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K A L D KDQY L P RK L CDS A RN L EWL K T VN ES HGS V E RS S L T L A T A I NQRG I Y V I QA P KGGQK I S PD T V L H L I L P ES PGS H E ES RE YS L E E V K E L L N K L ML MS
RA L D TD EN L P K K L RAS AQH L EWL K T V K ES HGS V E L S S L S L A A T I NS RGV Y I L K A P ADGRK VS L DN V L H L T L L ES S ENH RPS WK YS L A E L RE L QN K L ML MS
K A L D ADQN L P RK L RDS A RHMDWL K T V K ES HGS V E L S S L S L A T T I N K KG I Y V I K A PS EN K L V T PD T V VH L E L P EGDD E RN E VHC YS L E E L K E L L N K L ML MS
K A L DNDS N L P K K L CDS A RH I EWL K T V KDS HGS V E L S S L S L AS A I NS KG I Y V I N A - QNQK K L A L EN I L K L H I ME EHDGGC E T RV YS L ED L RD L QN K L ML MS

1460
1497
1542
1572
1500

1559
1596
1641
1671
1598

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

GK KDHNS N T E V E K FS E V FS NMQRL VH V F I K L HC AGNML F RTWT A K V YCC PDGG - - I FMN FGL - E L L S QL T E KGD V I QL L GA L C RQMED F L DNWK T V V AQK
GK KD RN - N T E V E RFS E V FCS VQRL S QA F I D L HS AGNML F RTW I AMA YCS P KQGVS L QMD FGL - D L V T E L K EGGD V T E L L A A L C RQMEH F L DS WK RF V TQK
A KGEQG - - L E V E K FS E T FS N VQRL AQA F I D L YS AGNML F RS WL AH VHCS P KS E L C V L I D F T L - RL I P E L EGQGE L AD V L P RL C K TMES F L ES WQS FMS K K
GK ADQG - S D E V E K FS E I FS N VQRL V TS F I D L Y L AGN I L F RKWE AS I YCS DN E K YS L KMK FN V - E T L GE F EGQGN L AD L L PD I C KMMEN L L DQWMD Y I N K K
GKGEQG - QC E VDQF A E V F AS VQRL VS A F I D L Y V AGN P L F RHWE AN I NCNS K E A - C I I I D FN L GS V VS V VMV EGD V T EQL P E VC K KMES C L RFWQD FMD KQ

1560
1597
1642
1672
1599

1656
1694
1738
1769
1696

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

RA EH F Y L N F Y T A EQL V Y L S S E L RK P RPS E - - - A A L MML S F I KGKC T VQD L VQA TS AC ES K AD RYC L RE - - - - - - - - - - - - - - - - - - - - - - - - - - VMK K L P
RMEH F Y L N F Y T A EQL V Y L S T E L RKQP PS D - - - A A L TML S F I KS NC T L RD V L RAS VGCGS E A A RY RMRR - - - - - - - - - - - - - - - - - - - - - - - - - - VME E L P
RFQH F Y L N F Y T A EQL V Y L C T E L GQGQPS Q - - - K A L MML S F L KS NC T A ED V L RAS EGH E P PS S T K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A VS D L L
RTQF Y Y L N Y Y T A EQL L Y L S QNCQAS G I S E - - - E A L MML S F I RP EC T K AD F I T A F YS L K FNS S HS L S QE K - - - - - - - - - - - - - - - - - - - - - - - - - I MF E F K
RS QH Y Y L N Y Y T A EQL V Y L CHQL AHNNME E I DDQV L MML S F I K PS CS TS D L RK AWH I L QYD L I RKGPDQNDD L D FQT F V E VS S MT EN ES T E KS C P TS DD L I

