teal.

Other Supporting Information Files

Table S3 (XLSX)
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