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Oligo(ribo)nucleotide

5’-3’ sequence’?

OGDH splicing reporter constructs

Human-F (Homo sapiens)

ATTACTCGAGTTTGGTTTCTGGTGGCATGG

Human-R

CAGGTTAGCAGCACAGTGAC

Opossum-F (Monodelphis domestica)

ATTACTCGAGAAGCCTCTGGGTAAAGGT

Opossum-R

ATTATCTAGAAGGTTCTTGGGGAAAGC

Platypus-F (Ornithorhynchus anatinus)

ATTACTCGAGTGCAGCTCTAAGGCTTCCTC

Platypus-R

ATTATCTAGAGCCAGGTATCGGTCCAAC

Chicken-F-large (Gallus gallus)

ACCACTCGAGAACTGCTGACCCTGAGATTTG

Chicken-F-small

ACCACTCGAGGAGCACTGCTGAGCTCTGTG

Chicken/quail-R

ACCATCTAGACGTCCAGACAGACAGACACAC

Quail-F ATTACTCGAGCCTCTGCACTCCCTCTGCTA
Python-F (Python molurus bivittatus) ATCACTCGAGAGCAGCTGGACAATGGAAAT
Python-R ATCATCTAGACTCTTTCCCCACTCCTTCCT

Frog-F (Xenopus laevis) ATTACTCGAGAATTGTGGTTAGTTGAATATTGCTC
Frog-R ATTATCTAGATAACGCCAAGAGGGATCGT
Zebrafish-F (Danio rerio) ATTACTCGAGCTGAGCCGGGATAAAGACTG
Zebrafish-R ATTATCTAGACAGGACAGCTCAAGCATCAA

Cod-F (Gadus morhua) ATTACTCGAGTCAAATGAATTTATAGCGTTTTGG
Cod-F ATTATCTAGATTTTTCCATTCCTTACATTTCCA

Sunfish-F1-large (Mola mola)

ACCACTCGAGAAACAGCCTGCCGAAACTTA

Sunfish-F2-small

ACCACTCGAGTTACTGCACACGCTCAGAATG

Sunfish-R

ACCATCTAGACCACCCTTTCAAACAGCAAT

Human OGDH-e5+-F (with exon 5)

ATCATCTAGACACCTGAATCTAGTGCTGAGAAA

Human OGDH- e5+-R (with exon 5)

ATCATCTAGACAAGCCACCATGCAGAG

Cloning/subcloning of expression

plasmids

PTB4-Bam ATTAGGATCCGCCATGGACGGCATTGTCCCA
PTB4-Xho ATTACTCGAGGATGGTGGACTTGGAGAAGGA
TIA-1-Bam ATTAGGATCCGCCATGGAGGACGAGATGCC
TIA-1-Xho ATTACTCGAGCTGGGTTTCATACCCTGCCA
TIAR-Bam ATTAGGATCCACCATGATGGAAGACGACG
TIAR-Xho ATTACTCGAGCTGTGTTTGGTAACTTGCC
TIA-1 RRM2 mutagenesis

FI98A CATTTCCATGTCGCTGTTGGTGATCTC

F140A AAGGGATATGGCGCTGTCTCCTTTTTC

TIA-1 Q-domain mutagenesis

N357S

GGATGGGACCAAGTTATGGAGTGC

E384K

TGGCAGGGTATAAAACCCAGCTC

Mapping of H. sapiens dBPs

R1-HS (U2AF1)

TCGATCACCTGCCTCACTATT

R2-HS (U2AF1)

CACAAATGGAAAATACAACTACGAGA

F1-HS (OGDH)

CACAGCTCACTGGATCTGC

F2-HS (OGDH)

AGGTCAGGGGTCACCACATT

Mapping of G. gallus dBPs

F1-GG

TCTGTATTGTTACTTCCAGGTCAG

F2-GG

ATTGCAAAGCTCGATCCTCTC

R3-GG

TCCTCTCGGCATTAGTTGTGTA
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Mapping of X. laevis dBPs

F1-XL CTTCCAGGTGAGGGGTCAT

F2-XL CCCGCTTGGAATTAGTTCTG

R2-XL TCACATTGCAAAGCTTGACC
Mapping of M. mola exon 4b BP

F1-MM TTGGATCCTCTGGGAATCAG

F2-MM TTGATGATGCTCCGGTGAA

R2-MM ACAAAGTTTCCGGTCTGTGG

DBR1 depletion

DBR1 siRNA-1 [GCAUGCAAGGUGGGAUUAUITT
DBR1 siRNA-2 [GCAUCAGGCAAAGGAUAAAITT
Depletion of TIA proteins

TIA-1 siRNA [AAGCUCUAAUUCUGCAACUCUITT
TIAR siRNA [AACCAUGGAAUCAACAAGGAU]ITT
BP mutagenesis

OG-BP+25 GCTGTAAATGCTGGTTTTAATGTAAT
0OG-BP+31 AATGCTAATTTTGGTGTAATTTTACT
OG-BP+36 CTAATTTTAATGTGGTTTTACTTTTTT

OG-BP+31+36

AATGCTAATTTTGGTGTGGTTTTACT

OG-BP+25+31

AATGCTGGTTTTGGTGTAATTTTACT

OG-ins-BP28F TGTGTGTCTACTAACCTTCCCTCTCATCGTT
OG-ins-BP28R GAGGGAAGGTTAGTAGACACACACAAAAGGAC
OG-ins-BP41F CTTCTGTCCTACTAACTTTTGTGTGTGTCCTTC
OG-ins-BP41R ACAAAAGTTAGTAGGACAGAAGAAAAAAAAAGA
OG-ins-TAA28 CTTTTGTGTGTGTCTAACTTCCCTCTCAT
OG-ins-TAA41 TTTTTCTTCTGTCCTAATTTTGTGTGTGTCC
OG-ins-TGA28 CTTTTGTGTGTGTCTGACTTCCCTCTCATC
0OG-ins-TGA41 TTTTTCTTCTGTCCTGATTTTGTGTGTGTCC

XL-mBP(TAA>TGG)

AGACTTGTTGTGGCGTTCTCTTTTC

RT-PCR primers for exogenous

expression

35E1+PL4 CAGGTGCTCTCGGTTGCA
35m-amplF GCTCGGATCCTACAGAGTCAA
PL4 AGTCGAGGCTGATCAGCGG

Restriction site insertions for MIR
cloning

Pst+15

AGAATTAAGCTGCAGTAAATGCTAATT

EcorV+65F

CCCTCTTTTGATATCTTTTTCTTCTGTCCTT

EcorV+65R

AGAAAAAGATATCAAAAGAGGGAAGGGGT

Amplification of the MIR library

MIR-F-Pstl

CAGTCCTGCAG(A/G)CAG(C/T)A(CIT)AG(CIT)ATAGTGGTTAAGAGCAC

MIR-R-Pstl CAGTCCTGCAGTAATA(GIA)C(CIT)AACATTTATTIGAGCGCTT
MIR-F-ECORV CAGTCGATATC(AIG)CAG(C/T)A(C/T)AG(C/IT)ATAGTGGTTAAGAGCAC
MIR-R-ECORV CAGTCGATATCTAATA(G/A)C(C/IT)AACATTTATTGAGCGCTT

Mapping of MIR BPs

BP-MIR15-RT/R1

TACATTAAAATTAGCATTTACAGCTT

BP-MIR15-F1 ATTGAGCGCTTACTGCATTG

BP-MIR15-F2 GCATTGCCATGAATTGCTTT

BP-MIR15-R2 AATTAGCATTTACAGCTTAATTCT

MegaPPT deletions

OG-dellF TGTAATTTTACTCTTTTTTTTTCTTCTGTCCT
OG-del1lR GAAAAAAAAAGAGTAAAATTACATTAAAATTAGCAT
OG-del2F TTACCCCTTCCCTTTTGTGTGTGTCCTTCCC
OG-del2R CACACACAAAAGGGAAGGGGTAAAAAAAAAG
OG-del3F TTCTTCTGTCCCCTTCCCTCTCATCGTTG

0OG-del3R TGAGAGGGAAGGGGACAGAAGAAAAAAAAAGAGG
OG-del4F TTTTGTGTGTGTGTTGGCCACTCATAGATACG
OG-del4R TGAGTGGCCAACACACACACAAAAGGACAGA

Exon variants

INS-TCC(HS>XL)

TAACTGTTTCTTCTCCAAACGTGGGTGAGAATT

4a-5T(HS>F) ACTGTTTCTTCAAATGTGGGTGAGAATT
4a-2T (5’SS) GTTTCTTCAAACGTTGGTGAGAATTAAGC
4a-2C (5’SS) GTTTCTTCAAACGTCGGTGAGAATTAAGC
4b+3T GGCCACTCATAGAT(T/IC)CGAGGGCACCAT
4b+18T GAGGGCACCATGT(T/G)GCACAGCTGGACCC

4b+33T

GCACAGCTGGACCC(AIT)CTGGGGATTTTGGAT
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4b+78T

TCCGTGCCCGCTGATATTATCTCATCCACA

4b+91T

ACATTATCTCATCCTCAGACAAACTTGGT

H>XL-(insGGA)

CTCCAGTAACTGTTGGATCTTCAAACGTGGGT

H>F-(insGGC)

CTCCAGTAACTGTTGGCTCTTCAAACGTGGGT

XL>H-(del GGA)

CTCCTGTGATAGTCTCTCCAAATATGG

RT-PCR with endogenous OGDH
transcripts

Human-F (Homo sapiens) GCACAGTCCCTGGTAGAAGC
Human-R GCAGAGGAAGTGCTGATTCC
Rat-F (Rattus norwegicus) AGCCTAACGTCGACAAGCTC
Rat-R GGTGGTGGGTAAGTGGAAGA
Opossum-F (Monodelphis domestica) AGTGGCTCCCTGTCATCACT
Opossum-R AAGTGGAAGGGCAGATTCCT
Echidna-F (Tachyglossus aculeatus) CCGGGTACAGCCTACCAAAG
Echidna-R CCGTCCCTCCAATGAAAGT
Platypus-F (Ornithorhinchus anatinus) CCGGGTACAGCCTACCAAAG
Platypus-R CCGTCCCTCCAATGAAAGT
Quail-F (Coturnix japonica) GGGACATCTTCTTTCGCAAC
Quail-R GTTGTGGGCAAATGGAAGAC
Frog-F (Xenopus laevis) GCAGTCTGTCCACCCTTACC
Frog-R (target shared by Ogdh and Ogdhl) | AGTGGTCGGGAGATGGAAGA
Zebrafish-F (Danio rerio) GTGGAAGACCATCTGGCAGT
Zebrafish-R GGCAAGCGGAACACTTTATC
Ogdhl-Xenopus laevis-F GCAGTCTGTCCACCCTTTCG

Lengthening of M. mola AGEZ

molaAG>CG

GTGTTGATGTTGCGCTTTCTTTCTGT

molaAG>TG GTGTTGATGTTGTGCTTTCTTTCTGT
molaAG>GG GTGTTGATGTTGGGCTTTCTTTCTGT
DADLD mutagenesis

HADLD CTGGGGATTTTGCACGCTGATCTGGACT
DAHLD GGATTTTGGATGCTCACCTGGACTCCTCC
DADLH GGATGCTGATCTGCACTCCTCCGTGC

Templates for RNA structural probing

T7F-Human

TAATACGACTCACTATAGGGAGAGGGTGAGAATTAAGCTG

R-RT-Human GAACCGGACCGAAGCCCGGGGTAAAAAAAAAGTAAAATTA

T7F-Chicken TAATACGACTCACTATAGGGAGACGGTGAGAATTACTCTG

R-RT-Chicken GAACCGGACCGAAGCCCGGGGAGGGGTAAAAAAGTT

T7F-link-Human TAATACGACTCACTATAGGGAGAGGCCTTCGGGCCAATTCAAACGTGGGTGAGAA
R-link-Human GAACCGGACCGAAGCCCGATTTGGATCCGGCGAACCGGATCGAGGGTAAAAAAAA

AGTAAAATTACATTA

T7F-link-Chicken

TAATACGACTCACTATAGGGAGAGGCCTTCGGGCCAATCCAAACGTCGGTGAGAA

R-link-Chicken

GAACCGGACCGAAGCCCGATTTGGATCCGGCGAACCGGATCGAGGGAGGGGTAAA
AAAGTTAAATTACA

Cyb5-labelled universal primer

GAACCGGACCGAAGCCCG

'Degenerate primer positions are in parentheses. T7 promoter is highlighted in grey; linker sequences are

underlined.

Table S2 The number of BP-like URA motifs in consensus sequences of mammalian interspersed repeats

(MIRs)

MIR subfamily’ Sense orientation” Antisense orientation’
MIR (260) 13 (5.0) 13 (5.0)

MIRc (268) 12 (4.6) 11 (4.2)

MIR3 (224) 10 (3.8) 5 (L.9)

Consensus sequences were retrieved from RepBase (1); their length (in nts) is in parentheses. 2Densities (%) of

URA motifs are in parentheses.
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Table S3 Characterization of MIR insertions in OGDH reporters

MIR
clone

Restr.
site

PCR
product

Insert
size (nt)

MIR
orientation

Sequence of transcribed MIRs (5°-3°)*

Pstl

193

sense

CUGCAGGCAGUACAGUAUAGUGGUUAAGAGCACAAGCUCCCCAGCCUUGCUCUGCACUUGGCAACUCUGCCUGUUUUCUCUCUGUA
GAUAAUCAUAUCACCUGUCUUUGUGUACUGCUGUGAGGAUUAAAUAAUCAAUGCAUCUAAAGUUUAAAACAAUACCCGGCUCACA
GAAAGCGCUCAAUAAAUGUUAGCUAUUACUGCAG

Pstl

209

sense

CUGCAGGCAGCAUAGUAUAGUGGUUAAGAGCACAGGCUCUCAGCUUUGUCACUUAAUAGCUAUACGACCUAUUUAACCUUUCUGUG
ACUUAGUUUGCUCAUCUGUAAAGUGGGGCUACUAAUAGUAGCCUCAUAAGAUUGUGAGGACUCAGUGAGGUAAUGCAAGUCAGAA
AAGUAUCAGGCACACAGUAAGCGCUCAAUAAAUGUUGGCUAUUACUGCAG

Pstl

209

sense

CUGCAGGCAGCACAGUAUAGUGGUUAAGAGCACAGGCUCUCAGCUUUGUCACUUAAUAGCUAUACGACCUAUUUAACCUUUCUGUG
ACUUAGUUUGCUUAUCUGUAAAGUGGGGCUACUAAUAGUAGCCUCAUAAGAUUGUGAGGACUCAGUGAGGUAAUGCAAGUCAGAA
AAGUAUCAGGCACACAGUAAGCGCUCAAUAAAUGUUAGCUAUUACUGCAG

Pstl

209

antisense

CUGCAGUAAUAGCUAACAUUUAUUGAGCGCUUACUGUGUGCCUGAUACUUUUCUGACUUGCAUUACCUCACUGAGUCCACACAAUC
UUAUGAGGCUACUAUUAGUAGCCCCACUUUACAGAUGAGCAAACUAAGUCACAGAAAGGUUAAAUAGGUCGUAUAGCUAUUAAGU
GACAAAGCUGAGAGCCUGUGCUCUUAACCACUAUACUAUACUGCCUGCAG

Pstl

209

antisense

CUGCAGUAAUAGCUAACAUUUAUUGAGCGCUUACUGUGUGCCUGAUACUUUUCUGACUUGCAUUACCUCACUGAGUCCUCACAAUC
UUAUGAGGCUACUAUUAGUAGCCCCACUUUACAGAUGAGCAAACUAAGUCACAGAAAGGUUAAAUAGGUCGUAUAGCUAUUAAGU
GACAAAGCUGAGAGCCUGUGCUCUUAACCACUAUACUGUACUGCCUGCAG

Pstl

209

antisense

CUGCAGUAAUAGCUAACAUUUAUUGAGCGCUUACUGUGUGCCUGAUACUUUUCUGACUUGCAUUACCUCACUGAGUCCUCACAAUC
UUAUGAGGCUACUAUUAGUAGCCCCACUUUACAGAUAAGCAAACUAAGUCACAGAAAGGUUAAAUAGGUCGUAUAGCUAUUAAGU
GACAAAGCUGAGAGCCUGUGCUCUUAACCACUAUGCUGUACUGCCUGCAG

Pstl

193

antisense

CUGCAGUAAUAACUAACAUUUAUUGAGCGCUUUCUGUGAGCCGGGUAUUGUUUUAAACUUUAGAUGCAUUGAUUAUUUAAUCCUC
ACAGCAGUACACAAAGACAGGUGAUAUGAUUAUCUACAGAGAGAAAACAGGCAGAGUUGCCAAGUGCAGAGCAAGGCUGGGGAGC
UUGUGCUCUUAACCACUAUACUAUACUGCCUGCAG

Pstl

193

antisense

CUGCAGUAAUAGCCAACAUUUAUUGAGCGCUUUCUGUGAGCCGGGUAUUGUUUUAAACUUUAGAUGCAUUGAUUAUUUAAUCCUC
ACAGCAGUACACAAAGACAGGUGAUAUGAUUAUCUACAGAGAGAANACAGGCAGAGUUGCCAAGUGCAGAGCAAGGCUGGGGAGC
UUGUGCUCUUAACCACUAUACUAUGCUGCCUGCAG

Pstl

193

antisense

CUGCAGUAAUAGCUAACAUUUAUUGAGCGCUUUCUGUGAGCCGGGUAUUGUUUUAAACUUUAGAUGCAUCGAUUAUUUAAUCCUC
ACAGCAGUACACAAAGACAGGUGAUAUGAUUAUCUACAGAGAGAAAACAGGCAGAGUUGCCAAGUGCAGAGCAAGGCUGGGGAGC
UUGUGCUCUUAACCACUAUACUGUGCUGCCUGCAG

EcoRV

4 E

262

sense

GAUAUCGCAGUACAGCAUAGUGGUUAAGAGCACUAGGCNUUCGGAGUUUUAACUGCCUGUGGUUUAAAUCAGUGCUCUACCACUU
ACUAGCUAUGUGACCUUGAGCAAGUAUCUUAACUUCUCUGACCUCAGUUUCUUCAUAUAUUAUCCCCCAAAUUGGGGAUAAUAAUA
GUAUGCUCUUUGUAGGAUAACUUAAGAUAGCUGCAGAUAAUUAAGGCUUGCAGCUUCGCCUGACAUAUAGUAAGCGCUCAAUAAA
UGUUAGCUAUUAGAUAUC

EcoRV

3 X

209

sense

GAUAUCGCAGUACAGUAUAGUGGUUAAGAGCACAGGCUCUCAGCUUUGUCACUUAAUAGCUAUACGACCUAUUUAACCUUUCUGUG
ACUUAGUUUGCUCAUCUGUAAAGUGGGGCUACUAAUAGUAGCCUCAUAAGAUUGUGAGGACUCAGUGAGGUAAUGCAAGUCAGAA
AAGUAUCAGGCACACAGUAAGCGCUCAAUAAAUGUUAGCUAUUAGAUAUC

EcoRV

3_F

209

sense

GAUAUCGCAGUAUAGUAUAGUGGUUAAGAGCACAGGCUCUCAGCAUUGUCACUUAAUAGCUAUACGACCUAUUUAACCUUUCUGU
GACUUAGUUUGCUUAUCUGUAAAGUGGGGCUACUAAUAGUAGCCUCAUAAGAUUGUGAGGACUCAGUGAGGUAAUGCAAGUCAGA
AAAGUAUCAGGCACACAGUAAGCGCUCAAUAAAUGUUAGCUAUUAGAUAUC

EcoRV

41

249

sense

GAUAUCGCAGUAUAGCAUAGUGGUUAAGAGCACAAGCCCAGAAGCAAUUUUGCCAGGGUCAAAUACUGGUUUCACUACUUUCUUGC
CACAUGACUCUGGGCAAGAACGUUAUCUUGGCCUUUUUCCAUCCGUAAACAUGAGGAUAAUAAUGGUGCCUACCUCAUGGGACUGC
AGUAAGGAUUAAGUGUGGUAACACAUCACAUGAAGUCUUUAAAAUCCAUAACAUACUAAGCGCUCAAUAAAUGUUAGCUAUUAGA
UAUC