1657
1695
1739
1770
1697

1727
1765
1805
1841
1796

Extended Data 1- page 2

LinkerN-arm



M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

QQL L S E PS L MGK L QV I MMQS L V YMS A F L PHC L D L D A L GRC L AH L A TM - - - - - - - - - - - - GGT P V E RP L P KG - L QAGQPN L I L CGHS E V L P A A L A I YMQA P
L ML L S E FS L VD K L R I I MEQS MRC L P A F L PDC L D L E T L GHC L AH L AGM - - - - - - - - - - - - GGS P V E RC L P RG - L QVGQPN L V VCGHS E V L P A A L A V YMQT P
A L L D E E RD L T TC L E Y I WEC YMS NMGA F L PNC L D VD T L GAWL KS L AGG - - - - - - - - - - - - E REC V T RGF PQD L L H VGQPN L I TC P RS E V L TS A L A V YMNS P
VQN Y TH - - V L E K L EM I WE F FMTNMNS L F PGC L D I D T L GEC L A A L AN T - - - - - - - - - - - - A E K T I F RN L HS S - L QQGC PN L V L CS PS E I L L S T V A V YMN T L
QQL - GD AS GS T K L GV I WNN YMRDMK A F L PDS L D V PS L GY L L E I L ANS H RED EGDMS QRD K T RT I L RE L PNG - I AS GRPN L I I C PS E E I L I S C I S I YMNS K

1728
1766
1806
1842
1797

1814
1852
1893
1926
1894

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

RQP L P T FD E V L L C T P A T T I E E V E L L L RRC L TS GS QGH K V YS L L F ADQL S Y E VGCQA E E F FQS L C T RAH RED YQL V I L CD A A REHC Y I PS T FS QY K V P L V P
S QP L P T YD E V L L C T P A T T F E E V A L L L RRC L T L GS L GH K V YS L L F ADQL S Y E V A RQA E E L FHN L C TQQH RED YQL VMVCDGDWEHC Y L PS A FS QH K V F V T P
NQP L P T FD E V L L C T PQT T A EQVGL F L RRC L I PGS EGE K I Y TML F AD E L S YD VS C RA E E L FQH L - - QGYNS T Y RL I I L CNC E REHC Y I PS V FS QY K VHM I P
NQP L PS YD E V L L C T VQT T F E E V E L F F RRC L T TGYNGK K I YS L L Y AD E L S YD I A Y K A EQL FQQL - QKQCGPN YN L V I L CNC E REHC Y I PS A FS QY K VH I T P
N E P L P T YD E V L L CS A T T P Y E E V E L F L RRC L S AGY RGK K I Y TML Y VNQL N Y E VS Y K V E K F FQNQ - N AH T TND Y RL V L I C ES N K EH A Y L PS A FS QF RL H L I P

1815
1853
1894
1927
1895

1914
1952
1991
2025
1993

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

QA P L PN I QA Y L QS H YQV P K RL L S A A T V F RDGL C VG I V TS E RAGVGKS L Y VN T L H T K L K A K L RD E T V P L K I I RL T E PH L D ENQV L S A L L P F L K E K YQKMP V
QA P L E A I QA Y L AGH Y RV P KQT L S A A A V FND RL C VG I V AS E RAGVGKS L Y V K RL HD KMKMQL N V KN V P L K T I RL I D PQVD ES RV L GA L L P F L D AQYQK V P V
QRP L T E I QQY L QHH Y RV AQPS NS A AGV F KGS TC VG I VS S K RAGVGKS L Y V K RL H E RL E AQQPDC T E L L K T I RL I E P A VD ED K V L QS L L P F L ES QQP T K PM
H K P L PD I QH Y L EHH FN V K TD TNS A AC V F KNG I S AG I V AS K RAGVGKS L Y V K RL Y E K L MS T F PS KN P I L K I I R I I S P K VD E T K I L QK L L P F L S RE Y KN KQ I
QQP I PS I QQY L H RH F A V P VG I S S A A A V F KD RQN VGV VS S E RS GVGKS L Y I K RL Y E K L K L NS K K PS Q - L KC I RL T E P K VD EN V I I QS L I S V L K KND L S - - -

1915
1953
1992
2026
1994

2014
2052
2091
2125
2089

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

I FH I D I S TS VQTG I P I F L F K L L I L QY L MD I NGK I WRRS PGH L Y L V E I PQGL S VQP K RS S K - L N A RA P L F K F L D L F P K V TC RP P K E V I DME L - - - - - T P E R
L FH L D V TS S VQTG I WV F L F K L L I L QY L MD I NGKMWL RN PCH L Y I V E I L E RRTS V PS RS S S A L RT RV PQFS F L D I F P K V TC RP P K E V I DME L - - - - - S A L R
I FH FD I TS S VQS GV P E F L F K L L V L QY L TD ANGNMWL RQKCH L Y V I E I L E - VS P L PQQT VS - - - - VS QK YN F L D V F P K VMC KS P K E V L EME T - - - L K RQP R
I FH I D I TS S VNS GVS E F L F K L F V L QY L S DS EGR I WK RKQCH L Y I V E I L ES S N V I F PMH T K - T I PN I I KGH F I DC F P K I L C L S P K E V L A K L T - - - EN P L T K
V YH FD V T TMV K KGL H E F L F RL L I L GY L MDS KGNMWKS S N KH L Y V I E I L RPGL S QND RRAG - - - - A K VS FN F L D V F P I V YC RS P K E V L E L EMRME EH PS FG

2015
2053
2092
2126
2090

2108
2147
2183
2221
2185

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

S H TD P AMD P V E FCS E A FQRP YQY L K RFHQQQN L D T FQY E KGS V EGS P E EC L QH F L I YCGL I N PS WS E L RN F AWF L NCQL KDC E AS I FC KS A F TGD T L RGF
S D T E PGMD L WE FCS E T FQRP YQY L RRFNQNQD L D T FQYQEGS V EGT P E EC L QH F L FHCGV I N PS WS E L RN F A RF L N YQL RDC E AS L FCN PS F I GD T L RGF
D AS D PGMD E E E FHS E A FQRP FQY L RRFDNGHN L D T FWY K AHS V EGS P A EC L QV F L L HCG I VD PS WS E L RN F TS F L N VQL RDC E AS V FCN P E F VQD T L QGF
DCGD PGMD YQE FQS E Y FQRP FQY L I RF EQRQN L D T F T Y RKGS V EGN P A RC L Q I I L MYCG I I D PS WS E L RN F AWF L N L QL KDC ES S I FCNH E L VGD T L QGF
L S DD P L MDDQE F RS E A YQRP YQY L QRF YNG I N L D E F L YQ - - GV EGS H V EC L QML F E YCG I I D PS WA E L RN F AWF L N L QL QDC E KS V FCD FS F VGD T L L GF

2109
2148
2184
2222
2186

2208
2247
2283
2321
2283

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

KN F V V T FM I L MA RD F A T P T L H TS DQS PGRQS V T I GE V V E ED L A P FS L RK RWES E PH P Y V F FNGDHMTMT F I GFH L E TNNNGY VD A I N PS NGK V I K KD VMT
K K F V V T FM I FMA RD F A T PS L H TS DQS PGKHMV TMDGV RE ED L A P FS L RK RWES E PH P Y V F FNDDH T TMT F I GFH L QPN I NGS VD A I S H L TGK V I K RD VMT
KN F V V T FM I L MA RD F A T PS L H I S DQS S GRQS FN L ED VS E ED L L P F R I RK KWES EHH P Y L F FNGD RVS MT F I GFH FQPNGAHGVD A I N P L NGK V I K RN I MS
KN F V VN FM I L MA KD F A T PS L H I ADQS PGRL TMN L DGVQE E E L A P F L I RK RWES E PH P Y I F FNDDH VS MT F I GFH L R I NN TGGVD A I D P RNN RV I REN VMT
KN F V V E FM I L MA KD F A T PS L S I S DQS PGRL H ED FS S AN E ED L A P F K I RK RWES E PH P Y I F FNDDHDS MT F I GFH L QPN AQKGVD A VD PS NN RV I KQN I MT