EcoRV

3 K

392

sense

GAUAUCGCAGUACAGUAUAGUGGUUAAGAGCACAAGCUCCCCAGCCUUGCUCUGCACUUGGCAACUCUGCCUGUUUUCUCUCUGUA
GAUAAUCAUAUCACCUGUCUUUGUGUACUGCUGUGAGGAUUAAAUAAUCAAUGCAUCUAAAGUUUAAAACAAUACCCGGCUCACA
GAAAGCGCUCAAUAAAUGUUGGCUAUUAGAUAUCGCAGCAUAGUAUAGUGGUUAAGAGCACAAGCUCCCCAGCCUUGCUCUGCACU
UGGCAACUCUGCCUGUUUUCUCUCUGUAGAUAAUCAUAUCACCUGUCUUUGUGUACUGCUGUGAGGAUUAAAUAAUCAAUGCAUCU
AAAGUUUAAAACAAUACCCGGCUCACAGAAAGCGCUCAAUAAAUGUUAGCUAUUAGAUAUC

EcoRV

3A

193

sense

GAUAUCGCAGUAUAGUAUAGUGGUUAAGAGCACUAGCUCCCCAGCCUUGCUCUGCACUUGGCAACUCUGCCUGUUUUCUCUCUGUA
GAUAAUCAUAUCACCUGUCUUUGUGUACUGCUGUGAGGAUUAAAUAAUCAAUGCAUCUAAAGUUUAAAACAAUACCCGGCUCACA
GAAAGCGCUCAAUAAAUGUUAGCUAUUAGAUAUC

EcoRV

33

193

sense

GAUAUCGCAGUACAGCAUAGUGGUUAAGAGCACAAGCUCCCCAGCCUUGCUCUGCACUUGGCAACUCUGCCUGUUUUCUCUCUGUA
GAUAAUCAUAUCACCUGUCUUUGUGUACUGCUGUGAGGAUUAAAUAAUCAAUGCAUCUAAAGUUUAAAACAAUACCCGGCUCACA
GAAAGCGCUCAAUAAAUGUUAGCUAUUAGAUAUC

EcoRV

3D

193

sense

GAUAUCGCAGCAUAGCAUAGUGGUUAAGAGCACAAGCUCCCCAGCCUUGCUCUGCACUUGGCAACUCUGCCUGUUUUCUCUCUGUA
GAUAAUCAUAUCACCUGUCUUUGUGUACUGCUGUGAGGAUUAAAUAAUCAAUGCAUCUAAAGUUUAAAACAAUACCCGGCUCACA
GAAAGCGCUCAAUAAAUGUUAGCUAUUAGAUAUC

EcoRV

193

sense

GAUAUCGCAGUAUAGUAUAGUGGUUAAGAGCACAAGCUCCCCAGCCUUGCUCUGCACUUGGCAACUCUGCCUGCUUUCUCUCUGUA
GAUAAUCAUAUCACCUGUCUUUGUGUACUGCUGUGAGGAUUAAAUAAUCAAUGCAUCUAAAGUUUAAAACAAUACCCGGCUCACA
GAAAGCGCUCAAUAAAUGUUAGCUAUUAGAUAUC

10

EcoRV

4 B

241

antisense

GAUAUCUAAUAGCUAACAUUUAUUGAGCGCUUACCAUGUGCCAGGCACUGAUUAAUAUGUAUUAUUAGCUCAUUUAAUCCUCACA
AUAACCCUGUGAAGUAGAAACUAUGUAAGCAGUAAGAAACUGAGGCACCUUGACCAGUAGUGACUUUUGUCCAAGGUAACAUGGC
AGCUAAGUGAGAAGCUAGAUAUAAACCCAGGAAAUCUGGCCCUGGAACUUGUGCUCUUAACCACUAUACUGUGCUGCGAUAUC

11

EcoRV

4 C

241

antisense

GAUAUCUAAUAACUAACAUUUAUUGAGCGCUUACCAUGUGCCAGGCACUGAUUAAUAUGUAUUAUUAGCUCAUUUAAUCCUCACA
AUAACCCUGUGAAGUAGAAACUAUGUAAGCAGUAAGAAACUGAGGCACCUUGACCAGUAGUGACUUUUGUCCAAGGUAACAUGGC
AGCUAAGUGAGAAGCUAGAUAUAAACCCAGGAAAUCUGGCCCUGGAACUUGUGCUCUUAACCACUAUACUAUACUGCGAUAUC

12

EcoRV

36

193

antisense

GAUAUCUAAUAGCUAACAUUUAUUGAGCGCUUUCUGUGAGCCGGGUAUUGUUUUAAACUUUAGAUGCAUUGAUUAUUUAAUCCUC
ACAGCAGUACACAAAGACAGGUGAUAUGAUUAUCUACAGAGAGAAAACAGGCAGAGUUGCCAAGUGCAGAGCAAGGCUGGGGAGC
UUGUGCUCUUAACCACUAUACUAUGCUGCGAUAUC

13

EcoRV

4 G

193

antisense

GAUAUCUAAUAACUAACAUUUAUUGAGCGCUUUCUGUGAGCCGGGUAUUGUUUUAAACUUUAGAUGCAUUGAUUAUUUAAUCCUC
ACAGCAGUACACAAAGACAGGUGAUAUGAUUAUCUACAGAGAGAAAACAGGCAGAGUUGCCAAGUGCAGAGCAAGGCUGGGGAGC
UUGUGCUCUUAACCACUAUGCUAUGCUGCGAUAUC

14

EcoRV

193

antisense

GAUAUCUAAUAGCUAACAUUUAUUGAGCGCUUUCUGUGAGCCGGGUAUUGUUUUAAACUUUAGAUGCAUUGAUUAUUUAAUCCUC
ACAGCAGUACACAAAGACAGGUGAUAUGAUUAUCUACAGAGAGAAAACAGGCAGAGUUGCCAAGUGCAGAGCAAGGCUGGGGAGC
UUGUGCUCUUAACCACUAUACUAUACUGCGAUAUC

15

EcoRV

4 D

211

antisense

GAUAUCUAAUAGCUAACAUUUAUUGAGCGCUUACUGCAUUGCCAUGAAUUGCUUUACAUGUAUCUCAUAUAAUCCUCUCAGCAAUC
CUAUGAAGUUGAUAAUAGAGCCCAUUAAGAAACUUGACCAAAAUCAUCUUGUUAUUAAGUGGUAGAACAAUAUUCAAAUGUAUAU
UUGUUUGACAUGAAGACCCGUGCUCUUAACCACUAUACUGUACUGUGAUAUC

16

EcoRV

3 C

209

antisense

GAUAUCUAAUAGCUAACAUUUAUUGAGCGCUUACUGUGUGCCUGAUACUUUUCUGACUUGCAUUACCUCACUGAGUCCUCACAAUC
UUAUGAGGCUACUAUUAGUAGCCCCACUUUACAGAUGAGCAAACUAAGUCACAGAAAGGUUAAAUAGGUCGUAUAGCUAUUAAGU
GACAAAGCUGAGAGCCUGUGCUCUUAACCACUAUACUGUACUGCGAUAUC

! Restriction sites are highlighted in yellow. URA motifs unique to clone 15 are underlined (UGA-181,
UAA-178, UAA-165, UAA-135, UGA-100 and UGA-60; each motif is followed by the distance in nts
between putative BP-A and the 3’ss). BPs determined in MIR15 transcripts (Figure 4D-F) are in red.
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Table S4 Relaxation of OGDH intron 4a splice sites in vertebrates had a minimal impact on exon
4a/4b ratios

Species 5’ss of intron 4a* | Max. entropy score’ Exon 4b inclusion | 3’ss of intron 4a’ Max. entropy score’ | Exon 4b inclusion
Placentals | TGGgtgaga 6.04 - tcatcgttggccactcatagATA 3.36 -

Marsupials | TTGgtgaga 6.29 No change attgttggcccatttcatagATT 511 No change

Birds and TCGgtgaga 8.51 Potentially slightly | actcctggcccatttcatagATT 6.54 No change

reptiles lower

YIntron sequences are in lower case, exon sequences are in upper case. 2Maximum entropy scores (2) were
computed for human, wallaby and duck splice sites. Tested mutations are in red. Splicing assays are
shown in Figure 5.

Table S5 Amino acid identity between zebrafish and human T1A-1 and PUF60 RRMs

RRM1 RRM?2 RRM3
Human PUF60 versus zebrafish PUF60 78179 (97%) 74179 (94%) 79/88 (90%)*
Human TIA-1 versus zebrafish TIA-1 67/77 (87%) 69/79 (87%) 67/73 (92%)

'RRM3 is known as the U2AF homology motif or UHM (3).

Table S6 Function of human genes containing MXEs separated by dBP/megaPPT introns’

Gene Length of SVM 5’ss to Longest Gene product Function Human loss-of- Key
symbol the intron dBP dBP PPT U-run function references
between score | (nts) 3’ of dBP phenotype
MXEs (nts) (nts)
OGDH 122 1.92 25 9 E1 subunit of Ca®*-mediated NADH supply; No reliable reports (4)
the 2- distinct sensitivity of MXE of human
oxoglutarate isoforms to mitochondrial Ca?* | mutations; lethal in
dehydrogenase lower organisms
complex
KCNMAL | 103 - 15 K* ca®*- Dampens excitatory events that | Dyskinesia, (5,6,7)
activated elevate Ca?*, and/or depolarize seizures
channel, the cell membrane; distinct (OMIM # 609446
subfamily M, gating characteristics of MXE and 617643)
al isoforms; Ca?* sensitivity of
splice variants
SNAP25 161 1.74 23 13 Synaptosome Ca?*-triggered exocytosis and Myasthenia (8,9)
associated regulation of neurotransmitter (OMIM # 616330)
protein 25 release; distinct induction of
primed vesicle pool by MXE
isoforms
ACAD10 212 1.59 23 20 Acyl-CoA Mitochondrial fatty acid Not reported? (10)
dehydrogenase, metabolism
10

'MegaPPT is defined here by the presence of 8 or more consecutive uridines adjacent to dBPs. This
length permits cooperatiave binding of PUF60 and U2AF65 (11) and is close to a limit for in vitro
binding of PUF60 (11 pyrimidines) (12). PPTs with longer uridine stretches generally promote the
efficiency of 3’ss recognition (13,14); to achieve the same level of splicing, shorter PPT tracts require
higher uridine content (15). 2Acad10-deficient mice accumulate excess abdominal adipose tissue, exhibit
fasting rhabdomyolysis and have abnormal skeletal muscle mitochondria (16). OMIM #, Online
Mendelian Inheritance in Man database 1D.
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Table S7 MXE responses to PUF60/U2AF65 knockdown in transcripts involved in Ca?* signalling

Human gene Putative PPT in the intron that separates MXEs ~RPKM®*in HEK293 cells Effect of PUF60/U2AF65 depletion

symbol dBPs

ACTN2 + long, partitioned into UC- and UG-rich segments; UG repeat close to 3'ss not expressed

CACNA1A + very long, G(U)n repeat close to 3'ss, (A), repeat further upstream not expressed

CACNA1B + very long, (C)nU repeats close to 3'ss not expressed

CACNALC - Short not expressed

CACNA1D - short, (A)n repeat not expressed -

CALU +? short and lacks uridines, (U), is the longest uridine repeat 1000 no change

DNM2 + long, partitioned into repeated UC- and UG-rich segments 500 exon b down in PUF60- cells and up in U2AF65-
FYN - mid-size; (A)n repeat 500 exon b up in PUF60- cells, down in U2AF65- cells
GNAL! - NA; ATI 100 first exons sensitive to U2AF65 depletion
GNAS! - NA; ATI 10000 skipping of a downstream exon in U2AF65- cells
GRIAL - short not expressed -

GRIA2 - short not expressed

GRIA3 - short not expressed

GRIA4 - short not expressed -

IDH3B - NA; ATI 500 no change

MASP1? - NA; APA not expressed -

OGDH + long, partitioned into U-, C-, UG- and UC-rich segments 200 exon b down in PUF60- cells and up in U2AF65-
OTOF - short; MXEs are terminal not expressed -

PRKCB - NA; ATI 80 no change

PRKG1 - NA; ATI not expressed -

SCN5A + long, partitioned into multiple UC- and UG-rich regions 15 not informative, exon b was not used

SLC12A1° + mid-size not expressed -

SLC25A3 - short 3000 not informative, exon a was not used

SLC25A24 - NA; ATI 200 no change

SLC8AL - mid-size, (U)nG repeats 50 not informative, exon a was not used

SLC8A3 + mid-size, UC-rich not expressed -

SNAP25 + long, partitioned into (U)nC-rich and GA-rich segments not expressed -

TPM2 + long, partitioned into UC- and C-rich segments 25 exon b down in PUF60- and up in U2AF65-
TPM3 + long and partitioned 2000 not informative, exon b was not used

!Alternative transcription initiation (AT1). 2Alternative polyadenylation (APA). *Three MXEs; dBPs were
predicted both for the intron between exon a (5’ exon) and b (0.53 kb) and between exon b and ¢ (0.51
kb). “RPKM (reads per kilobase of transcript per million mapped reads) data are rounded; full RNA-seq
data are available under the ArrayExpress accession number E-MTAB-6010 (17). NA, not applicable.

Table S8 PUF60-regulated exon usage in transcripts that encode mitochondrial proteins

(Microsoft Excel table)
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SUPPLEMENTAL FIGURES

Figure S1 Alignment of mutually exclusive OGDH exons 4a and 4b and intron 4a in 62 vertebrate
species

Intronic sequences are in lower case; exons 4a and 4b are in upper case. dBPs mapped in this study
(Figure 3 and 6) are highlighted in green. A tentative dBP+45 is in blue. Conserved adenine residues of
amniote dBP clusters are highlighted in yellow. Variants that change their extended BP consensus motifs
are in red. Exon variants examined for splicing (Figure 5) are underlined. The AGEZ spoiler in M. mola is
in magenta. Asterisks denote identical nucleotides. Alignment was carried out with reference sequences
(www.ensembl.org) and Clustal Omega (v. 1.2.4.) using exons 4a, introns 4a, exons 4b and 50-nt flanking
intronic sequences.
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gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtattattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttctagGTCAGGGGTCATCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCAAATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtattattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtattgttgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttgtta-ttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtattgttgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAGCTTGATCCTCTCGGCATTAG
gtgttattacttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattacttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttattgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttatta-ttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttatta-ttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttatta-ttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGAATTAG
gtgttgtta-ttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGCATTAG
gtgttgtta-ttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGCATTAG
gtgttgtta-ttccagGTCAGGGGTCACCACATTGCAAAGCTTGATCCTCTCGGCATTAG
gtattgttgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCTCTCGGCATTAG
gtgttgttgcttctagGTCAGGGGTCATCACATTGCAAAACTTGATCCCCTCGGCATTAG
gtattgttgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCCCTCGGCATTAG
gtgttgttgcttccagGTCAGGGGTCACCACATTGCAAAACTTGATCCCCTCGGCATTAG
atgttgttgctttcagGTCAGGGGTCACCACATTGCAAAGCTCGACCCTCTCGGCATTAG
gtgttgttgcttccagGTCAGGGGCCATCACATTGCAAAGCTTGATCCTCTCGGCATTAG
gtgttgttgcttccagGTCAGGGGTCACCACATTGCAAAGCTTGATCCTCTCGGCATTAG
gtattgttacttccagGTCAGGGGCCATCACATTGCAAAGCTCGATCCTCTCGGCATTAG
gtattgttgcttccagGTCAGGGGCCATCACATTGCAAAGCTCGATCCTCTCGGCATTAG
gtgttgttgcttccagGTCAGGGGCCATCACATTGCAAAGCTCGACCCTCTCGGCATTAG
atgttgttgcttccagGTCAGGGGTCATCACATTGCAAAACTTGATCCTCTTGGCATTAG
gtgttgttgcttccagGTCAGGGGTCACCACATTGCAAAGCTTGATCCTCTCGGCATTAG
gtgttgttgcttccagGTCAGGGGTCATCACATTGCAAAGCTTGATCCTCTCGGCATTAG
gtgttgttgcttccagGTCAGGGGTCACCACATTGCAAAGCT TGATCCTCTCGGCATTAG
atgttgttgcttctagGTCAGGGGTCATCACATTGCAAAGCTTGATCCTCTCGGCATTAG
ttgttgttgtttccagGTCAGGGGTCACCACATTGCCAAGCTTGATCCTCTCGGCATTAG
ttgttgttgtttctagGTCAGGGGTCACCACATTGCCAAGCTTGATCCTCTCGGCATTAG
ttgtcattgcttccagGTGAGGGGTCATCACATTGCAAAGCTTGACCCGCTTGGAATTAG
ttgtcgttgettccagGTGAGGGGTCATCACATTGCAAAGCTTGACCCGCTCGGAATTAG
gtgtgtgtgtgtgtagGTGATGGGGCATCATAATGCCCAGTTGGATCCTCTGGGAATCAG
gtgtgtgtgtgttcagGTGATGGGTCATCACAATGCCCACCTGGATCCACTGGGAATCAG
gtgtgtgtgtgttcagGTGATGGGTCATCACAATGCCCACCTGGATCCACTGGGAATCAG
gtgtgcgtgecgtgtagGTGATGGGGCATCACAATGCCCAGTTGGATCCTCTGGGAATCAG
--gtgtgtgtgttcagGTGATGGGGCATCACAATGCCCACCTGGATCCTCTGGGAATCAG
gtgggtgtgtgtttagGTGATGGGGCATCACAATGCTCAGTTGGATCCTCTGGGAATCAG
ctgtgtgtgtgtttagGTGATGGGGCATCACAGTGCCCACTTGGATCCTCTGGGAATCAG
—--gtgtgtgtgtttagGTGATGGGGCATCACAATGCCCTGTTGGATCCTCTGCGAATCAG
gtttgtcagacagcagGGGAGGGGGCATCACAATGCTCGTTTGGATCCTCTGGGAATCAG
atgtgtgtgtgtgtagGTGATGGGTCATCACAATGCCCACTTGGACCCGCTGGGCATCAG
gtttg----tgaacagGTGATGGGGCATCATAATGCTCGTTTGGATCCTCTGGGAATCAG
gcgtttetgtgtgtagGTGATGGGGCATCATAATGCCCGTTTGGATCCTCTGGGAATCAG
gtgtgtgtgtgttcagGTCCTGGGCCATCACAACGCCCACCTGGACCCTCTGGGGATCAG
gtgtgtgtgtgttcagGTCCTGGGCCATCACAACGCCCACCTGGACCCTCTGGGGATCAG
—---ggtgtatgtttagGTGATGGGCCATCACAATGCCCATCTGGACCCTCTGGGGATCAG
g-—-ccttgttttcagGTAATGGGGCATCACAATGCAAACCTTGACCCACTTGGCATCAG
a-—--ccttgtttacagGTGACTGGGCATCACATTGCCAARACTCGATCCTCTGGGGATCAG
g---ccttgtttccagGTCATGGGGCATCACAATGCCAAGCTCGACCCGCTCGGCATCAG
attaacaatcacccagGTGATGGGTCACCATAATGCCCACCTGGATCCATTAGGAATCAA
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TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT ---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT ---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT ---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGGTGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTC---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatty
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgaggatty
TTGTGTAAATTTTGATGGTGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT ---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCAGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatta
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatga
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatyga
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatga
TTGTGTAAATTTTGATGATGCTCCGGTAACTGTT---TCTTCAAACGTGGgtgagaatte
TTGTGTAAATTTTGATGATGCACCAGTAACTGTT --~TCTTCAAACGTTGgtgagaatta
TTGTGTAAATTTTGATGATGCACCAGTAACTGTT ---TCTTCAAACGTTGgtgagaatta
TTGTGTAAATTTTGATGATGCACCAGTAACTGTT---TCTTCAAACGTTGgtgagaatta
TTGTGTAAATTTTGATGAGGCTCCAATAACTGTT ---TCTCCGAACGTCGgtgagaatta
TTGTGTAAATTTTGATGATGCACCAGTAACTGTT ---TCTCCAAACGTCGgtgagaatty
TTGTGTAAATTTTGATGATGCGCCAGTAACTGTT---TCTCCAAACGTCGgtgagaatta
TTGTGTAAATTTTGATGATGCGCCCGTAACTGTT ---TCTCCAAACGTCGgtgagaatta
TTGTGTAAATTTTGATGATGCACCTGTAACTGTT ---TCTCCAAACGTCGgtgagaatta
TTGTGTAAATTTTGATGATGCGCCCGTAACTGTT ---TCTCCAAACGTCGgtgagaatta
CTGTGTAAATTTTGATGATTCGCCAGTAACTGTT ---TCTCCAAACGTCGgtgagaatty
TTGTGTAAATTTTGATGATGCACCAGTAACTGTT ---TCTCCAAACGTCGgtgagaatta
TTGTGTAAATTTTGATGATGCACCAGTAACTGTT ---TCTCCAAACGTCGgtgagaatta
TTGTGTAAATTTTGATGATGCACCAGTAACTGTT ---TCTCCARACGTCGgtgagaatta
TTGTGTAAATTTTGATGATGCACCAGTAACAGTT---TCTCCAAACGTCGgtgagaataa
TTGTGTAAATTTTGATGATTCAGCAGTTTCTGAT ---TCTCCAAACGTCGgtgagaatta
TTGTGTAAATTTTGATGATTCGACAGTAACTGAT ---TCTCCAAACGTTGgtgagaatta
TTCTGTTAATTTTGATGGGGCTCCGGTGATAGTCGGATCTCCARATATGGgtgagaatca
TTCTGTTAATTTTGATGGGGCTCCTGTGATAGTCGGATCTCCARATATGGgtgagaatcy
CTGTGTGAATTTTGATGATGCTCCGGTGAATCCCGGCTTCCAGGACGTCGgtgagaacac
CTGTGTGAATTTTGATGATGCTCCGGTGAATGCCGGCTTCCAGGATGTCGgtgagagege
CTGTGTGAATTTTGATGACGCTCCGGTGAATGCCGGCTTCCAGGATGTTGgtgagagege
CTGTGTGAATTTTGATGATGCTCCGGTGAATTCCGGCTTCCAGGATGTCGgtgaga—caa
CTGTGTGAATTTTGATGATGCTCCGGTCAATACCGGCTTCCAGGATGTTGgtgagaacac
CTGTGTGAATTTTGATGATGCTCCGGTCAATAGCGGCTTCCAGGACGTCGgtgaga—caa
CTGTGTGAATTTTGATGATGCGCCGGTCAGTACCGGCTTCCACGACGTCGgtgagaacyy
CTGTGTGAATTTTGATGATGCTCCGGTCAATGCCGGCTTCCAGGACGTCGgtgagaacag
CTGTGTGAATTTTGATGATGCTCCAGTCAGTACT GGCTTCCAGGACGTTGgtgag-—aag
CTGTGTGAATTTTGATGACGCTCCCGTCAATAGCGGCTTCCAAGATGTTGgtgagcaa—-
CTGTGTGAATTTTGATGATGCTCCAGTTAATACT GGCTTCCAGGATGTTGgtgagg-aag
CTGTGTGAATTTTGATGATGCTCCAGTCAATACTGGTTTCCAGGATGTTGgtgagaacga
CTGTGTGAATTTTGACGACGCTCCGGTCAGCGCCGGCTTCCAGGACGTCGgtgagac——-
CTGTGTGAATTTTGACGACGCTCCGGTCAGCGCCGGCTTCCAGGACGTCGgtgagac——-
CTGTGTGAATTTTGATGATGCTCCGGTCAATACCGGCTTCCAGGACGTTGgtgagaactt
TTGTGTAAATTTTGACGAGGCCCCAGTAGCTACT GGGTTCCAGCATGTTGgtgagaaaty
TTGTGTAAATTTTGACGATGCCCCAGTAACAGTCGGGTTCCCGAATGTTGgtgagaaata
TTGTGTAAATTTTGACGAAGCCCCAGTAGCTACTGGTTACCAGCATGTTGgtgagaaaty
CTCTGTGAATTTTGAGGATGTCCCCGCCTGTTCAGAGATCATGGACGTGGgtgagageee
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—————— gtaaatgctafittttafl-—-------------------------——
—————— gtaaatgctaattttaa-—-———---—————-——————————————