2209
2248
2284
2322
2284

2308
2347
2383
2421
2383

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

K E L FDGL RL QRV P FN I D FDN L P RY E K L E RL C L A L G I EWP I D PD E T Y E L T TDNML K I L A I EMRF RCG I P V I I MGE TGCGK T RL I K F L S D L K RGS V E A E TMK
RD L YQGL L L QRV P FN VD FD K L P RH K K L E RL C L T L G I PQA TD PD K T Y E L T TDNML K I L A I EMRF RCG I P V I I MGE TGCGK T RL I K F L S D L RRGGTN AD T I K
S QL YHGL L L QRV P FD VS FDS L S RL E K L D RL CMV L G I P Y V TD PD E T Y E L T TDN V L KML A I EMRF RCN I P V V I MGE TGCGK T RL VN F L C K L RRS F V E V ENMK
QQL YQGL QL QRV P FN I D FD K L P RD E K I D RL CMV L G I QWP FD PDD T Y E L T I DN I L K I L A I KMRF RCG I P V I I MGE TGCGK T RL I K F L CS L C KGF A E T ENMK
ME L Y EGL K L QRV P FN I D FDQL P RWE K I E RL S RV L G I QWP L D PD E T Y E L T TDNML KML A VHMRF RCG I P V I I MGE TGCGK T RL I K F L C EMH RS GV A TDNMK

2309
2348
2384
2422
2384

2408
2447
2483
2521
2483

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

L V K VHGGT T PS M I YS K V K E A E RT A FS N K A - - QH K L D T I L F FD E AN T T E A VS C I K E I L CD RT VDGEH L H EDS GL H I I A ACN P Y RKHS QEM I L RL ES AGL GY
L V K VHGGT T ADM I YS RV RE A EN V A F AN KD - - QHQL D T I L F FD E AN T T E A I S C I K E V L CDHMVDGQP L A EDS GL H I I A ACN P Y RKHS E EM I C RL ES AGL GY
L V K VHGGT T A EM I Y A R I K E A E A L A I AN K K - - QHGL D T V L F FD E AN T T E A VS S I K E V L CDH T V EGK P L V PCS GL Q I I A ACN P Y RKH T P KM I QRL E L AGL GY
L V K VHGGTS ANM I YN K I L E AQE I A L FN KQH T E FS CD T V L F FD E AN T TD A I S S I K E A L CDH T V EGK P L K KNS GL R I I A ACN P Y RKHS DDM I K RL ES AGL GY
L V K VHGGTS S EM I Y T K V RE A E AMA L RN K L - - D YGFD T V L F FD E AN T T E A I S S I K E I L CDNS A EGQN L T EN TGL K I I A ACN P Y RKH TD VM I K RL ES AGL GY

2409
2448
2484
2522
2484

2506
2545
2581
2621
2581

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

RVS A E E T AD RL GS I P L RQL V Y RVH A L P PS L I P L VWD FGQL NDS A E K L Y I QQ I VQRL VDS VS VN PS E TC V I AD V L S AS QMFMRK REN ECGF VS L RD V E RC V
RVS ME E T AD RL GS I P L RQL V Y RVH A L P PS L I P L VWD FGQL S D V A E K L Y I QQ I VQRL V ES I S L D ENGT RV I T E V L C AS QGFMRK T ED ECS F VS L RD V E RC V
RV K AD E T K E K L GS I P L RQL V Y RVH A L P PS M I P L VWD FGQL NN L T E KMY I QQ I VQRV T EH I RVDQA E V K V I A E V L I VS QQYMRQRDD ECS F VS L RD V E RCM
R I RA E E T K E RL GS I P L RQL V Y RVH A L P PS MMP L VWD FGQL NN E T E RK Y I QQ I V L RL A K E I Q I S S ND I QL L TD V L S AS QS YMRKMKD ECS F VS L RD V E RC I
RV RA E E TD E K L GS I P L RQL V Y RVQA L P PS M I P L I WD FGQL NDH T E KMY I KQ I V E RV A E THS I DS GY I T V I TD V L S AS QK YMRT RQD ECS F VS L RD V E RCM