-gtaaacgctaattttaa-
-gtaaacgctaattttaa-
-gtaaacagtaattttaa-

—-gtaaatgctaattttaa-
—-gtaaatgctaattttaa-
-gtaaatgctaattttaa-
-gaaaacgctaattttaa-
-gcaaa--ctaattttaa-

—————— gcaaa--ttaattctaa----—-—---—--——-———————————-———-
—————— gcaaa--ttafittcgaffl-—--------------------mmm -
—————— gcaaa--ttaattcgaa-----------------—--—----——-——

—————— gtcaga-cttgttgtaa--—ctttttctctttttectgtgettttte

—————— gttlga-cttgttgtad--cgttctc----ttttctgtgettttte
C-——a-——-—-————————- gagctaaaacaa----agtttc------------—-—- cggt
C—==g-————————---- caactaaaccaccaa------ @-——————————————— caga
C-——a-————-----—-- caactaaaccaccaa------ @-—————————--——-— caga
C-——a-———--——————— ggactgagaagact----attg---------—----—-

-gaactaaaaagcaaactgcttc—
-gagctgaaaaacaaactgcttc—
-gagctaacaaa----ct----g-
C-——a-——---—-—-—-—— gagctaacaaacaaacaaactg---—----—-——---—--—

g-——a-——TT oo oo Ccgacgaaacaacaaacc-—-ga-——~-—"~"~""~"~-~"—-———— caga

ttttctt----tcccccacagctcaacagacc-gccat
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———————— totafittt-tlctt-------f---tt----ttttac----ccctt------
----tgtaattt-tactt------- t-——t--——- ttttac----ccctt------
----tgtaattt-tactttttt---t---tt----ttttac----ccctt------
----tgtaactt-tactttttttt-t---tt----ttttac----ccctt------
----tgtaattt-tacttt------ t---tt----ttttac----ccctt------

———————— tgtaattt-tgettttt---—t---tt-—--ttttac----ccctt------

———————— tgtaattt-tactttt-----t---tt----ttttac----ccctt------
----tgtaattt-tactttttt---t---tt----ttttac----ccctt------

- -ttttac----ccctt-
- -ttttac----ccctt-
- -ttttac----ccctt-

———————— tgtaattt-tacttt-----------t----ttttta----ccctt------
———————— tgtaattt-taccttttttt-accc-c--—----------—---—-tt---——--
———————— tgtgattt-tacttt--------———t----ttttac----cccct------
———————— tgtaattt-tactttt----------t----ttttac----ccctt------
----tgtaattt-tactttt ----ttttac----ccctt------
----tgtaattt-tactttt ----ttttac----ccctt------
----tgtaattt-tacttt---------- tt----ttttgc----ccctt------
----tgtaattt-tactt------------ t----ttttac----ccctt------
———————— tgtaattt-ttactt----------tt----ttttgc----ccctt------

—-tgtaattt-tgctttttttt-tttttt-
—-tgtaattt-tgcttttttt-

----tgtaattt-tacttttttta-ccccct----—--——--——--——- to————-
----tgtaattt-tacttttttta-cccccc--===-=-=------—- tt-———--
----tgtaattttcctttttttta-cccctc----ccccecg----ccttttctecte

———————— tgtaattt-aactttt-tta-cccc-—-----------------—-tc-——-——---

———————— tgtaattt-aactttt-tta-cccc--—-—--------------—-tc-——-——--
----tgtafittt-afictttt-tta-cccem----------------—— te————--
----tgtaattt-aactttt-tta-cccc-——--——--——--——--—- te--—--—-

———————— tataatgtttaacttttata-cccctt----tcctte----cccecceett--
ctc-ttcttgttatctttacctttetgt-gtecte———========—=—- ttcacccaac
cte-ctectgttgtetttg——-—---- t-gccc-cm—mmmmmmmmmm tttacct---

ct——gtggtgttaltgttgctctctctc——tctctctctctctctctctctctctctc——
cc--atgatgttaactttgcttttc-cc--tcccacccgecectecteccaccceccace-—-
ct--gtgatgttaactttgcttttc-cc--tcccacccgecctceccececctetectect---
tt--gtggtgctaatacttctctctcte--tctccececcaccctectectectecte——--—
ct--gtggtgttaatgttgcttttc-cc--acccaccctectecttcttetectectte-—--
ct--gtggtgttaatgttgcttttc-cc--tcccaccctetctetetetectetetetete
ct--gtggtgttaatgctgcttttc-cc--tcccaccctcectettettctect---cte
ct--gtaatgttaatgtcgcttttc-cc--cccecgecctetetttt-ctettett—-——---

gt--gtgtcgctaacaccatttctccce----cctgt---gccce———--——-———- tctce
tc--gttgtgttaatgtcgcttctc-cg--tcccaccecgetectectectectecte——--—
gt--gtgt---taacatcatttctccac----cccceccteccecectece-—---ccectecte
ct--gtggtgttaatgttgctcttcctccctecccaccctectatecttte--ctctectecte
ct--ctggtgttaacgttgctcttc--c--tcccacccatcctectect—-—-----— c-—--
ct--ctggtgttaacgttgctcttc--c--tcccacccatcctectect------ c-—--
ct--gtggtgttaatgctgcttctc-cc--tcccacce-tecctectectettecte-—--
ctgttttgtgtgattgttgctttcccce-tt----—-------------- c--cctttatc
ctg-tttgtgttaattgtgctttttccec-ccectt--—--ccttcec—---tccttecctt--

ctgttttgtgttattgtcgctccececcece—-accccacccaacctecccttecccectetate
ac--cccgtgttaatactgcttctc-cc--tcccaccctetecttgtectectetttectece

Page 10 of 63



Kralovicova et al.

human

bonobo

baboon
angola_colobus
bolivian_squirrel monkey
bushbaby
bamboo_lemur
lemur

polar bear
panda

horse

sloth

rabbit

hyrax

treeshrew
hedgehog
microbat
megabat

mouse

kangaroo rat
blind_moIe_rat
Damalarand mole-rat
naked mole rat
guinea pig
armadillo
Tasm.devil
opossum
wallaby
platypus

duck

zebrafinch
chicken

turkey

quail

alligator
desert_tortoise
turtle_softshell
turtle_painted
tuatara lizard
anole lizard
python Burmese
xenopus_trop.
xenopus_laevis
ocean_sunfish
tilapia
zebra_mbuna
stickleback
climbing_perch
ballan_wrasse
swamp_eel
zigzag_eel
tetraodon
tigertail seahorse
fugu
tongue_sole
amazon_molly
shortfin molly
bicolor damselfish
zebrafish
spotted_gar
channel catfish
cod

--cctettttt—————————m——-—-
--cctettt-————mm—mmmmm— oo
--cctetttt-———------——o---

—————————— ttt---—cttctgt------
—————————— ttt---—cttctgt------
—————————— ttt---cttctgt------

--cctetttt-—--—mmmmmm -
--cctetttt-—--—=-—----———-
--cctetttt-——=-===---——————-
--cctetttt-——=-=—=——m—--———-
c--cctettttt-
c--cctecttttt-
c--cctettttt-
--cctettttt-—--—mmmmmmmm -

—————————— ttt---ctcectgt--—----

c t
c t
[¢) t
—---c--cctctttt---——-------—-—- t-————— ttt---cttctgt-—-—---

c t
c t
c

c

c
---c--cctcttt--—--—--------—-—- t-——————- ttt---ctcectgt------
---c--cctecttttt--—-—---------—- ttt--tctece-t-——------—- gt-———--—-
---c--cctectttt-—-------------—- t-—————— ttt---ctcctgt-—----
---c--cctcttttt--—---------—-—- t-——————— tt---ctcctgt-—----
---c--cctettttt-——-——--——-———- e ttc---ctcctgt---—---
---c--cctettttt-—=—mmmmmmm - e tt---ctcetgt------
---c--cctectttt---—-——--------—- t-———— ttt---ctcctgt------
---c--cctcttttt---——--------—- t-—m———- ttt---ctcctgt------
---c--cctctttt-—-------------—- t-—m———- ttt---ctcctgt------
c
c

—--cctctttt-

---c--cctcttttt
---c--cctecttttt
tgtc—-tgtcttttt
---c--cctcttttg---—--------—- ttt-ttctececettt---ctecctgt-—-----
---c--cctcttttg---——---------—- ttt-ttcte-———---------—- t-——-
---c--cctcttttg-—------------—-

---c--cctettttg-—--——--——-———-

---c--cctettttt-—=mmmmmm -

--cc--cctettttt-
c--cctttcett-
c--cctettttt-
---c--cctttectt--—-—--—----———-
-—--t--cctttttte-—-------------—-

7777777 ctcttecctec-—----------ctcttcctcctct---tcctectet---tce--
tgtc--cctetttet-——---------—- ctcacttecctecttac-------------——-
————————— c-—-—-——-—-———------------ctttatctc-——---—-

tctctetet---—-------——- ctc--tccatctcte-
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t---tttttaca-cc--cccgctgttgtccaacactttacctettta---
gtcttttattcttttaccctgectgttgttggatttctgecttetttectet-—-gttcte
ttctttaaaac--tcaccctgctgttatccatcactctectectttectteccaatttttt
t---tttatact-ccgccctgectectgtccaacaccgtectecttt-——--——=-=-—-—-
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--ttgtgt
--ttgtgt
--ttgtgt
--ttgtgt
--ttgtgt
—--ttgtgt

= O g
-—ttgtgt-—----mmmm e
--ttgtgt------------------\\--\- - -----"-------"-----—-———
--tegtogt---------- - ------------ - - - -------------"--"--——————-
--ttgtgt---------- - - - - - ----- - - - - - - - ---------------—-———\————"—

--ttgtgt
--ttgtgt

--ttgtat
--ttgtatt--------- -------------------"-"-"-"\—\—-"\"-""\“"-"-" "~~~ —~——
—-ccttgcec----cccc
—--c—-ttggt
--t-ttggt
—--c-ctggt
--c-ctgga
--c-ctggt-————-—--
--t--tggt-

--ctttgct--—=---—--——-——-—— -
——ttteggt—mmmm o
——ttEtggt -
--ttctcct----cccct-————-——----—- gcc-———-C-——=——————--— cccccaacc
--ttctccc----a-cct------------—- gc----- a-—————————- cctccaacc
gtgtgtgtgt---------- gttgatgttg.cttt—ctttctgt —————— cgttcctee
————— tct-tctaactt---ttc

atccgtgtgtctaatcttttttg--tggtga—=—-=—-—=—=-—------—-—-——

--acttcttt--—------- Cccg-————————————-— tttcaact--------------
gtttttctgtcaaaccctgtttctatatgattececttectetectattettectecttecacgt
gtttttttgccaaatcctgtttcgatgetgatacttttgecec-—------—-- tctteattt
--ccttctgtcaaatcectgtteg-atgttgg-———----- tetttaat-—----==-=-----—-
--atgtgtgc---------- ttcecattt--—=====--———-———m
--tggtgtgc--—-===---- tgcegtgt-——=====-- tete—====---- tccteca---
---tgtgtgc-——--------- ttetgtgt-----------—--—-—-- """ ——
--gctcctgectcegetecatgtecgacgectect——======—————————————- gcctee

gtt--tctec-==-====-=
--ttttcaa----cccct--------------c------ C-—————————= tctacaccc
--ttttttt----cccc-——-----—-----———- a-———C-—————-———— actacatat
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---ttttctgttcctttactttct-aaatctttcactecegtt-gtgettetegtecacca
tatctcte-tttecttttacttectccaaattttcactccate-ttgettctecatecacte
tctctatctctecttatacttttt-aaaccctttectccate-ttgettctecatecacte
—--ctctccttecttatggtttct-gaatctcccactccate-ttgecttctecatceccacte

77777777777 ttttaactctct--aaac—-----ctccatc-ctgcttctcatctgctg
g-————————————— acacttcatctacgatcaa--------——--——--—————- actt
t-t----— ttt-————— ctcec—==—mm—mm—m oo aatt

----actt
—gtttgccttttctttaaccttct-aaacctctcacacctccece——-—-——-- caaccacta

Page 14 of 63



Kralovicova et al.

human

bonobo

baboon
angola_colobus
bolivian_squirrel monkey
bushbaby
bamboo_lemur
lemur

polar bear
panda

horse

sloth

rabbit

hyrax

treeshrew
hedgehog
microbat
megabat

mouse

kangaroo rat
blind_moIe_rat
Damalarand mole-rat
naked mole rat
guinea pig
armadillo
Tasm.devil
opossum
wallaby
platypus

duck

zebrafinch
chicken

turkey

quail

alligator
desert_tortoise
turtle_softshell
turtle_painted
tuatara lizard
anole lizard
python Burmese
xenopus_trop.
xenopus_laevis
ocean_sunfish
tilapia
zebra_mbuna
stickleback
climbing_perch
ballan_wrasse
swamp_eel
zigzag_eel
tetraodon
tigertail seahorse
fugu
tongue_sole
amazon_molly
shortfin molly
bicolor damselfish
zebrafish
spotted_gar
channel catfish
cod

cca-ctccatgett----- atctgcac--------- ctgctcccaatcatc-ttectact
ctc-ctccatgcat----- ttcte--------—-—mmm - ttctc-ttcctact
——————————————— tcc----—------gaccgtttgctctctacatcttgtttcctec--
cgctcttcatcec-—--——=-——-——- tctgtctgttatttggttgcatcte-———--- ctc--
cgctcttcatcec-—--——--——-——- tctgtctgttatttggttgcatcte-—---- ctc--
—————————————————————————————————— tgtttggttecttet------ctc—-
tccte----- ccacatc----- tgtattttct-—--—------————————- gttattc--
gcctctcaacgtectcectegectecececttateggetgttttgttgegtettgtttecte——
gg-tctccacgtcttcccacc---------- ttttatttctttgcacattgtttccte--
tgctctccatccacate-—---- ctctctttccattgttacgttgcatcttggtteccte-—
--c-—---tgcctgtttgctgcatcttge-———--—--

cctegtg-—

—---tggctgtttgctgcatcttctttecctg--
—————————————————————————————————— gtcctc--
————————————————————————— cat---

77777777777777777 t----gactctt-----------------——-—------cat---

***************** cacctcactctttcecgttatttecgttgcacctectctecate—-
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—————————— cctc--tcatcg-----------t
ccte--tcatecg----—------ t
ccte--tcateg----—------— t
ccte--tcateg----—------ t
ccte--tcateg-—--—------ t

—————————— cctc--tcatcg--——---—-----t

—————————— cctc--tcatecg--——---------t
cctec--tcatcg-—-—==—----- t
-ccct-cecteg- c
—-ccct-cecteg- c
cctct-ccateg- c

- ccctgtecateg---——------ t

—————————— ccte--tecateg-----------c

—————————— ccctcectecattg-——=-—-----t

—————————— cttc--acctcg-——=———————————--——

—————————— cctceecccaccg-——————---—-

cctcec-ccatca-—-——-—------—
cctct-ccatcg--——-—-—------
cctc--tcatcg-----------
cctc--tcattg--—--------—-
cctc--tcattg--—--------
cctc--tcatcg-
cctc--tcatcg-
cctc--tcatcg-
ccccgtecactg-
tcctttecattg-
tcctttecattg--—--—-----
tcectttecatte-——-—------—-
cccgcecctccacte-———————--—-—
—————————— cc-tgtccactc-—-—-——=-----
—————————— cc-tttccattec--—-------—-
cc-cctcecatte-——=———————-
cccccteccatte-—————-----
cc-ccteccatte-—————-----
—-cctccctcecatte-

t-——————- Ct=—=——mm caccccce--cct--tcectg-cecctgggtggge
ccttcat----ctcatcc-—-------- cttcctet--cctcactcce-tetegggtgggt
(oo o cct--cttcctceceg-tectgggtggge

cctcacttcttcacctccatcectectectectectt--cttecctectg-teccegggtggge
777777777 gattcccccacactccteccatcectt--tetecctectg-teccegggtggge
ccttecgtt-ttctegtca-——-—----- cccececct-—-cecctectectg-cecectgggtggge
ctcctectectecct--cctectetgectectggetgggt
tgtcctccatcctectgttectect--cecttectecte-tececegggtggge
——————————————— tgcttcctectectectect--cctectectettectgggteggt

—————— ttcctecttect--cctectectt-ttectgggtggge
tcttectectect--cet-gtectg-tectgggtgggt
tcttectectect--cect-gtecctg-tectgggtgggt
accctccaccctccatctecctect--cctectectg-tectgggtgggt
gctc-c--ctttttg-tggcgggaccte
————————— tttatttttattt---------—-t------tg--ttt-ctctccgaaccc
————————— ttgtttt--atttt---------gttc-c--ccctccc-ccgtcggetgea
tcttcectecttgttcectttcac--tctgectceccatccacacttecctgtecececgggtge-g
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——————————————— cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
——————————————— cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
——————————————— cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCATCATGTAGCACAGCTGGACCCCC
cgt--ccgtagATACGAGGGCACCATGTAGCGCAGCTGGACCCCC
cgt--ccgtagATACGAGGGCACCATGTAGCGCAGCTGGACCCCC
cat--tcgtagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cat-ttcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
——————————————— c----tcgtagATCCGAGGGCACCATGTAGCACAGCTGGACCCCC
——————————————— cat--ccatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
——————————————— cac--tcgtagATACGCGGGCACCATGTAGCGCAGCTGGACCCCC
——————————————— cat--tcgtagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
ctt--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
ctt--tcgtagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cac--tcatagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cat-cttgtagATACGAGGGCACCATGTAGCACAGCTGGACCCCC
cat-ttcatagATTCGAGGGCACCATGTAGCACAGCTGGATCCCC
cat-ttcatagATTCGAGGGCACCATGTAGCACAGCTGGATCCCC
cat-ttcatagATTCGAGGGCACCATGTAGCACAGCTGGATCCCC
cac-cccatagATCCGAGGGCACCATGTGGCCCAGCTGGACCCCC
——————————————— cat-ttcatagATTCGAGGGCATCATGTAGCACAACTCGACCCAC
——————————————— cat-ttcatagATTCGAGGGCATCATGTAGCACAACTCGATCCAC
cat-ttcatagATTCGAGGGCACCATGTAGCACAGCTCGACCCCC
cat-ttcatagATTCGAGGGCACCATGTAGCACAACTCGACCCCC
cat-ctcatagATTCGAGGGCACCATGTAGCACAACTCGACCCCC
cat-ttcatagATTCGAGGGCACCATGTAGCACAGCTCGACCCAC
cat-ttcatagATTCGAGGGCATCATGTAGCACAGCTCGACCCCC
cat-ttcatagATTCGAGGGCATCATGTAGCACAGCTCGACCCAC
cat-ttcatagATTCGAGGGCATCATGTAGCACAGCTCGACCCAC
——————————————— cat-ttcatagATTCGAGGGCATCATGTAGCACAGCTCGACCCAC
——————————————— cat-ttcatagATTCGAGGGCATCATGTAGCACAGCTCGACCCAC
cat-ttcatagATTCGAGGGCATCATGTAGCCCAGCTCGACCCAT
tgaatt-catatagATCCGTGGGCACCATGTTGCTCAGCTTGACCCTC
———————————— tcaatt-tctatagATCCGTGGGCACCATGTTGCTCAGCTTGACCCAC
tccatactgttgtecgete-cectgtagATCCGAGGGCACCACGTGGCCCAGTTGGACCCCC
tctgtgttgttgtcactt-cctgtagATCCGAGGGCACCACGTGGCCCAGTTGGACCCCC
tctgtgctgttgtcactt-cctgtagATCCGAGGGCACCACGTGGCCCAGTTGGACCCCC
o ccc-cctctagATCCGGGGGCATCACGTGGCTCAGTTGGACCCCC
tctgtactgttgtcactc-cttgtagATCCGAGGGCACCACGTGGCCCAGTTGGACCCTC
tctgtgctgttgtcaccc-cctgtagATCCGGGGGCACCATGTGGCCCAGTTGGACCCCC
tctgcattgttgtcactc-cctttagATCCGAGGGCACCATGTGGCACAGTTGGACCCTC
tctgtactgttgtcactc-cctgtagATCCGAGGGCACCATGTGGCCCAGTTGGACCCTC
te----- tgttctgactt-tctgtagATCCGAGGGCACCAGGTGGCCCAGTTGGACCCTC
te----- tgtcctegttecececctgtagATTCGCGGTCACCAGGTGGCCCAATTGGACCCGC
te——--- tgttctcactt-cttgtagATCCGAGGGCACCAGGTGGCCCAGTTGGACCCTC
tctctacttttgtcactcccctgtagATCCGAGGTCACCAAGTGGCCCAGTTGGACCCCC
tctgtgtec-——----- gccc-tctgtagATCCGGGGGCACCACGTGGCCCAGCTGGACCCGC
tctgtgtc-—----- gccc-tctgtagATCCGGGGGCACCACGTGGCCCAGCTGGACCCGL
tctgttg--—------- tc-cctgtagATCCGAGGGCACCATGTGGCCCAGTTGGACCCTC
———————————— ttgtct-cctgtagATACGTGGTCACCATGTGGCTCAGCTGGACCCTC
———————————— cgtgtt-cctgtagATTCGCGGGCACCATGTTGCTCAGCTGGACCCCC
———————————— tcgtet-cectgtagATCCGGGGTCACCATGTCGCTCAGCTGGACCCTC
tctgtgctgttgtcactt-cctgcagATCCGAGGGCACCATGTGGCCCAGTTGGACCCTC

Kkkk Kk KKk KK Kk Kk Kk Kk K KKk KKk

Page 18 of 63



Kralovicova et al.

human

bonobo

baboon
angola_colobus

bolivian_squirrel monkey

bushbaby
bamboo_lemur
lemur

polar bear
panda

horse

sloth

rabbit

hyrax
treeshrew
hedgehog
microbat
megabat
mouse
kangaroo rat
blind_moIe_rat

Damalarand mole-rat

naked mole rat
guinea pig
armadillo
Tasm.devil
opossum
wallaby
platypus

duck
zebrafinch
chicken

turkey

quail
alligator
desert_tortoise
turtle_softshell
turtle_painted
tuatara lizard
anole lizard
python Burmese
xenopus_trop.
xenopus_laevis
ocean_sunfish
tilapia
zebra_mbuna
stickleback
climbing_perch
ballan_wrasse
swamp_eel
zigzag_eel
tetraodon

tigertail seahorse

fugu
tongue_sole
amazon_molly
shortfin molly

bicolor damselfish

zebrafish
spotted_gar
channel catfish
cod

Page 19 of 63

TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGGEgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGACGCCGATCTGGACTCGTCCGTGCCCGCTGACATTATCTCCTCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGACGCCGATCTGGACTCGTCCGTGCCCGCTGACATTATCTCCTCCACAGACAAACTTGgtgagyg
TGGGAATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGATATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGAATTTTGGATGCTGATCTGGACTCCTCCGTGCCAGCTGATATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGACGCTGATCTGGACTCCTCCGTGCCCGCTGACAT TATCTCATCCACAGACAAACTTGgtgagg
TGGGAATTTTGGATGCCGATCTGGACTCCTCCGTGCCAGCTGACATTATCTCATCCACAGACAAACTTGgtgagg
TGGGGATCTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagg
TGGGAATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagg
TGGGAATTTTGGATGCCGATCTGGACTCCTCCGTGCCCGCTGACATTGTCTCATCCACAGATAAACTTGgtgagyg
TGGGAATTTTGGATGCCGATCTGGACTCCTCCGTGCCCGCCGACATTATCTCCTCCACAGACAAACTTGGEgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGGtgagg
TGGGGATTTTGGATGCTGATCTGGACTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagg
TGGGGATTTTGGATGCTGATCTGGATTCCTCCGTGCCCGCTGACATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGAATTCTGGATGCTGATCTGGACTCCTCCGTGCCAGCTGATATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGAATTTTGGATGCTGATCTGGACTCCTCCGTTCCAGCTGATATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGAATTTTGGATGCTGATCTGGACTCCTCCGTTCCAGCTGATATTATCTCATCCACAGACAAACTTGgtgagyg
TGGGAATTTTGGATGCTGATCTGGACTCCTCCGTTCCAGCTGATATTATCTCATCCACAGACAAACTTGgtgagy
TGGGGATCCTGGACGCCGATCTGGACTCGTCCGTCCCAGCAGACATAATCACATCCTCAGACCGACTGGgtgagy
TGGGCATCTTGGATGCGGACCTGGACTCGTCCGTTCCGGCCGATATTATCTCATCCACAGACAAACTGGgtgagy
TGGGCATCTTGGATGCAGATCTGGACTCCTCCCTTCCTGCCGATATTATCACATCCACAGACAAACTGGGEgagy
TGGGCATCCTGGATGCGGATCTGGACTCATCCGTTCCAGCCGATATTATCACATCCACAGACAAACTGGgtgagyg
TGGGCATCCTGGATGCGGATCTGGACTCATCCGTTCCAGCCGATATTATCACATCCACAGACAAACTGGgtgagyg
TGGGCATCCTGGATGCGGATCTGGACTCATCCGTTCCAGCCGATATTATCACATCCACAGACAAACTGGgtgagyg
TGGGAATCTTGGATGCTGATTTGGACTCGTCCGTTCCAGCTGATATAATCACATCCGCTGACAAACTGGgtgagy
TGGGAATCTTGGATGCAGATCTGGACTCGTGCGTTCCAGCTGATATTATCACATCCTCAGACAAACTGGgtgagy
TGGGGATCTTGGATGCAGATCTGGACTCGTGCGTGCCAACTGATATTATCACGTCCTCAGACAAACTGGgtgagy
TGGGAATCTTGGATGCAGATCTGGACTCGTGCGTTCCAGCTGATATTATCACATCCTCAGACAAACTGGgtgagg
TGGGAATCTTGGATGCAGATCTGGACTCGTCCATTCCAACAGATATTATCTCATCCACAGACAAACTGGgtgagy
TGGGCATCTTGGATGCTGATCTGGACTCTTCCGTTCCAGCTGATATTATCACTTCCACAGACAAACTGGgtgagyg
TGGGCATCTTGGATGCTGATCTGGACTCTTCCATTCCAGCCGATATTATCAGTTCCGCAGACAAACTGGgtgagyg
TTGGCATTCTGGATGCAGATCTGGACTCCTGTGTGCCAGCAGATATTGTCACTTCCTCAGACAAACTCGGtaaag
TTGGCATTCTGGATGCAGATCTGGACTCGTGCGTGCCAGCAGATATTGTCACGTCCTCAGACAAACTCGgtgagy
TCGGCATCATGGACGCTGATCTGGACTCGTGTGTTCCCACTGACATAATCACCTCCTCCGACAAGCTGGgtgagn
TCGGCATCATGGACGCCGATCTGGACTCATGTGTCCCCACTGACATTATCACGTCCTCCGACAAGCTGGgtgagg
TCGGCATCATGGACGCCGATCTGGATTCGTGTGTCCCCACTGACATTATCACGTCCTCCGACAAGCTGGgtgagy
TCGGCATCATGGACGCCGACTTGGACTCGTGTGTCCCCACCGACATAATCACCTCCTCCGACAAGCTGGgtgagyg
TCGGCATCATGGACGCCGATCTGGACTCATGTGTCCCCACTGACATTATCACCTCCTCTGACAAGCTGGgtgagyg
TCGGCATCATGGACGCTGACTTGGACTCGTGTGTCCCCACTGACATTATCACCTCCTCCGACAAGCTGGGtgagy
TCGGCATCATGGACGCCGATCTGGACTCTTGTGTCCCCACTGACATTATCACCTCCGATGACAAACTGGgtgagyg
TCGGCATCATGGACGCTGATCTGGACTCGTGTGTCCCCACTGACATTATCACCT CCTCCGACAAACTGGgtgagy
TGGGCATCATGGATGCTGATCTGGACTCCTGTGTTCCGACTGACATCATCACCTCGTCAGACAAGCTGGgtgage
TTGGCATCATGGACGCTGATCTGGACGCGTGCGTGCCCACTGACATTATCACGTCCTCGGACAAGCTGGgtgagy
TGGGCATCATGGATGCTGATCTGGACTCGTGTGTTCCGACTGACATTATAACCTCCTCAGACAAGCTGGgtgage
TAGGCATCATGGACGCCGATCTGGATTCTTGTGTTCCCACTGACATAATCACTTCCTCCGACAAGCTGGgtgagy
TGGGCATCATGGACGCCGATCTGGACTCGTGCGTTCCCACTGACATTATCACATCGTCCGACAAGCTGGgtgagyg
TGGGCATCATGGACGCCGATCTGGACTCGTGCGTTCCCACTGACATTATCACATCGTCCGACAAGCTGGgtgagyg
TCGGCATCATGGACGCCGATCTGGACTCGTGCGTCCCCACTGACATTATCACGTCCTCCGACAAGCTGGGtgagy
TTGGGATCATGGATGCTGATCTGGATTCATGCGTTCCCACCGACATTATTACATCATCGGATAAACTCGgtgagyg
TCGGCATCATGGACGCAGATCTGGACTCTTGCGTCCCGACGGATATAATCACGTCCTCGGATAAACTCGgtgagy
TGGGGATCATGGATGCCGATCTGGACTCGTGCGTCCCCACCGACATTATTACGTCT TCGGATAAACTCGgtgagyg
TGGGCATCATGGACGCTGATCTGGACTCGCATGTTCCTACTGACATTATCACTTCGTCGGACAAGCTGGgtgage

Kk kK KKk kKKK KKk Kk kkkKk K * kK Kk Kk kK K * % * % Kk KKKk Kk

Figure S2 Example of exon skipping in HEK293 cells overexpressing U2AF65

10+, 10-, RNA products with and without HGD exon 10. HGD minigene assay was described previously
(18). EV, empty vector.
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Figure S3  Usage of individual OGDH dBPs and MXE regulatory proteins

A, Alignment of 26 informative sequences across lariat junctions in control cells. Intron 4a reference
sequence shown in at the top, dBP adenines are in green. Mutations around lariat junctions introduced by
RT or PCR are highlighted in yellow. The 5’ss GT dinucleotide is in red. B, DBR1 knockdown does not
alter exon 4a/4b ratios. C, Immunoblots (upper panels) from HEK293 cells depleted of DBR1 and TIA
proteins or overexpressing PUF60. Lower panels show PCR products containing lariat junctions (red
rectangles). D, Usage of individual human dBPs in HEK293 cells lacking or overexpressing OGDH MXE
regulators. Clones are sorted by dBPs; their numbers are summarized in Table 1. E, Chicken dBP usage
in HEK293 cells lacking or overexpressing OGDH MXE regulators. Clone numbers are shown in Table
2. F, Mapping of OGDH exon 4a BP. BP is denoted by a circle. The 5° end of the reporter intron is shown
as a black rectangle. Location of exon 4a BP corresponds to a pile up of SF3B4 eCLIP reads (Figure 2B).

A
+25 +31 +36 +41

Clone gctgtaaatgctafttttafltgtaftttlc

4-5/1 GCTGTAAATGCTAATTTTAATGTAT--——- GTTT-TTTGCCTTTTTTT-CATGTAAATTAT
4-5/2 GCTGTAAATGCTAATTTTTAT-—-—------— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
4-5/3 GCTGTAAATGCTAATTTTTAT--—---——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
4-5/4 GCTGTAAATGCTAT-—-—-——=—————————— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
4-5/5 GCTGTAAATGCTAATTTTAATGTA---——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
4-5/6 GCTGTAAATGCTAATTTTAATGTTT---—- GTTTGTTTGCCTTTTTTTTCATGTAAATTAT
BP1 GCTGTAAATGCTAATTTTAT-—-—-—--—-—-— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP2 GCTGTAAATGCTAATTTTTA--——-—-—-——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP3 GCTGTAAATGCTAATTTTT-—---—-—-—-——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP4 GCTGTAAATGCCAATTTTAATGTAATTTTTGTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP5 GCTGTAAATGCTAATTTTAATGTAT--——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP6 GCTGTAAATGCTAATTTTAT-—-————-———— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP7 GCTGTAAATGCT--———-———=————————— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP9 GCTGTAAATGCTAATTTTAATGTAT--——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP10 GCTGTAAATGCTTT----——-—-———————— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP11 GCTGTAAATGCTAATTTTAATGTAT--——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP12 GCTGTAAATGCTAT-—-————————————— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP13 GCTGTAAATGCTAT---—-———-————————— GTTTGTTTGCC-TTTTTT-CATGTAAATTAT
BP14 GCTGTAAATGCTTT-—--———-————————— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP15 GCTGTAAATGCTAATTTTAT-—-—-—-—-—-—— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP16 GCTGTAAATGCT--—-—————————————— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP17 GCTGTAAATGCTAATTTTAT-—-—————-——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP20 GCTGTAAATGCTTT----——-—-———————— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP22 GCTGTAAATGCTAATTTTAT--—-———-—-——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP23 GCTGTAAATGCTAATTTTTAT-——--—-——— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT
BP24 GCTGTAAATGCTTT----——=-—-————-———— GTTTGTTTGCCTTTTTTT-CATGTAAATTAT

TIA-1/TIAR siRNA

MW
control
EV
pPUF60

kD
SRNA 72 E anti-DBR1
e 72 D:I anti-PUF60
g 2 o 3 anti-TIA-1
anti-DBR1 3 E SolrIIAR
i 43 anti-GAPDH
anti-GAPDH nt
388 H.sapiens
ggg i G.gallus
100
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D

Control cells (human transcripts)

BP+25 BP+31 BP+36 BP+41

Clone gagaattaagctgtaaatgctalttttaltgtalttttI

H2 EV N GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTGTTTTCATG
con4 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
con?2 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
con20 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
con?9 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
con22 GAGAATTAAGCTGTAAATGCTT GTTTGTTTGCCTTTTTTTCATG
H2 EV S GAGAATTAAGCTGTAAATGTTT GTTTGTTTGCCTTTTTTTCATG
con30 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCC-TTTTTTCATG
H-F2-4 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
H-F2-6 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
conl3 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
con36 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
con29 GAGAATTAAGCTGTAAATGCTT GTTTGTTTGCCTTTTTTTCATG
H2 EV U GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
con’ GAGAATTAAGCTGTAAATGCTAATTTTAS-————————— GTTTGTTTGCCTTTTTTTCATG
conl4 GAGAATTAAGCTGTAAATGCTAATTTTTR——-—-——————— GTTTGTTTGCCTTTTTTTCATG
con27 GAGAATTAAGCTGTAAATGCTAATTTTTH-————————— GTTTGTTTGCCTTTTTTTCATG
con3l GAGAATTAAGCTGTAAATGCTAATTTTTR——-—-——————— GTTTGTTTGCCTTTTTTTCATG
con8 GAGAATTAAGCTGTAAATGCTGATTGCTE-————————— GTTTGTTTGCCTTTTTTTCATG
con33 GAGAATTAAGCTGAAAATGCTAATTTTAR---———-———— GTTTGTTTGCCTTTTTTTCATG
conl? GAGAATTAAGCTGTAAATGCTAATTTTAC-————————— GTTTGTTTGCCTTTTTTTCATG
con3 GAGAATTAAGCTGTAAATGCTAATTTTAR---———-———— GTTTGTTTGCCTTTTTTTCATG
H-F2-7 GAGAATTAAGCTGTAAATGCTAATTTTTE-————————— GTTTGTTTGCCTTTTTTTCATG
conl8 GAGAATTAAGCTGTAAATGCTAATTTTTE-—-—-——————— GTTTGTTTGCCTTTTTTTCATG
H-F2-3 GAGAATTAAGCTGTAAATGCAAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
conlb6 GAGAATTAAGCTGTAAATGCTAATTTTAR-—-———————— GTTTGTTTGCCTTTTTTTCATG
conl? GAGAATTAAGCTGTAAATGCTAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
con26 GAGAATTAAGCTGTAAATGCTAATTTAATG-———————— GTTTGTTTGCCTTTTTTTCATG
con28 GAGAATTAAGCTGTAAATGCTAATTTAATG-———————— GTTTGTTTGCCTTTTTTTCATG
H2 EV T GAGAATTAAGCTGTAGATGCTAATTTATE—————————— GTTTGTTTGCCATTTTTTCATG
H2 EV P GAGAATTAAGCTGTAAATGCTAATTTTTA-————————— GTTTGTTTGCCTTTTTTTCATG
H2 EV E GAGAATTAAGCTGTAAATGCTAATTTTAL-—————————— GTTTGTTTGACTTTTTTTCATG
H2 EV B GAGAATTAAGCTGTAAATGCTAATTTTAR--—-———-———— GTTTGTATGCCTTTTTTTCATG
H2 EV C GAGAATTAAGCTGTAAATGCTAATTTTAL—————————— GTTTGTTTGCCTTTTTTTCATG
H2 EV D GAGAATTAAGCTGTAAATGCTAATTTTAR--—-———-———— GTTTGTTTGCCTTTTTTTCATG
H2 EV K GAGAATTAAGCTGTAAATGCTAATTTTAL—————————— GTTTGTTTGCCTTTTTTTCATG
H2 EV R GAGAATTAAGCTGTAAATGCTAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
H-F2-2 GAGAATTAAGCTGTAAATGCTAATTTTAATGT T ————— GTTTGTTTGCCTTTTTTTCATG
H-F2-5 GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=-———- GTTTGTTTGCCTTTTTTTCATG
conl GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=————— GTTTGTTTGCCTTTTTTTCATG
con32 GAGAATTAAGCTGTAAATGCTAATTTTATCCAG—-———— GTTTGTTTGCCTTTTTTTCATG
H2 EV O GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=————— GTTTGTTCGCCTTTTTTTCATG
H2 EV I GAGAATTAAGCTGTAAATGCTAATTTTAATATA=-———— GTTTGTTTGCCTTTTTTTCATG
H2 EV A GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=————— GTTTGTTTGCCTTTTTTTCATG
H2 EV L GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=-———— GTTTGTTTGCCTTTTTTTCATG
H2 EV M GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=————— GTTTGTTTGCCTTTTTTTCATG
H-F2-1 GAGAATTAAGCTGTAAATGCTAATTTTAATGTTE-———-— GTTTGTTTGCCTTTTTTTCATG
conlO GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT————— GTTTGTTTGCCTTTTTTTCATG
con35 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT-———-- GTTTGTTTGCCTTTTTTTCATG °

H2 EV G GAGAATTAAGCTGTAAATGCTAATTTTGATGTAATTTTIGTTTGTTTGCCTTTTTTTCATG
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Cells overexpressing PUF60 (human transcripts)

BP+25 BP+31 BP+36 BP+41

Clone gagaattaagctgtaaatgctalttttaltgtalttttI

H2 PUF M GAGAATTAAGCTGTAAATGC-- GTTTGTTTGCCTTTTTTTCATG
PUF-BP7 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
PUF-BP20 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
PUF-BP21 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
PUF-BP27 GAGAATTAAGCTGTAAATGCT- GTTTGTTTGCCTTTTTTTCATG
PUF-BP14 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
PUF-BP15 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
PUF-BP32 GAGAATTAAGCTGCTAATTTT GGTTGTTTGCCTTTTTTTCATG
PUF-BP18 GAGAATTAAGCTGTAAATGCTT GTTTGTTTGCCTTTTTTTCATG
H-P-3 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
PUF-BP13 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
PUF-BP16 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
PUF-BP31 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
PUF-BP34 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
PUF-BP35 GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
H2 PUF B GAGAATTAAGCTGTAAATGCT GTTTGTTTGCCTTTTTTTCATG
H2 PUF_S GAGAATTAAGCTGTAAATGCT GTTTGTTTACCTTTTTTTCATG
H2 PUF C GAGAATTAAGCTGTAAATGCTT GTTCGTTTGCCTTTTTTTCATG
PUF-BP24 GAGAATTAAGCTGTAAATGCTAATTTT-=—————-—-—-—-—— GTTTGTTTGCCTTTTTTTCATG
PUF-BP41 GAGAATTAAGCTGTAAATGCTAATTTTAT-——-—-—————— GTTTGTTTGCCTTTTTTTCATG
PUF-BP42 GAGAATTAAGCTGTAAATGCTAATTTTAT-———--—-—-—-—— GGTTGTTTGCCTTTTTTTCATG
H-P-1 GAGAATTAAGCTGTAAATGCTAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
PUF-BPS8 GAGAATTAAGCTGTAAATGCTAATTTTAT--———————— GTTTGTTTGCCTTTTTTTCATG
PUF-BP9 GAGAATTAAGCTGTAAATGCTAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
PUF-BP12 GAGAATTAAGCTGTAAATGCTAATTTTAT--———————— GTTTGTTTGCCTTTTTTTCATG
PUF-BP23 GAGAATTAAGCTGTAAATGCTAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
H2 PUF P GAGAATTAAGCT-TAAGTGCTAATTTTAT--———————— GTTTGTTTGCCTTTTTTTCATG
H2 PUF L GAGAATTAAGCTGTAAATGCTAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
H2 PUF O GAGAACTAAGCTGTAAATGCTAATTTTAT--———————— GTTTGTTTGCCTTTTTTTCATG
H2 PUF H GAGAATTAAGCTGTAAATGCTAATTTTAT-————————— GTTTGTTTGCCTTTTTTTCATG
H2 PUF R GAGAATTAAGCTGTAAATGCTAATTTTAT--———————— GTTTGTTTGCCTTTTTTTCATG
H2 PUF I GAGAATTAAGCTGTAAATGCTAATTTGTET———-—----—— GTTTGTTTGCCTTTTTTTCATG
PUF-BP33 GAGAATTAAGCTGTAAATGCTAATTTTATCCAG-—————— GTTTGTTTGCCTTTTTTTCATG
H-P-6 GAGAATTAAGCTGTAAATGCTAATTTTAATGTTH----— GTTTGTTTGCCTTTTTTTCATG
PUF-BP11 GAGAATTAAGCTGTAAATGCTAATTTTAATGTTm————- GTTTGTTTGCCTTTTTTTCATG
PUF-BP22 GAGAATTAAGCTGTAAATGCTAATTTTAATGTTH----— GTTTGTTTGCCTTTTTTTCATG
PUF-BP28 GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=——-—-—- GTTTGTTTGCCTTTTTTTCATG
PUF-BP36 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAS----— GTTTGTTTGCCTTTTTTTCATG
PUF-BP37 GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=——-—-—-- GTTTGTTTGCCTTTTTTTCATG
PUF-BP19 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT----- GTTTGTTTGCCTTTTTTTCATG
PUF-BP26 GAGAATTAAGCTGTAAATGCTAATTTTAATGTTG———--- GTTTGTTTGCCTTTTTTTCATG
H2 PUF N GAGAATTAAGCTGTAAATGCTAATTTTAATGTTI----— GTTTGTTTGCCTTTTTTTCATG

H2 PUF F GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT———--— GTTTGTTTGCCTTTTTTTCATG
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Cells lacking TIA-1 and TIAR (human transcripts)

BP+25 BP+31 BP+36 BP+41

Clone gagaattaagctgtaaatgctalttttaltgtalttttI

TIA-34 GAGAATTAAGCTGTAAATGCT-H-—-—————————————— GTTTGTTTGCCTTTTTTTCATG
TIA-45 GAGAATTAAGCTGTAAATGCT-F———————————————— GTTTGTTTGCCTTTTTTTCATG
TIA-35 GAGAATTAAGCTGTAAATGCTAH-——————————————— GTTTGTTTGCCTTTTTTTCGTG
TIA-12 GAGAATTAAGCTGTAAATGCTAE———————————————— GTTTGTTTGCCTTTTTTTCATG
TIA-18 GAGAATTAAGCTGTAAATGCTAH-——————————————— GTTTGTTTGCCTTTTTTTCATG
H2 TIA C GAGAATTAAGCTGTAAATGCTTE—————=-=————————— GTTTGTTTGCCTTTTTTTCATG
TIA-30 GAGAATTAAGCTGTAAATGCTTE--—————————————— GTTTGTTTGCGTTTTTTTCTTG
TIA-37 GAGAATTAAGCTGTAAATGCTTE--—————————————— GTTTGTTTGCCTTTTTTTCATG
TIA-22 GAGAATTAAGCTGTAAATGCTAR-——————————————— GTTTGTTTGCCTTTTTTTCATG
TIA-11 GAGAATTAAGCTGTAAATGCTAA-—————-—————————— GTTTGTTTGCCTTTTTTTCATG
H-T-6 GAGAATCAAGCTGTAAATGCTAR--——————————————— GTTTGTTTGCCTTTTTTTCATG
H-T-7 GAGAATTAAGCTGTAAATGCTAT-—————-—-————————— GTTTGTTTGCCTTTTTTTCATG
TIA-36 GAGAATTAAGCTGTAAATGCTAR--—————————————— GTTTGTTTGCCTTTTTTTCATG
TIA-42 GAGAATTAAGCTGTAAATGCTAL-—————-—-————————— GTTTGTTTGCCTTTTTTTCATG
TIA-25 GAGAATTAAGCTGTAAATGCTAATTTTA=—————-—-—-—-—— GTTTGTTTGCCTTTTTTTCATG
H2 TIA E GAGAATTAAGCTGTAAATGCTAATTTTTH--—-——————— GTTTGTTTGCCTTTTTTTCATG
H2 TIA B GAGAATTAAGCTGTAAATGCTAATTTTAT-————-—-—-—-—— GTTTGTTTGCCTTTTTTTCATG
H2 TIA O GAGAATTAAGCTGTAAATGCTAATTTTAT---——————— GTTTGTTTGCCTTTTTTTCATG
H2 TIA S GAGAATTAAGCTGTAAATGCTAATTTTAT-————-—-—-—-—— GTTTGTTTGCCTTTTTTTCATG
H2 TIA U GAGAATTAAGCTGTAAATGCTAATTTTAT--—-—-—————— GTTTGTTTGCCTTTTTTTCATG
TIA-44 GAGAATTAAGCTGTAAATGCTAATTTTAT-———--—-—-—-—— GTTTGTTTGCCTTTTTTTCATG
H-T-4 GAGAATTAAGCTGTAAATGCTAATTTTAT---—-—————— GTTTGTTTGCCTTTTTTTCATG
TIA-24 GAGAATTAAGCTGTAAATGCTAATTTTAT-————-—-—-—-—— GTTTGTTTGCCTTTTTTTCATG
TIA-38 GAGAATTAAGCTGTAAATGCTAATTTTAT---—-—————— GTTTGTTTGCCTTTTTTTCATG
TIA-39 GAGAATTAAGCTGTAAATGCTAATTTTAT-————-—-—-—-—— GTTTGTTTGCCTTTTTTTCATG
TIA-32 GAGAATTAAGCTGTAAATGCTAATTTTTE---—-—————— GTTTGTTTGCCTTTTTTTCATG
TIA-8 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAH-—--—— GTTTGTTTGCCTTTTTTTCATG
TIA-28 GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=——-—--- GTTTGTTTGCCTTTTTTTCATG
H2 TIA G GAGAATTAAGCTGTAAATGCTAATTTTAATGTAH-—--—— GTTTGTTTGCCTTTTTTTCATG
H2 TIA H GAGAATTAAGCTGTAAATGCTAATTTTAATGTA=——-—--- GTTTGTTTGCCTTTTTTTCATG
H2 TIA P GAGAATTAAGCTGTAAATGCTAATTTTAATGTAH---—— GTTTGTTTGCCTTTTTTTCATG
TIA-15 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT———--- GTTTGTTTGCCTTTTTTTCATG
TIA-23 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT-——-—-- GTTTGTTTGCCTTTTTTTCATG
TIA-26 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT----— GTTTGTTTGCCTTTTTTTCATG
TIA-43 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT-——-—- GTTTGTTTGCCTTTTTTTCATG
H2 TIA F GAGAATTAAGCTGTAAATGCTAATTTTAATGTAT----— GTTTGTTTGCCTTTTTTTCATG
H-T-3 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAATTTT=GTTTGTTTGCCTTTTTTTCATG
TIA-13 GAGAATTAAGCTGTAAATGCTAATTTTAATGTAATTTT=GTTTGTTTGCCTTTTTTTCATG

H2 TIA N GAGAATTAAGCTGTAAATGCTAATTTTAATGTAATTTTEGTTTGTTTGCCTTTTTTTCATG
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E
Control cells (chicken transcripts)
BP+25 BP+31 BP+36 BP+41
Clone gtgagaattactctgcaaattafttcgaitgtatttal
K-EV-U GTGAGAATTACTCTGCAAATTAI ———————————————— GTTTGTTTGCCTTTTT
K-EV-L GTGAGAATTACTCTGCAAATTAATTCGTI —————————— GTTTGTTTGCCTTTTT
K-EV-D GTGAGAATTACTCTGCAAATTAATTCGAATGTAT---—- GTTTGTTTGCCTTTTT
K-EV-R GTGAGAATTACTCTGCAAATTAATTCGAATGTAR-—-—-—-— GTTTGTTTGCCTTTTT
K-EV-E GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTGHGTTGGTTGGCCTTTTT
K-EV-M GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTHGTTTGTTTGCCTTTTT
K-EV-N GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTASGTTTGTTTGCCTTTTT
K-EV-H GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTACGTTTGTTTGCCTTTTT
K-EV-P GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTEGTTTGTTTGCCTTTTT
K-EV-B GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCTTTTT
K-EV-C GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCTTTTT
K-EV-I GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCTTTTT
K-EV-0 GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCTTTTT
K-EV-T GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTEGTTTGTTTGCCTTTTT
Cells overexpressing PUF60 (chicken transcripts)
BP+25 BP+31 BP+36 BP+41
Clone gtgagaattactctgcaaattalttcgaltgtaltttal
K-PUF-F GTGAGAATTACTCTGCAAATTAATTCGAATGTAT—---— GTTTGTTTGCCTTTTT
K-PUF-0 GTGAGAATTACTCTGCAAATTAATTCGAATGTAT—--—— GTTTGTTTGCCTTTTT
K-PUF-G GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTT-SGTTTGTTTGCCTTTTT
K-PUF-L GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTHGTTTGTTTGCCTTTTT
K-PUF-C GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTHGTTTGTTTGCCTTTTT
K-PUF-K GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTASGTTTGTTTGCCTTTTT
K-PUF-D GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTAGTTTGTTTGCCTTTTT
K-PUF-E GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTATGTTTGTTTGCCTTTTT
K-PUF-J GTGAGAATTACTCTGCAAATTAATTCAAATGTAATTTTEGTTTGTTTGCCTTTTT
K-PUF-B GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCTTTTT
K-PUF-A GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTALZGTTTGTTTGCCTTTTT
K-PUF-H GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCTTTTT
K-PUF-I GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTATGTTTGTTTGCCTTTTT
K-PUF-M GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCTTTTT
Cells lacking TIA-1 and TIAR (chicken transcripts)
BP+25 BP+31 BP+36 BP+41
Clone gtgagaattactctgcaaattalttcgaltgtaltttal
K-TIA-C GTGAGGATTACTCTGCAAATTAATTCGAATGTAS——-—-—— GTTTGTTTGCCT
K-TIA-K GTGAGAATTACTCTGCAAATTAATTCGAATGTAN----- GTTTGTTTGCCT
K-TIA-O GTGAGAATTACTCTGCAAATTAATTCGAATGTAS——-—-—— GTTTGTTTGCCT
K-TIA-E GTGAGAATTACTCTGCAAATTAATTCGAATGTAT——--—— GTTTGTTTGCCT
K-TIA-L GTGAGAATTACTCTGCAAATTAATTCGAATGTAR----- GTTTGTGTGCGT
K-TIA-J GTGAGAGTTACTCTGCAAATTAATTCGAATGTAATTTTEGTTTGTTTGCCT
K-TIA-A GTGAGAATTACTCTGCAAATCAATTCGAATGTAATTTTEGTTTGTTTGCCT
K-TIA-B GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTEGTTTGTTTGCCT
K-TIA-D GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTTEGTTTGTTTGCCT
K-TIA-G GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCT
K-TIA-H GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTATGTTTGTTTGCCT
K-TIA-M GTGAGAATTACTCTGCAAATTAATTCGAATGTAATTTARGTTTGTTTGCCT
F
O —
CCCCACAGE TCACTRAG ATCTGC TTETTTGETT
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Figure S4 Solitary BPs: splicing activities of systematically mutated BP consensus motifs in TSC2
intron 38 and in F9 intron 1

The WT reporter construct (19) was mutated at the indicated positions of extended BP motif (denoted by
a rectangle in the middle panel; BP adenine is at position 0) and transfected into HEK293 cells. Total
RNA was extracted 24 hours later, treated with DNase, reversed transcribed with oligo-d(T) primers,
amplified with vector-specific primers and separated by electrophoresis (upper panel). RNA products
(schematically shown to the left) are denoted by boxes (exons) and lines (introns). The relative abundance
of spliced products measured from two independent transfections is shown in the lower panel. US,
unspliced products; IR, intron retention; CS, canonical splicing; ES, exon skipping. Error bars, SDs.
Mutations with significant impact on splicing are in red. Putative silencing and enhancing mutations are
in pink and blue, respectively. The first exon of the F9 minigene employs a cryptic 5’ splice site, as
described (19).
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Figure S5 MegaPPT as a robust substructured platform for regulating OGDH MXEs

Upper panel: Exon 4b usage upon deletions (del1-4, Figure 3A) of megaPPT subregions. Columns are
means of 2 transfections; error bars are SDs. Asterisks denote significant changes in isoform 4b+ usage
(P<0.05, one-way ANOVA with post-hoc Dunnett’s tests). Middle panel: PCR products digested with
Pvull, which cuts only exon 4b. Spliced products are shown schematically to the right and in Figure 1G.
Lower panel: Uncut products separated by an extended electrophoresis run.

~ 80
L el
& 40 ;
-
1oo§""’§g
300 g8 _4b+
nt -2888\4a+
O ANOX
Ngommm
w T T T O
PPT



Kralovicova et al. Page 28 of 63

Figure S6 Conserved regulation of OGDH MXEs by U-binding proteins in vertebrates

A, Splicing of exogenous vertebrate transcripts derived from Homo sapiens (Hs), Monodelphis domestica
(Md), Gallus gallus (Gg), Xenopus laevis (XI), Gadus morhua (Gm) and Danio rerio (Dr) in two cell
lines. Spliced products are shown to the right; asterisk denotes minor products or heteroduplexes. B, A
lack of isoform 4a+ in exogenous bird Ogdh mRNAs is insensitive to deletions in the upstream intron.
Bird isoform 4a+ was found in viscera (Figure S9D) and was reported in chicken lymphocytes
(NM_001031382.1) (20). C, Coexpression of species-specific reporters and splicing factors that regulate
exon 4a/4b ratios. A corresponding immunoblot is bottom right. D, Conserved TIA-1/TIAR regulation of
exons 4a and 4b in transcripts derived from the indicated species. E, Immunoblots from depleted cells for
panel D.
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Figure S7 Evolutionary transitions between cytosine- and uridine-rich megaPPTs in introns with
dBPs

Uridine (red lines) and cytosine (black lines) fractions (y-axis) were computed for sequences between the
most 3’ dBP and position -3 relative to the 3’ss. Their mean length in the indicated orthologues is at the
top right corner. OGDH dBPs are mapped in Figures 3 and 6. Rat Actnl and Tpm1 dBPs were reported
previously (21,22). For KCNMAL, we selected a putative dBP that was most conserved, as none was
predicted by SVM-BP (10). MegaPPTs are located between OGDH exons 4a and 4b (A), ACTN1

(actinin) exons 2a and 2b (B), TPM1 (tropomyosin) exons 2a and 2b (C) and KCNMAL1 (Ca**-activated
potassium channel) exons 9a and 9b (D).
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Figure S8 Gene- and exon-level expression of OGDH across human tissues

Gene-level expression is based on the GENCODE 19 (http://www.gencodegenes.org/releases/19.html)
annotation collapsed to a single transcript model (upper panel). Exons associated with transcripts
annotated as “retained intron” and “read through” were excluded. RPKM and TPM values were
produced with RNA-SeQC v1.1.8; the filters were applied using the “-strictMode” flag in RNA-SeQC.
Reads overlapping introns were not counted and the TPM values were not corrected for covariates. Exon-
level expression is quantified for exon read counts; if a read overlapped multiple exons, a fractional value
equal to the portion of the read contained within that exon was allotted. Transcript-level expression
(lower panels) were calculated using RSEM v1.2.22. Data were compiled from ref. (23).
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Figure S9 Endogenous expression of E1 transcripts during vertebrate evolution

A, OGDH (upper panel) and OGDHL (lower panel) mRNAs in human tissues. B-F, Comparison of
endogenous Ogdh expression in striated muscles, brain and viscera in the indicated vertebrate classes.
Restriction sites and the size of digestion products are schematically shown for each species at the top. B,
human; C, rat; D, quail; E, frog; F, opossum, echidna and platypus. Asterisks denote heteroduplexes. The
alignment of Ogdhl and Ogdh in X. laevis is in Figure S11. G, Inclusion of OGDH exon 5 is regulated by
U-binding proteins that control MXEs.
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Figure S10 Ogdh isoforms in the mouse brain

Exon usage was analyzed by next-generation sequencing of RNA samples extracted from mouse brain
cell populations (24) (http://jiagianwulab.org/braincell/RNASeq.html). MO, myelinating
oligodendrocytes; NFO, newly formed oligodendrocytes; OPC, oligodendrocyte precursor cells. Exons
are numbered at the bottom.
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Figure S11 Alignment of Xenopus laevis Ogdh and Ogdhl intron 4a

Exons 4a and 4b are in green and red. Hindlll sites are double underlined.

Ogdh tgcttccagGTGAGGGGTCATCACATTGCAAAGCTTGACCCGCTCGGAATTAGTTCTGTT

Ogdhl tgcttccagGTGAGGGGTCATCACATTGCAAAGCTTGACCCGCTGGGAATTAGTTCTGTT
Kok k ok ok ok k ok kk ok kk ok kkkkkkkkkkkkkkkkkkkokkkk ok kkkk ok &k ok ok k k k& ok k& ok k k%

0gdh AATTTTGATGGGGCTCCTGTGATAGTCGGATCTCCARATATGGgtgagaategttgtgtt

0Ogdhl AATTTTGATGGGGCTCCTGTGATAGTCGGATCTCCARAATGTTGgtgagaatecttgtgtt
dhkhhkhkhkkhkhkhkhkrkhkhhkkhhhkhkrkhkhhkhkhkhhkrkhhhkhkhkkhhkhkhkrkhkh K, *hkrkhkhhkkhhhk *xkkhxkxx

Ogdh agacttgttgtaacgttctcttttctgtgectttttec-—---ctcctecctgttgtect-——--—-
Ogdhl agacctgttgtaactttttttcttttctgtgectttttttcctectectgttacctgtett
dkhkkhkk khkkkhkkhkkhkkkhkk kk Kk Kk *k Kk k% * k * K*hkhkkkkhkkkkk*k * %

Ogdh -ttgtgcccctttacctettettectet-------——-—-———-------------—- ttcct
Ogdhl tgtgcccccectttaccacttcatccaatcgecccecttectgtgetttgeccteecctttett

* % kkhkkhkkhkkhkkhkkhkkk kkhkkkx (k% * * Kk Kk Kk
Ogdh tcectttgtgcectacttctecc—cacctgcacctccaacctgecegecatctgactgetacg--
Ogdhl tcctttgtaccacttctcecttceccecttecceccteccaacctgetgeccatectgtatgttactge

khkk khkkkhkkk kK *hkkkkkhk Kk Ak k kK kkAkkAkkhkhkAkKhkhkkhkhk khkkKkkkhkkKk * Kk Kk K

¢6gdh @ - cctccteccatgcatttectcttcectettectactgtte
Ogdhl accttctcctccatgcectttactgcacctgctcccaattctcectectectegtectactgtte

* * * kkhkkhkk kkhkk hkhkkhkikkkhkkhkkkkhk
Ogdh tacttcaacccctcccatgtcecctgteccttggaaccttcaatttctatagATCCGTGGGCA
Ogdhl ttctgcaacccctcececcttgtcectgtecttggatcectgaattecctatag”ATCCGTGGGCA

Kk kk KA KRKAAKRAKAKAAKR AAAIAKAAAAXAAA KA AKX,k *k *k K*hkkhkk khkAkhkkAhkhkArAkkAk kA Khk kK

Ogdh CCATGTTGCTCAGCTTGACCCACTTGGCATTCTGGATGCAGATCTGGACTCGTGCGTGCC
Ogdhl CCATGTTGCTCAACTTGATCCACTTGGCATTCTGGATGCAGATCTGGACTCGTGCGTGCC

KAKRKAKRAXAKAAKRA KAKAAK* AAKAAAIAKAA A AAKRA AR A AR AR A A A A A A AR A AR AR Ak Ak kK

Ogdh AGCAGATATTGTCACGTCCTCAGACAAACTCGgtgagggct
0gdhl AGCAGATATTATCACTTCCTCAGACAAACTCGgtgagggct

KAk kAhkhkkhhkhkk K hkk KhkhkAkrAkAkhkkhhhkA krkhkkhkhkkhkrkkhkhkkxkhkk%
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Figure S12 BP mapping in Xenopus laevis Ogdh intron 4a

A, Alignment of 10 clones with lariat junctions. dBP adenines are highlighted in green. B, Mutation of the

dominant exon 4b dBP (dBP+30) eliminates exon 4b usage. C, Sequencing chromatograms of

informative clones. Vertical arrowheads denote the 5’ss of intron 4a. Circles represent lariat junctions and

horizontal bars denote the 5’ end of the first minigene intron. The mutation pattern is consistent with a
typical variability across lariat junctions introduced largely by RT (25-27).
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Figure S13 Tracing the origin of OGDH dBPs and AGEZ

A, Mean (£SD) distances (in nts) between the 5’ss of intron 4a and adenine in the first URA motif
downstream. Asterisk denotes a significant difference between tetrapod and fish. B, Bidirectional
shortening of OGHD intron 4a en route to terrestrial life. Average delta values (intron size reduced by
AGEZ, in nts) in the inset highlight the shift to a stricter 5’ss-dBP threshold in amniotes. Error bars are
SDs. C, High positive correlation between vertebrate Ogdh intron 4a size and their AGEZ length (r=0.96,
P<107%). The outlier is M. mola, the largest bony fish. The violation of M. mola intron 4a AGEZ by an
AG dinucleotide (boxed) is shown to the right. Mutations that extend the AGEZ to its canonical size in
the M. mola reporter (bottom) are tested in panel E. D, Splicing pattern of taxon-specific constructs in
cells lacking two OGDH MXE regulators. Ogdh reporters derived from the indicated species and their
mutated versions were transfected into HEK293 cells depleted of U-binding RBPs shown at the top. RNA
products are shown to the right. MW, size markers; sc, control cells transfected with scrambled siRNAs
(17). M. mola transcrips lacking both MXEs are indicated by a red arrow. Immunoblots are bottom right.
E, Removal of the M. mola AGEZ spoiler by point mutations failed to correct exon skipping observed for
the WT (P>0.1, ANOVA with Dunnett’s t-tests). Error bars are SDs of duplicate transfections.
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Figure S14 MXE genes preferentially function in calcium and sodium channel signalling

Enrichment of human MXE genes was analyzed using the overrepresentation method and molecular
function categories of updated WebGestalt ((28); accessed on 28 October 2020), with 16,671 annotated
IDs to functional categories as the reference, 550 unambiguously mapped EntrezID entries, and the entire
human genome annotation as a background. Molecular function categories with the corrected false
discovery rate (FDR) higher than 0.05 are not shown.
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Figure S15 Ca*-induced OGDHC activation: endotherm/ectotherm split and OGDH intron 4a
size

K values for 20G in heart mitochondria were taken from reference (29). Y-axis shows K, ratios at <1
nM and ~30 uM Ca®*. Endotherms (human, rat and pigeon) are in red, ectotherms (frog and fish) are in
blue.
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Figure S16 Additional examples of PUF60-regulated exons in genes involved in mitochondrial
Ca” signalling/ATP synthesis

A, PUF60-depletion induced retention of the last AK2 intron. This intron contains an alternative
polyadenylation site (APA; vertical red triangle). The use of APA site would alter the availability of the
ATP binding site at Q214 encoded by the last exon. B, Spacefill representation of the human AK2
structure. Arrow denotes the exposed residue that binds ATP. C, Downregulation of AFG3L2 exons 1-4
in cells lacking PUF60. AFG3L2 mediates degradation of SMDT1/EMRE before its assembly with the
mitochondrial Ca** uniporter (MCU) complex, limiting the availability of SMDT1/EMRE for MCU and
promoting efficient assembly of gatekeeper subunits with MCU (30). Downregulation of AFG3L2 exons
1-4 in cells lacking PUF60 would reduce the availability of AFG3L2 isoforms with the transit peptide
(encoded by exon 1) and propeptide (encoded by exon 2). PUF60 depletion would therefore reduce not
only the OGDH sensitivity to Ca®* and but also canonical AFG3L2 transcripts that encode proteins
capable of reaching mitochondria. Mitochondria in cultured AFG3L2-deficient Purkynje cells are
inefficient in buffering and shaping Ca®* peaks; spinocerebellar ataxia due to AFG3L2 mutations can be
rescued by reduced Ca?*; concentrations (31). Neurons lacking AFG3L2 and the essential MCU subunit
EMRE are also vulnerable to mitochondrial Ca®* overload (30). Loss of MICU1 and mitochondrial Ca?*
overload specifically affects Purkynje cells and leads to ataxia (32). D, APA of GLS transcripts. Proximal
APA site was promoted in cells lacking PUF60 while distal site was promoted in cells lacking U2 AF65
(see also Figure 9). Red rectangles show differentially used exons. GLS is alternatively spliced and
polyadenylated, giving rise to long (669 aa, KGA) and short (598 aa, GAC) isoforms ((33) and refs.
therein). The GAC isoform is abundant in the heart whereas isoform KGA is expressed in the brain,
mainly in neurons and less in astrocytes (33). The GAC isoform lacks ankyrin repeats and the KEN box
and its dependence on inorganic phosphate (P;) may not be identical to that of KGA (33). GLS catalyzes
the hydrolytic deamidation of glutamine to glutamate and contributes to the production of the most
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important neurotransmitter in the brain (33). Synaptic vesicles are, however, capable of synthesizing
glutamate from 20G (34,35), although the exclusive supply to glutamate through this pathway might
deplete the TCA cycle of key intermediates (36).
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Figure S17 Evolution of the DADLD motif and site 2 in Ogdh

Page 39 of 63

A, Partial alignment of prokaryotic and eukaryotic E1 proteins. Residues encoded by mammalian exon 4
variants are underlined; residues encoded by exon 6 are double-underlined. Putative Ca** -binding motif
at site 2 (4) is highlighted in yellow. In some photosynthetic eukaryotes, such as green algae, site 2
contains the DADLD motif (in red). Full alignment of E1 proteins was carried out using Clustal-Omega
(v. 1.2.4) with default options. Residues encoded by neuron-specific exon 5 are not shown. B, Alignment
of peptides encoded by human OGDH exon 4a and 4b (highlighted in grey).
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Exon enhancing and silencing activity of 64 codons: dichotomy of codons involved in

in the comprehensive set of ESE hexamers (37). C,D, Average splicing activities for codons involved in
metal binding sites for Mg?*, Ca®* and Mn** (C) and Fe*", Cu®* and Zn** (D). Amino acids are shown at
the bottom; their frequencies in metal binding sites were compiled using estimates based on fragment

Asterisks denote stop codons. The UAG codon has the highest silencer activity and is completely absent
transformation methods (38).

A,B, Codon frequencies in high-confidence ESEs (A) and ESSs (B). The ESE and ESS hexamers were
reported previously (37). Residues preferentially involved in binding weak Ca®" and Mg?* are boxed in
green; residues preferentially involved in binding of competitive Cu®* and Zn?* are boxed in red.

Ca”*/Mg? binding versus Cu**/Zn** binding

Kralovicova et al.
Figure S18
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Figure S19 Hexamer preference indices (HPIs) of ESE sets and residues most frequent in metal
binding sites

Designation of ESE sets is as described by Caceres et al. (39), including RESCUE ESE (40,41), PESE
(42), a mixture of ESE and ESS (ESR; (43)), Ke-ESE (37) or their subset (Ke_ESE), or various intersects
(INT sets). A, Codons for key residues in calcium/magnesium binding sites. B, Codons for key residues

in copper/zinc protein binding sites. C, The Irving-Williams order (top) and HPI (39) gradient for the ESE
sets shown at the bottom. Weighted average HPIs were normalized for amino acid frequencies in protein
binding sites for the indicated metals, employing only residues within 3.5A of the metal ion centre (38).
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SUPPLEMENTAL DISCUSSION
Evolution of endothermy and Ogdh MXEs: a hypothesis

Discussion S1  Ogdh MXEs and the energy supply face of becoming warmblooded

Ca”",, levels are important regulators of the TCA cycle. They can exceed 10 pM during cell activation,
stimulating matrix DHs, increasing the cycle flux and ATP production and the release of ATP to the
cytosol. The increase of ATP supply depends on the amplitude of Ca*, rise and the availability of
oxidative substrates ((44,45) and refs. therein). OGDHC plays a key role in Ca®*-activated delivery of
NADH and ATP, limiting reducing equivalents, electron transport and ATP synthesis (46-50). OGDH
activities provide good estimates of the maximum flux through the TCA cycle in vivo (51) and may
define the maximal respiratory capacity of mitochondria (48,49,52). OGDHC may have a greater effect
on the respiration rate than other TCA enzymes. For example, OGDH and isocitrate DH were estimated to
control 70% and 23%, respectively, of the respiratory flux upon Ca®* stimulation (53). Moreover,
catalytic OGDH reactions are accompanied by a large change in free energy and, among Ca**-sensitive
matrix enzymes, OGDH has the smallest K., values in the presence of ADP ((44,54) and refs. therein).
OGDHC deficiency or inhibition leads to a significant reduction in respiration rate that may be more
dramatic than inhibition of mitochondrial isoforms of other TCA enzymes, including aconitase (ACO1),
malate DH, fumarase, citrate synthase and the NAD+-dependent isocitrate DH (50,52). Transgenic
studies in plants showed that the TCA cycle control points were distributed among malate DH, OGDH
(flux control efficient 0.79), ACOL1, fumarase, and succinate DH (52). Besides ACO1, systematic
inactivation of TCA cycle genes in yeast coupled with transcript analysis revealed altered expression of
the largest number of genes for Ogdh mutants (55). The expression of aerobic genes, predominantly of the
mitochondrial respiratory complexes, was diminished in Ogdh-mutated strains and to a lesser extent in
ACO1 mutants, but not in other mutants of TCA cycle enzymes, while the expression of anaerobic and
hypoxic genes was elevated (55).

Simulation studies using a human heart model of mitochondrial metabolism suggested that the
effect of OGDHC inactivation on the energy status is manifested only under conditions of increased
energy demand, and not at rest (56). Mice lacking the mitochondrial Ca** uniporter (MCU) cannot
perform strenuous work as a result of diminished Ca** uptake in skeletal muscle mitochondria (57).
Addition of Ca®" over the physiological range increased mitochondrial respiration in the wild-type mice,
but no Ca®*-dependent stimulation was observed in homozygous mutant mice while the basal metabolism
seemed unaffected, although Ca**,, was not completely absent (57). The large change in ATP
requirements during striated muscle activity renders Ca®" transfer to mitochondria a key signalling step
(58). At rest, a low MCU activity was enough to sustain basal ATP levels and heart rate, but under stress
conditions the MCU-dependent Ca®*,, uptake and ATP generation became crucial (59).

Activation of Ogdhc by Ca?* can be, to a large extent, explained by the DADLD motif encoded
by exon 4b (4,60). This motif as well as closely linked site 2 probably evolved on multiple occassions
during evolution (Figure S17A). Expression of this motif has been promoted by the capacity of codons
encoding critical residues in Ca**-binding sites to enhance exon inclusion levels in mature transcripts
(Figure 10, S18-S19), by a loss of the enhancing codon in competing exon 4a during evolution (Figure 5)
and by the unusual arrangement of the 3’ss, with dBPs located near the opposite intron end (Figure 1-4).
The DADLD motif evolved in ectotherms (4), but ectotherms have longer intron 4a (Figure 1) and their
splicing pattern is not fully develolped (Figure S6). Non-redundant dBPs in anamniotes evolved into
redundant and more robust dBP clusters, followed by enrichment of megaPPTs for uridines that bind
abundant splicing factors (Figure 1,2). This intron organization was completely immune to enlargements,
protecting it from transposon expansions for hundreds of Myrs (Figures 1-4), in line with the importance
of the MXE regulation in cell energy supply.

Taken together, Ogdh MXEs provide a critical switch for Ca**-dependent NADH and ATP
supply. Fine-tuning of their alternative splicing may result in a strong selective advantage at the cellular
level, as well as at the level of the organism and the species. Optimized regulation of their tissue-specific
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inclusion in mMRNAs at multiple levels should ensure responsive and sustained activity of striated
muscles, major contributors to thermogenesis (Discussion S2), as well as maximum locomotory
endurance during vertebrate evolution, a central tenet of the aerobic scope model of endothermy.

Discussion S2  OGDHC in Ca?*-dependent muscle thermogenesis

Cell motility was intrinsically coupled to evolution of muscles (61), which evolved muscle-specific
alternative splicing pathways in vertebrates (62,63) (Table S6,S7). Apart from locomotory function,
striated muscles have played a key role in both activity-dependent and -independent heat production and
have the largest potential to generate body heat ((64) and refs. therein). Although they may not generate
most body heat at rest in some species, increased muscle activity can produce ~40x as much heat as the
rest of the body, including visceral organs. For example, the contractile apparatus and ion pumps together
account for ~75% of ATP consumption by cardiac myocytes ((65) and refs. therein).

Striated muscles have also the highest densities of organelles that generate most of the heat.
Mitochondrial as well as respiratory chain complex densities are much higher in striated muscles than in
the brain or viscera and muscle mitochondria have a very distinct morphology, including cristae
organization, matrix density and subcellular distribution (66). In endotherms, mitochondria
physiologically operate at temperatures as high as ~50 °C, as measured by a fluorescent dye that
accumulates in active organelles and may bind matrix components (67). The high temperature fell upon
addition of respiratory inhibitors and rose upon pyruvate addition, although Ca?*,, levels were not
measured (67). Human respiratory enzymes also operate at higher temperatures and their thermofilic
counterparts and matrix DHs can withstand even hotter temperatures without loss of activity (67-69).
Thus, muscle mitochondria have been major heat suppliers to the cells.

Skeletal muscles of many partial or regional endotherms evolved into ‘heater organs’ which
employ energetically costly Ca** cycling to/from sarcoplasmic reticula (70). One of the best studied
heater organs are slow-twitch muscles of some fish predators, such as tunas or billfishes (70). These
organs have high oxidation rates and aerobic capacity and are densely packed with sarcoplasmic reticula
and mitochondria. The two organelles are intimately juxtaposed in the cell (58). The heater organs lack
myofibrillar structures typical of force-producing (slow-twitc) muscles, reflecting high NADH/ATP
demand and selection for rapid Ca®* release and reuptake (70). The slow-twitch muscles have on average
higher stamina, smaller glucogen stores and lower glycolytic activity, higher oxidative phosphorylation
and reliance on oxygen, smaller fibre diameter, higher capillary density, slower build up of lactate, and a
higher myoglobin concentration and oxygen storage capacity than their fast-twitch counterparts ((64,71)
and refs. therein). A prominent example of a largely slow-twitch muscle is soleus, which can contain up
to 100% of slow myofibres, is critical for walking and running, evolved from a common limb flexor
present already in early tetrapods, including walking fish Ambystoma mexicanum, and may have
originated from fish pelvic appendages (72). In lizards, stance-phase muscles such as gastrocnemius or
soleus are better predictors of maximum performance than swing phase muscles (73). Disuse of skeletal
muscles in non-hibernating mammals leads to slow-to-fast fibre type transitions (74). In contrast, muscles
in hibernators (Discussion S3) undergo fast-to-slow transitions (74) and are capable of a remarkable
preservation of skeletal muscle mass, which could contribute to their resistance to atrophy ((75) and refs.
therein). Slow-twich muscle fibre formation is driven by PGC-1a (76). PGCL1 proteins are master
metabolic regulators that may also function as RBPs since they contain a C-terminal RMM and a
serine/arginine-rich domain along with N-terminal transcriptional activation domain (77). Thus, under the
aerobic scope model of endothermy, slow-twitch muscles are prime candidates for selection processes
acting on MMR.

Contraction-based (‘shivering’) thermogenesis is an ancient mechanism for generating heat, well
documented in invertebrates (78) and long predating the Ogdh exon duplication. With a significant
increase of skeletal muscle mass in vertebrates, striated muscles have become the primary thermogenic
organ (79). At some point in evolution, however, futile Ca** cycling through sarcoplasmic reticulum Ca*
ATPases (SERCAs) and ryanodine receptor channels became a key mechanism for a dominant form of
heat production during prolonged cold adaptation, replacing shivering thermogenesis with a ‘non-
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shivering’ counterpart (64). This process had to rely on a Ca®*-dependent ATP supply by mitochondria to
match the demand of ATPase activities, particularly SERCAs, which are more important for establishing
non-shivering thermogenesis than myosine ATPase or Na+/K+ ATPase (79). SERCA2 (ATP2A2) is
differentially expressed in oxidative and glycolytic chicken myofibers (80). D. rerio with high levels of
sustained locomotor performance had elevated levels of SERCAL, RYR and PGC-1 mRNAs than the fish
with low sustained swimming speeds (81). The importance of Ca**-mediated pathways in both resting and
activity-induced heat production is probably best illustrated by a high fraction of the muscle energetic
turnover attributable to Ca** cycling in multiple species and close parallels between ‘tuna burn’ and
malignant hyperthermia in mammals ((70) and refs. therein). Malignant hyperthermia is caused by
mutations in RYR1, ryanodine receptor tightly regulated by ATP binding in a Ca**-dependent manner
(82,83). The significance of futile cycles in T, control is highlighted by a loss of Drosophila THADA
(THyroid ADenoma Associated human homologue), one of the most strongly selected gene. The THADA
knockout leads to elevated activity of SERCA, diminished heat production and cold sensitivity (84).
THADA binds SERCA and uncouples its ATP hydrolysis from Ca®* pumping (84).

Many defects of Ca*,, pathways and ATP synthesis generate phenotypes primarily involving
striated muscles. For example, MCU silencing in limb muscles leads to muscle atrophy, suggesting that
the MCU is required for muscle size control (85). Loss-of-function mutations in the MICU1 gene
(mitochondrial calcium uptake 1) cause proximal myopathy and extrapyrmidal movement disorders (86).
Mutations in the OGDH MXE regulator TIA-1 (Figure 1F) were associated with myopathy (87,88) and
may affect steady-state TIA-1 expression or protein properties other than RNA binding (Figure 2D).

Muscular activity in endotherms, but not in vertebrates with cartilaginous skeletons, leads to
abrupt hypercalcaemia (89). During maximal contraction, ATP consumption in skeletal muscles can
increase over 100-fold (90). Muscle ATP stores are insufficient to meet this demand, necessitating a rapid
and sustained supply of new molecules. Mitochondrial Ca®* uptake is fast enough to support step changes
in muscle workload: in isolated heart mitochondria, the uptake occurs within a 100 ms time-resolution
limit, leading to activation of NADH production and Ca®*-dependent DHs within 200 ms and oxidative
phosphorylation within 270 ms, although the off-kinetics is much slower (91). Beat-to-beat changes in
Ca®",, in cardiomyocytes can translate time-dependently into steady-state alterations in ATP (92,93). Even
a single muscle twitch could be associated with measurable changes in Ca**, in living motor fibers
milliseconds later (94). Although electrical conduction via the mitochondrial reticulum as opposed to
ATP or oxygen diffusion is a more effective way to quickly and uniformly distribute energy in muscle
cells, metabolite-facilitated diffusion pathways become significant during maximum endurance (95).
Mitochondrial ATP production is kinetically more responsive to changes in Ca** than ADP or P; (91).
Elevation of Ca®*,, stimulates oxidative phosphorylation more strongly than substrate oxidation to achieve
homeostasis of mitochondrial membrane potential (96). Although the exon-level regulation of OGDH
activation by RBPs (Figure 1) is slower than the time-scale of Ca®* transients, the drop in ATP synthesis
was considerably delayed after the transient Ca*, signal had returned to basal levels (45).

The MXE organization of OGDH exons 4a/4b resembles that found in other muscle-related
genes, including tropomyosin (TPM1) (21), a-actinin (ACTN1) (22,97), troponin T (TNNT) (98) and
myosin light chains (MYL1 and MYL3) (99). Actinin MXEs that encode isoforms with differential Ca®*
sensitivity employ dBPs of the smooth muscle-specific exon (22). ACTN3 is only expressed in glycolytic
myofibers (100) and its null allele has been associated with increased aerobic capacity and endurance and
higher citric synthase activities ((101,102) and refs. therein). The null allele leads to increased SERCA1
expression and Ca®* leak from the sarcoplasmic reticulum (101,102). The futile cycle involving an
increased reuptake of Ca®* would generate heat by non-shivering muscle thermogenesis and provide an
explanation for the evolutionary advantage of carrying the null allele in cold climates (101,102). Actinin
and tropomyosin are also important in slow-to-fast muscle fibre transitions in hypometabolic states ((103)
and refs. therein; Discussion S3).

To what extent were tissues other than skeletal muscles important for the acquisition of
endothermy? Although cardiovascular characteristics of animals have been studied extensively, improved
delivery of oxygenated blood is unlikely to be selected for in the absence of efficient mechanisms that can
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utilize oxygen as the ultimate electron acceptor and produce ATP on demand. Rather, a greater capacity
for responsive ATP production would favour improved oxygen delivery to critical tissues (striated
muscles and CNS). Rapid oxygen delivery would be facilitated by the emergence of four-chamber hearts
in mammals, birds and crocodilians, through-flow lungs in birds and theropods (104), blood sinuses on
the top of the head of earless lizards rapidly warming the whole body, and superior capillary systems
allowing efficient oxygen transport. E1 is most expressed in the left heart ventricle (Figure S8). OGDHC
generates a substrate (succinyl-CoA) for synthesis of heme, a prosthetic group of hemeproteins involved
in electron and oxygen transport, such as cytochrom c oxidase and hemo-/myo-globins. In yeast Ogdh
mutants, expression of hypoxic/anaerobic genes was elevated while expression of oxidative genes was
diminished, consistent with a heme signalling defect caused by inadequate levels of succinyl-CoA, the
heme precursor (55). Ca®" can induce a spectral shift in heme a and change in the midpoint redox
potential (105,106). OGDHC is sensitive to oxidative stress and occupies a central position at the cross-
roads of redox pathways ((107) and refs. therein). OGDHC is important for regulation of hypoxia-
inducible factor HIF 1 a in aerobic conditions, a master regulator of genes involved in essential hypoxic
responses that maintain cellular ATP levels (108). In addition, OGDHC is the main source of reactive
oxygen species (ROS), which are strongly stimulated by Ca**, beating other TCA cycle enzymes,
including pyruvate DH, both in cardiac and visceral tissues (109-111). OGDHC dominates ROS
production regardless of whether pyruvate or succinate serves as the sole source of carbon (110,111).

Brown adipose tissue (BAT) is believed to have unique thermogenic abilities that are derived
from properties of the uncoupling protein UCP1 ((112) and refs. therein) (see also Discussion S6).
However, BAT has not evolved until the appearance of placentals and cannot explain more ancient
examples of regional endothermy (79). Neither fish nor large mammals have BAT (64). Importantly,
skeletal muscles and BAT have a common ancestor: for example, mitochondrial proteomic signatures
show more similarities between muscles and BAT than between BAT and white adipose tissue ((79) and
refs. therein).

The increase in the Ca?* cycling across the mitochondrial membrane generates proton leak and
heat. The contribution of proton leak to oxygen consumption in resting skeletal muscles was reported as
high as 60% in vitro (113,114). However, this figure was estimated to be very low or close to zero in
other systems or in vivo (115,116) or during intense muscle activity (117). Ca**-induced increase in state
4 respiration resulted from elevated protonmotive force and not from direct activation of proton leak
(115).

Collectively, these studies show that responsive and Ca**-dependent ATP supply to striated
muscles has been crucial for internal heat generation during evolution. OGDH role in Ca**-dependent
NADH supply, coregulation of this reaction with and distant steps of ATP synthesis pathways (Figure
9B-D, S16), as well as the OGDHC role in glutamate (Discussion S4), heme, redox and fatty acid
metabolisms make E1 a strong candidate for playing a potentially major role in shaping the aerobic scope
and evolution of endothermy.

Discussion S3 ~ OGDHC and Ca®* in hypometabolic states

In torpor and hibernation, ATP supply and T, are dramatically reduced in multiple tissues, particularly in
skeletal muscles, and the TCA cycle enzymes such as pyruvate DH are repressed ((118) and refs. therein).
For example, pyruvate carboxylation in intact mitochondria is decreased by 75% during hibernation and
mitochondrial, but not cellular, ATP/ADP/AMP are also reduced (119). A recent comparative study of
several hibernators showed that genes involved in mitochondrial oxidation and pyruvate metabolism in
skeletal muscles were most significantly associated with hibernation phenotypes (120), but their
alternative splicing was not studied. Moreover, Ogdh isoforms were among top-ranked proteins
differentially expressed in the brainstem and skeletal muscle proteomes in summer active versus
hibernating ground squirrels (121,122), but their exact identities and underlying mRNA isoforms were not
determined. Among differentially expressed factors, including Ogdh, mitochondrial genes were highly
enriched, particularly in striated muscles (122-124), but exon-level comparisons were not performed.
Both Atp5c1 (Figure 9B-D) and Ogdh were identified among proteins differentially expressed in skeletal
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muscles of ground squirrels, even when comparing March arousals with April activity (103), but
alternatively spliced mRNA isoforms were not studied. Recent transcriptomics analysis in marsupial
Dromiciops gliroides during hibernation revealed 566 transcripts that were significantly up-regulated
during hibernation (369 in brain, 147 in liver and 50 in skeletal muscle) and 339 down-regulated
transcripts (225 in brain, 79 in liver and 35 in muscle), including alterations of spliceosome components
(125).

As compared to non-hibernating mammals, hibernators such as ground squirrels exhibit enhanced
muscle contractility and remarkable ability to maintain stable Ca?*. levels at low temperatures
(eg.,(126,127)), suggesting that they evolved mechanisms that prevent Ca**, overload. Low temperatures
reduce the rate of Ca®* removal from cytosol although the relative contribution of plasma and organelle
channels in hibernator tissues are poorly understood (126). Cardiac sarcoplasmic reticula from ground
squirrels showed faster Ca®* uptake than non-hibernators, but SERCA activities did not appear to be
distinct ((126) and refs. therein). Brain mitochondria of ground squirrels were able to load significantly
less Ca* during torpor than in spring animals (128). Interbout arousal squirrels displayed a striking
increase in intracellular Ca?* concentration (129).

Rapid increase in ATP supply during arousal periods (121,122) would require a control of the
cyclical activation of TCA cycle enzymes, such as Ogdhc and its MXE regulators. For example, TIA-1
(Figure 1F) showed up to a sevenfold increase in relative protein levels in the nucleus during hibernation
(130), which would repress Ca**-sensitive isoform 4b+. When exposed to low temperatures, distal
muscles trigger formation of TIA-1-containing stress granules (131).

Collectively, these studies support a profound role of Ca*. and energy metabolism in
hypometabolic states, and some directly point to Ca®*-activated TCA cycle enzymes. As hypometabolic
states in birds and mammals may share the same ancestral origin with reptiles (132) and Ogdh intron 4a in
reptiles reached the same size as in endotherms, regulation of the MXE pairs could provide valuable clues
about their evolution. Expanding the number of available hibernator genomes/transcriptomes coupled
with exon-level transcriptomic data should facilitate future insights into molecular mechanisms
underlying evolution of these phenotypes.

Discussion S4  Dichotomy of OGDH splicing in neurons and astrocytes
A raison d'étre?

Presynaptic Ca’* is the principal regulator of neurotransmitter release and synaptic plasticity
((133) and refs. therein). Presynaptic terminals are densely packed with mitochondria to support high
demand for energy at the synapse. The absence of mitochondria in the terminals of dmiro (a GTPase that
binds Ca?*) fly mutants leads to locomotory defects (133,134). MCU is very sensitive to pre-synaptic Ca*
levels (135), but unlike in striated muscles, the MCU deletion in brain synaptic or non-synaptic
mitochondria does not lead to a complete block of Ca** uptake (136).

In eukaryotes, Ca®*, elevations come from intracellular and extracellular sources. In striated
muscles, the bulk originates from intracellular stores, largely from the sarcoplasmic reticulum, whereas
the main source of Ca**, spikes in neurons, but not in astrocytes, is extracellular Ca*". Elevations of Ca®*
in visceral organs come both from the outside and the inside ((137) and refs. therein).

Neurons and their precursors repress the Ca**-sensitive OGDH isoform, unlike non-excitable
astrocytes or striated muscles (Figure S10). In response to stress, OGDHC activity fluctuates less in the
brain than in striated muscles or in liver (56). Astrocytes respond to synaptic activity with Ca®",
elevations, which stimulate chemical transmitters, including glutamate (138). Astrocytes consume
considerable energy to remove/release neurotransmitters, restore ion gradients and maintain other
homeostatic processes ((139,140) and refs. therein). Excitatory neurotransmition mediated by astrocytes is
a critical contributor to brain energy needs (141), consistent with their high requirement for Ca**-
stimulated ATP supply and high exon 4b+/4a+ ratios (Figure S10).

Astrocyte size and number of their processes dramatically expanded during vertebrate evolution,
with a single human cell employing up to 2 million synapses ((141) and refs therein). Ca®* regulates
mitochondrial mobility in astrocyte processes, and mitochondria in turn control Ca®* signals (142).
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Astrocytes are highly sensitive to physiological hypoxia, are capable of efficiently modulating vaso-
constriction/-dilation and can determine the exercise capacity through adaptive respiratory responses in
conditions of increased metabolic demand (143,144), acting essentially as functionally specialized oxygen
sensors. They respond to low oxygen levels with increased exocytosis of ATP-containing vesicles (143).
Unlike a massive depletion of ATP upon inhibition of mitochodrial respiration in neurons, astrocytes are
able to limit the ATP decline (141).

Apart from providing global support for neural circuits, astrocytes also exert local control over
individual synapses or a small group of synapses, acting as regulatory units for the astrocyte-neuron
metabolic cooperation (139,140). They express a variety of neurotransmitter receptors including
glutamate receptors, which induce transient increases of Ca*, particularly in localized microdomains
(140). The microdomain Ca?* transients colocalize with mitochondria; these organelles are highly
abundant in astrocytic microdomains at a density comparable to nerve terminals, reflecting a high demand
for ATP (139). Spatially restricted Ca?* transients in astrocyte processes that are independent of the
release from endoplasmic reticulum stores result from the Ca** efflux from mitochondria via transient
openings of the permeability transition pore, generating microdomain Ca®* signals (139). Enhanced
neuronal firing in vivo, such as arousal during locomotion, increases the microdomain activity of
astrocytes in the absence of signalling through a Ca?* release channel (IP3R2/ITPR2), linking the
microdomain Ca®* transients to the metabolic rate (139). Astrocyte Ca”**, elevations may be as rapid as in
neurons (145) and can propagate to astrocytic perivascular endfeet to regulate the vasomotion and
microcirculation and to meet rapid energy demand in the areas of elevated neuronal activity (146).
Recovery from the glutamate-induced rise of Ca**. is more efficient in astrocytes than in neurons (147).

The ratio of OGDH exons 4a/4b in myelinating oligodendrocytes (MOs), but not in their
precursors, is similar to neurons (Figure S10). MOs express many molecules that make them susceptible
to excitotoxic cell death, including glutamate receptors (148). MOs express P2X7, which makes them
prone to detrimental effects of sustained levels of extracellular ATP (148,149). ATP is a major excitatory
neurotransmitter in the central nervous system, activating ionotropic (P2X) and metabotropic (P2Y)
receptors. ATP-gated P2X channels are Ca®*-permeable and participate in fast synaptic transmission and
modulation; ATP signalling may trigger oligodendrocyte excitotoxicity via activation of Ca** permeable
P2X7 receptors (149). Glial function started to evolve in invertebrates, but reactive astrocytes are still
absent in zebrafish (150), which may not yet gained an optimal MXE control (Figure S6).

Further clues to our understanding of distinct Ogdh exon 4a+/4b+ ratios in neurons and glia
(Figure S10) may lie in the malate-aspartate shuttle (MAS). In MAS, glutamate and malate enter the
mitochondrial matrix in exchange for aspartate through Ca**-sensitive aspartate/glutamate carriers aralar
(SLC25A12) and citrin (SLC25A13; for solute carriers A12 and A13) while 20G is transported out
through the oxoglutarate carrier (SLC25A11). SLC25A12-deficient neurons showed decreased respiration
levels and a failure to regulate respiration rates in response to Ca?* (151). A lack of Ca?* stimulation
observed under workload in SLC25A12 knock-out neurons (152) indicates that SLC25A12 is a major
contributor of Ca®*-stimulated respiration in neurons by providing increased pyruvate supply to
mitochondria. SLC25A12 is preferentially expressed in the brain and striated muscles. In the brain, the
SLC25A12 expression is most abundant in neurons (24), and the protein is thought to be functional only
in this cell type (reviewed in (153)). MAS reconstitution using isolated mitochondria showed that
activation of OGDH by Ca**, reduced efflux through SLC25A11, decreasing the MAS activity as a result
of competition between MAS and TCA cycles for the shared metabolite 20G (154). Aralar has a higher
Ca’* affinity than the MCU and even tiny Ca** signals can stimulate ATP (155). In plants, malate DH has
a high flux control coefficient for respiration (52). A mutual exclusivity of MAS, the main NADH shuttle
in the brain, and MCU-DH pathways in brain mitochondria under Ca**-stimulated conditions (155) might
have facilitated Ogdh exon 4b repression in neurons. Under the sequential MAS and the MCU-DH
activation model (154), the Ca** activated OGDHC may become the main NADH producing pathway
when Ca®*,, transients are high following the MCU activation. Finally, 20G as an important source of
glutamate and glutamine directly inhibits F,F,-ATP synthase by binding ATP5B, reducing ATP and
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oxygen consumption and increasing the C. elegans lifespan (156). This link may expaned by the shared
exon-level regulation of F,F,-ATP synthase and OGDH MXEs (Figure 9B-D).

Taken together, the important role of astrocytes in neuroenergetics was associated with
derepression of OGDH exon 4b in this cell type (Figure S10). Prominent exon 4b activation in astrocyte
Ca*" microdomains would provide responsive ATP supply and superior synaptic and locomotory control
en route to endothermy. In contrast, exon 4b repression in neurons and MOs (Figure S10) may have been
required to prevent excitoxicity, in line with a strong pressure against energy dissipation in the brain
(157). The key role of OGDHC in glutamate metabolism should provide additional clues for the
dichotomy of this MXE pair in neurons and glia.

Regulation of OGDH exon 5 splicing in neurons

Neurons adopted an extra exon 5, which encodes additional 15 amino acids (Figure S8-S10) (4).
It remains to be confirmed when exactly this event evolved, possibly before the split of cartilaginous and
bony fish (4). The inclusion of exon 5 in MRNASs suggests that a simple on/off switch of MXEs to reduce
or increase the Ca®*-dependent OGDHC activation is not satisfactory in this cell type. Exon 5 inclusion is
associated with exon 4a, albeit not exclusively (Figure S10), raising a possibility that it may fine-tune
OGDHC inhibition. The OGDH 4a+5+ or 4b+5+ isoforms could modulate Ca®*-sensitivity of OGDHC
since both isoforms showed much attenuated response to Ca*": among tested E1, isoform 4a+5+ was
associated with the lowest enzyme activation at high Ca** concentrations, nevertheless the loss of Ca*" -
sensitivity was accompanied only by modest decreases in sensitivity to inhibition by NADH and elevated
ATP/ADRP ratios (4).

The neuron-specific exon 5 activation can be explained by the presence of an activator and/or a
lack of repressor in this cell type. One candidate for the repressive regulation is U2AF35 (17). U2AF35
isoforms are expressed at similar levels as U2AF65 in skeletal muscles, but U2AF35a mRNAs are low in
the brain, less than half of the U2AF65 mRNA levels (158,159). U2AF35 but neither U2AF65 nor PUF60
knockdown activated exon 5 inclusion (Figures S6 in ref. (17)). The U2AF35a/U2AF35b ratio is also low
in the brain and high in skeletal muscles (159). The two U2AF35 isoforms play an important role in
regulated splicing (158,160-162), which could be involved in ensuring protection of neurons against Ca®*-
dependent ATP oversupply and neurotoxicity.

Discussion S5 Endothermy and body mass: clues from Ogdh MXEs?

Smaller organisms have a larger surface-to-volume ratio than larger ones and heat and cool faster,
suggesting that selection for the body size was important in the acquisition of homeothermy and for
evolution of hypometabolic states (163-167). Mitochondrial function in relation to body mass has been
studied extensively both in endotherms and ectotherms. For example, small endotherms were proposed to
have a lower mitochondrial efficiency than larger species and the production of ATP and reactive oxygen
species have been correlated with body mass (168,169). Mitochondrial efficiency to generate ATP is
reduced by proton leak, a dissipation of the protonmotive force through mitochondrial inner membranes,
diverting energy away as heat (168,169). During vertebrate evolution, however, this reduction should
promote selection processes that favour activity-dependent ATP supply pathways.

Selection routes shaping body or organ size are controlled by apoptotic cellular decisions. Such
choices involve Ca?* signalling both in extrinsic (receptor-mediated) and intrinsic (mitochondria-
mediated) cell death pathways (170), including Ca®*,, spikes (171) and Ca** regulators in endoplasmic
reticula (reviewed by (170)). Importantly, Ca®",, overload acts as a proapoptotic signal that induce
mitochondria swelling and the release of mitochondrial apoptotic factors into the cytosol (172). Local
communication between organelles can propagate Ca®*-mediated apoptotic signals over relatively large
distances, which would ensure coordinated execution of apoptosis across large cells, particularly cells
with high mitochondrial densities (171). Ca®* is involved in multiple cell death modalities including
autophagy, which can be triggered by very subtle changes in Ca®" distribution within intracellular
compartments (170).
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In large marine species, the mass-specific metabolic rate decreases with increasing body mass,
suggesting that active macropredation cannot be sustained once a given body size is reached and only less
active strategies such as filter feeding are physiologically affordable above a certain threshold (173).
Endothermic macropredators can attain larger body masses than their ectothermic counterparts and
endothermy was even proposed to play a role in the evolution of gigantism in extinct macropredatory
groups ((173) and refs. therein). Ocean sunfish (M. mola), the Ogdh intron 4a AGEZ outlier (Figures 6E
and S13), is the world’s largest bony fish weighing up to 2.3 tons and native only to tepid and tropical
waters; prolonged periods spent in water at temperatures of 12 °C or lower lead to disorientation and
death (174). The AGEZ of M. mola Ogdh intron 4a is violated, but the associated exon 4b skipping was
not rescued by extending the AGEZ (Figure S13). Nevertheless, this result does not completely exclude
physiological significance of the reduced AGEZ in endogenous expression. If this reduction does
decrease Ca**-dependent OGDH activation by repressing authentic 3’ss of intron 4a, activity-related ATP
supply by sunfish mitochondria may not be sufficient for muscle thermogenesis to cope with cold ambient
temperatures, preventing predatory activities, selection for higher MMR and limiting the habitat.

Taken together, the proposed link between diversification of Ogdh isoforms and the acquisition
of endothermy may extend beyond the Ca**, -stimulated ATP supply. OGDHC occupies a critical
position between carbohydrate, amino acid and fatty acid metabolism (50,56), which may provide clues
for our understanding of the role of body mass and blubber insulation in the evolution of endothermy,
both in water and terrestrial environments.

Discussion S6  Alternative pre-mRNA splicing and endothermy: a search for candidate isoforms
The division between endotherms and ectotherms is not absolute. Intermediate phenotypes range from
mammals with lower Ty, and intrinsic metabolic activities (monotremes, most marsupials) or
hypometabolic states (torpor, hibernation; Discussion S3) to ‘partially endothermic’ reptiles, such as
Burmese python or leatherback turtles (175,176), fish, such as lamnid sharks, tunas and opah (70,177),
and extinct species, including dinosaurs (178). This large body of indirect evidence and a growing support
for the aerobic capacity model (179-181) strongly indicate that these regional or partial endotherms (also
termed ‘mesotherms’ (178)) already harboured heritable mechanisms that promoted selection for MMR.

The acquisition of endothermy as well as other complex traits cannot be explained by a single
selection event, isoform or DNA variant (165,167). Nevertheless, it is conceivable that only a limited
number of molecular ‘drivers’ on the energy supply side may have been necessary for orchestrating
selection processes that led to this animal innovation. This concept is compatible with the independent
emergence of many ‘mesothermic’ taxa that share the same metabolic features (132,165,167,182),
apparently driven largely by Ca?*-dependent muscle thermogenesis (Discussion S2). Although OGDHC
activation by Ca’* is a critical step in activity-driven NADH and ATP supply (Discussion S1), activation
of a single enzyme may not always produce massive increases in flux in complex metabolic pathways
(183). Effective control often involves multisite modulation involving many enzymes and their isoforms
(183). The TCA cycle is no exception, yet only a subset of enzymes showed positive flux coefficients
(52). The multisite modulation would require coregulation of these enzymatic reactions, including tissue-
specific components of the respiratory chain (66). Regulation of distant steps can be conveniently
accomplished at the exon level (Figure 9B-D) and RBPs that bind accessible PPTs seem to be well-suited
for this task, providing a wealth of exon activating and inhibitory effects (Figure 1).

Alternatively spliced gene segments preferentially encode peptides that are intrinsically
disordered and/or contain linear interaction motifs or posttranslational modification sites (184). The
resulting protein isoforms can evolve distinct function in different tissues and organisms by rewiring
interaction networks through the recruitment of distinct interaction partners, contributing to the
emergence of new traits (184). Which mRNA isoforms are respectable candidates for their role in the
evolution of warm-bloodedness?

Assuming the validity of aerobic capacity model (179), genes encoding components of
mitochondrial Ca** signalling pathways, many displaying Ca®*-regulated MXEs (Tables S6,57) and
tissue-specific isoform expression similar to OGDH, would appear to be strong suspects. Ca®* activates



Kralovicova et al. Page 50 of 63

several other mitochondrial enzymes encoded by alternatively spliced genes, including mitochondrial
isocitrate DH and F;F,-ATPase components (44,185). The isocitrate DH  subunit (IDH3B) also contains
homologous MXEs (186). In the context of protein organization, cofactors, and the mechanism of action,
OGDHC is similar to the pyruvate DH complex (52), which competes in mitochondria with OGDHC for
NAD and CoA (187). MCU silencing increased pyruvate DH phosphorylation and decreased activity of
the enzyme (85), consistent a compensatory TCA cycle responses, although the OGDHC activity was not
investigated.

Second, ATP-generating pathways have been under strong selection pressure during evolution,
ensuring the right balance between the rate and yield of ATP production (188). The high ATP yield of
cellular respiration probably facilitated evolutionary transition from unicellular to early multicellular
organisms (188). The F,F,-ATPase converts the protonmotive capacity into ATP and its y-subunit is
regulated by alternatively spliced ATP5C1 exon 9 in the heart and skeletal muscles. This alternative
splicing event is controlled by a muscle-specific exonic silencer (189), by Fox-1 (A2BP1) through
GCAUG cis-elements (190), and by PUF60 (Figure 9B-D and Table S8). Fox-1 is expressed exclusively
in brain and muscles (191). Examination of mitochondrial matrix proteomes in porcine hearts revealed
many phosphorylation events associated with Ca** signalling, including sites in OGDHC and the y-
subunit of F;F,-ATPase (192).

Turning to Ca”*, transporters, a skeletal muscle- and vertebrate-specific microexon in MICU1
confers high sensitivity of the mitochondrial Ca®* uptake machinery and is required for sustained ATP
production (193). Intronic sequences surrounding this microexon are highly conserved, including a
putative UAA BP located 32 nts upstream, and the microexon is located close to alternative transcription
initiation sites that produce shorter annotated transcripts (1.V., unpublished data). Impaired Ca?* handling
was also observed for knockouts of cardiac splicing factors, including SRSF2 and SRSF10 (194).

Fourth, one of the highest fractions of tissue-specific alternative splicing was found in skeletal
muscles (62). Splicing of troponin transcripts, including Ca?*-dependent troponin C, might explain
isometric tension differences of flight muscles between insect species (195) and their variable
thermogenic potential. Troponin T is a central player in the Ca®* regulation of actin thin filament function
and is essential for the contraction of striated muscles (98). The expression of slow-skeletal muscle gene
(TNNT1) involves alternative splicing of exon 5, which is PUF60-dependent and is upregulated in cells
lacking U2AF ((17) and J.K. and 1.V., unpublished data). The hearts of dry land frogs utilize the slow-
muscle TNNT1 rather than canonical cardiac TNNT2 ((98) and refs. therein). The Ca®*-induced fast-to-
slow myosin transition was associated with elevated citric synthase (196). Finally, ATP generation in
response to high demand in muscles may be influenced by alternative RNA processing of transcripts
encoding uncoupling proteins as well as other Ca**-sensitive mitochondrial enzymes, including those in
the NADH glycerol-3-phosphate shuttle, a key link between lipid and carbohydrate metabolism (71).

Fifth, alternative pre-mRNA splicing is likely to play a pivotal role in the regulation of futile or
substrate cycles that occur when two metabolic pathways run simultaneously in opposite directions,
dissipating heat by ATP hydrolysis (157). A large number of futile cycles that consume ATP has been
identified in both prokaryotes and humans (157,197), with the median length of predicted cycles in
humans of ~35 and most cycles spanning several cellular compartments, often involving
(de)phosphorylation (157). Selective pressure also acts against the uncontrolled dissipation of energy by
avoiding the coexpression of enzymes belonging to the same substrate cycle; these selective forces are
particularly strong against high-flux futile cycles (157). Futile cycles can be highly sensitive to very small
changes in enzyme activities (198), which can be easily modified by alternative splicing.

In conclusion, although the candidate list is far from complete, this discussion may help identify
RNA processing events important in selection processes that led to endothermy. Expanding
transcriptomic and exon-level data from extant species should permit more detailed studies in the future,
ultimately identifying key selection pathways en route to this highly successful animal strategy.
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Discussion S7  Endothermy in monotremes and marsupials: TCA cycle clues?

Monotreme and marsupial T, and metabolic rates are on average lower than those of placentals (199,200).
Monotreme cell lines must be maintained at 32 °C, close to their average T, because they do not survive
mean T, of placentals or birds (201). Splicing of endogenous Ogdh transcripts including brain-specific
exon 5 in monotrems and marsupials is similar to other mammals (Figure S9), arguing against the
involvement of MXEs in reduced metabolic rates and Ty, in this group of mammals. Except for platypus,
their DNA variability within the dBP cluster is similar to other homeotherms and cannot explain a unique
mammalian thermoconformity of the naked mole rat either (Figure S1), supporting the role of other
molecular drivers in this group of animals.

Unlike placental mammals and birds, however, monotremes and marsupials have functional
malate synthase genes, a key enzyme of the glyoxylate cycle, a TCA cycle variation present in plants,
fungi, protists and bacteria (202). The glyoxylate bypass skips two rate-limiting decarboxylation steps of
the TCA cycle catalyzed by IDH and OGDHC and employs isocitrate lyase and malate synthase instead
(203). Mice expressing the glyoxylate shunt had reduced total liver ATP and malonyl-CoA levels
compared to lacZ-injected mice and develop resistance to diet-induced obesity (204). The ATP reduction
was attributed to the shunt bypassing the oxidative portion of the TCA cycle and the possibility that the
NADH produced by cytosolic malate dehydrogenase was oxidized in lactate rather than shuttling back
into mitochondria. The reduced ATP might explain the observed AMP-activated protein kinase activation
in the HepG2 cell line constitutively expressing E. coli glyoxylate shunt genes (204). The AMP-activated
kinase responds to low energy states by enhancing ATP producing pathways and inhibiting energy
consuming pathways such as fatty acid biosynthesis, suggesting that despite increased fatty acid
oxidation, the shunt mice generates less energy per oxidized fatty acid than the wild-type mice.

This energy dissipation resembles the mechanism by which uncoupling proteins (UCPs) regulate
the whole body energy balance. UCPs decrease metabolic efficiency by dissipating the proton gradient in
mitochondria, causing energy created from metabolism to be released as heat. UCPs have been studied as
candidate proteins for the transition from ecto- to endothermy, with the most prominent member UCP1
proposed to facilitate non-shivering thermogenesis in mammalian BAT (205). However, an avian UCP is
not involved in uncoupling of respiration and metabolic heat (206), birds do not possess BAT and there is
no evidence for BAT thermogenesis in marsupials and no evidence for BAT in monotremes ((199,206)
and refs. therein). The activity of UCPs appears to modulate the efficiency of oxidative phosphorylation,
presumably by catalyzing proton re-entry into the matrix (207). However, at least some of the
physiological effects of UCPs might be explained by Ca** transport, with UCP2/3 facilitating Ca®* flux
across the inner mitochondrial membrane and not directly supporting thermogenic function (208). UCPs
were proposed to be essential for Ca?* uptake to mitochondria, but animal knockouts revealed little or no
effect (209,210). Mice overexpressing UCPs in skeletal tissue resisted diet-induced obesity and the liver-
specific UCP1 expression was associated with increased energy expenditure and decreased liver
triglycerides ((204) and refs. therein).

Taken together, similar to UCPs, the glyoxylate shunt may alter the energy state of the cell in part
by decreasing the energy produced from fatty acid oxidation. This TCA branch point could interfere with
cellular energy needs in vertebrates that express relics of the shunt pathway. We speculate that the flux
diversion via malate synthase and other activities could reduce ATP supply and modulate evolutionary
pathways that led to typical homeothermy.

Discussion S8 A timeline of OGDH MXE regulation and evolution of endothermy in vertebrates
The DADLD motif is present in multiple fish species (4), in which tissue-specific MXE patterns and
regulation do not appear to be fully developed (Figure S6, S9, S13) and may not be sufficient for optimal
Ca**-dependent control of Ohdh in their water milieu. Fish have the widest range of Ogdh intron 4a length
diversity, only a single primordial dBP and the largest bone fish, but not other fish, have a reduced AGEZ
(Figure 1B, 6E, S13; Discussion S5). However, teleost fish already show correlated mass- and
temperature-adjusted BMR and MMR (180). Fish with more active lifestyles have higher BMR when
comparing various taxa living at similar temperatures. In pelagic teleost predators, BMR correlates with
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protein-rich skeletal musculature and caudal fin aspect ratios, but not with the brain mass (180). Fish
predators exhibit regional endothermy more often than the opposite end of their life-style continuum, such
as sluggish, sit-and-wait cyprinids, which have low BMR and high tolerance to hypoxia (180). This
continuum was linked to body mass, with a trend toward less active life style in bigger marine species
(173). Partially endothermic fish such as tunas were found to have a higher proportion of slow-twitch
muscles relative to fast-twitch counterparts than other teleosts ((211) and refs. therein; Discussion S2).
Some sharks such as Callorhinchus millii lack the DADLD motif and would be expected to exhibit
greatly attenuated activation of OGDHC (4,60). More generally, reduced capacity to activate OGDHC
could manifest as intolerance to low ambient temperatures, selective stenothermal altitude and largely
coastal habitats. In any case, this vertebrate class shows convincing signs of early selection for
endothermy and must have already possessed a molecular ‘gas-pedal’ mechanism for sustained energy
supply to muscles. Fish will therefore continue to provide an ideal taxonomic context for studying early
events leading to endothermy (182).

With only one dominant and nonredundant dBP in long intron 4a, the regulatory OGDH MXE
potential in amphibians may still be suboptimal (Figure 1B, S6, S12-S13). However, primary transcripts
in X. laevis already show efficient muscle-specific promotion of exon 4b (Figure S9) and frog OGDHC is
activated by Ca®" even if addition of Ca?* decreased the K, value for 20G to a lesser extent than in
placentals (29) (Figure S15). Amphibians also show a brain-specific repression of isoforms 4b+ together
with activation of exon 5 (Figure S9) (Discussion S4). The extra codon in exon 4a in fish and amphibians,
which is absent in reptiles, birds and mammals (Figure S1), promotes the inclusion levels of this exon in
mature transcripts (Figure 5), which could limit maximum Ca?*-mediated OGDHC activation by isoform
4b+.

A narrow range of intron 4a size typical of mammals was first achieved in reptiles, barring
crocodilians (Figure 1C and S1). The length of crocodilian intron 4a is intermediate between endo- and
ectotherms (Figure 1C), probably reflecting an exceptionally slow evolutionary rate of microdeletions
(212). This rate was much slower than that of lizards, which have the intron 4a length typical of
mammals. Nevertheless, the aerobic scope and tidal volume of alligators are close to values observed in
endotherms although the total power generated by maximally active crocodiles is lower than in mammals
of the same size (213,214). However, this reptile class has evolved piston lungs and four-chambered
hearts, which prevent mixing of de- and oxygenated blood. This separation is typical of homeotherms and
can deliver blood to tissues at higher pressure, facilitating adaptive tissue oxygen supply and oxidative
phosphorylation. More generally, reptiles already exhibit many features of mammalian or avian
endothermy, including the ability to enhance metabolic rate by muscular activities decoupled from
locomotion, circadian T, rhythms not associated with activity and a sophisticated peripheral vascular
control, indicating that they already possess selection instruments for incipient facultative endothermy
((132,175,176) and refs. therein). Field factorial scopes, which may better reflect sustained aerobic
performance than MMR, are quite similar for reptiles, mammals and birds (166). Some reptiles, such as
brooding pythons, efficiently integrate shivering thermogenesis and basking, which is not dissimilar to
torpidating marsupials, suggesting that reptiles rather than fish could be ‘protoendotherms’ (132).
Stronger skeletal muscles in terrestrial reptiles would stimulate muscle thermogenesis (Discussion S2),
which has been best studied in brooding pythons and leatherback turtles (132,175,176). For example,
deep T, of leatherback turtles, the largest living marine turtles, is higher than water temperature as a result
of muscular activity, which increases as surrounding temperature is lowered (176,215). Leatherback
turtles have a high energy intake and are highly migratory, up to 18,000 km between tropical and northern
foraging grounds ((216) and refs. therein). The reptile dBP cluster resembles that of birds, however, their
dBPs are upstream of megaPPTs with a lower U content (Figure S7). This might reduce the repertoire of
U-bound regulators and lead to a less responsive regulation of MXE usage.

Retention of metabolic heat by feathers or fur would help conserve the energy and maintain
higher T, for longer ((166) and refs. therein). T, of birds is on average significantly higher than
mammalian T, ((217) and refs. therein). Alternative pre-mRNA splicing in birds is already extensive
although chicken genes still generate, on average, fewer transcripts per gene and have shorter introns than
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humans or mice (218). The Ogdh endogenous splicing pattern in the brain and viscera of C. japonica is
similar to the mammalian pattern (Fiure S9). The avian dBP cluster, however, largely employs efficient
orthologues of low-usage human dBP+41 (Figure 3H and 6D), which has the optimal dBP motif UAA
(Figure S1, S4). The dominant bird dBP is also more accessible than the human counterpart (Figures 3, 6-
8) and seems to contribute to the excessive exon 4b+/4a+ ratios observed for exogenous chicken
transcripts (Figure S13).

In contrast to birds, monotremes and most marsupials have lower T, than placental mammals
(Discussion S7). The length of platypus intron 4a is intermediate between aquatic and terrestrial species
and the platypus dBP+31 ortologue is inefficient, but the endogenous splicing pattern of tested
monotremes and marsupials was similar to placentals (Figure S9). Finally, the tentative role of OGDHC
in hypometabolic states of mammalian hibernators is explained in Discussion S3.

Collectively, this timeline suggests that changes in the Ogdh MXE regulation influenced the
capacity of animals to optimize Ca?*-mediated responses to sustained energy demand and maximum
locomotory endurance en route to endothermy.
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