2507
2546
2582
2622
2582

2606
2645
2681
2721
2681

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

K V F RWFHDHS DML L K E L D K F L H ES S D - - - - - - S TH T F E RD P V L WS L VMA I GVC YH AS L E E K AS Y RT A I A RC F P K P YNS S RA I L D E V TH VQD L F L RGA P I R
K V F RWFH EHS AML L AQL N A F L S KS S V - - - - - - S KNH T E RD P V L WS L ML A I GVC YH AS L E K KDS Y RK A I A RF F P K P YDDS RL L L D E I T RAQD L F L DGV P L R
E V F KWF Y K RS D L L L GE L E K Y L E K RA - - - - - - - - L KS P E RNN V I WS L V L A VGVC YH AS L E K K E A Y RN A I S K V L P K P YD TQK K I L E E I S VMQD L F L S GVH L R
E V F KWF YNHS AQL V KH L KQMV E K E R - - - - - - - - K F Y I TS N V V AWS L V L A VGVC YH AS L E T K KS Y RK A I C K F F P E P Y RNHS E I L E E I S RVQD L F L S GVD L R
QV FGWF Y K KH L ML L S E L D K F ES I QRT E K TDQH P KD TD E RN P I L WS L L MA VGVC YH AC L ED K E K Y RK K I C K Y F P A A Y - S PMK VMQE I S V I QD I F L EGV PMG

2607
2646
2682
2722
2682

2700
2739
2773
2813
2780

Extended Data 1- page 3

AAA1

AAA2AAA1

AAA3AAA2

A

S2

A

B S1

S2

IR3

IR3

Linker



M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

TN I A RN L A L K EN V FMMV I C I E L K I P L F L VGK PGS S KS L A K I I V AD AMQGQA A FS E L F RC L KQVH L VS FQCS PHS T PQG I I S T F KQC A RFQQGKD L GQY VS
K T I A KN L A L K EN V FMMV VC I E L K I P L F L VGK PGS S KS L A K T I V AD AMQGP A A YS D L F RS L KQVH L VS FQCS PHS T PQG I I S T F RQC A RFQQGKD L QQY VS
D T I A RN L A L K EN V FMMV I C I E L K I P L F L VGK PGS S KS L A K T I V AD AMQGQA AHS D L F KD L KQ I H L VS FQCS P L S T P EG I I GT F KHC A RFQDGKN L E E Y VS
E T I A RN L A L K EN L FMMV I C I E L K I P L F L VGK PGS S KS L S K T I V AD AMQGQA AHND L Y KD L KQ I H L VS FQCS PHS T P EG I I GT F KHC A RFQE A KN L K E Y VS
EN I A RNN A L K EN V FMMV I C I E L R I P L F L VGK PGS S KS L S K T L V ADGMQGQA AHS D L F RK L KQ I H L VS FQCS PHS T P EG I I N T F KQC A RFQEGKN L S E Y VS

2701
2740
2774
2814
2781

2800
2839
2873
2913
2880

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

V V V L D E VGL A EDS P KMP L K T L H P L L EDGC I EDD P A P Y K K VGF VG I S NWA L D P A KMN RG I F VS RGS PN E K E L I ES A EG I CS S D RL VQD K I RGY F A P F A K A Y
V V V L D E VGL A EDS P KMP L K T L H P L L EDGC I EDD P A PH K K VGF VG I S NWA L D P A KMN RG I F VS RGS PN E T E L I ES A KG I CS S D I L VQD RVQGY F AS F A K A Y
V V V L D E I GL A EDS P KMP L K T L H P L L EDGC I DDD P L PH K K VGF I G I S NWA L D P A KMN RG I F VS RGD PS K E E L I ES A KG I CCS A RGA L H K V EQY FHH F AN A Y
V V V L D E I GL A EDS P KMP L K T L H P L L EDGC I DDD P K PH K K VGF I G I S NWA L D P A KMN RG I F VS RGD PH RD E L I ES A TG I CS S D K L I L GK V E A Y L PGF A E A Y
V V V L D E I GL A EDS QKMP L K T L H P L L E EGC I DDQPS PH K K VGF I G I S NWA L D P A KMN RG I F VS RGD PD EN E L I ES A KG I CS S D VM I L E K V REC F K P F AH A Y

2801
2840
2874
2914
2881

2900
2939
2973
3013
2980

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

DGA ES RY L L V L T RN Y V A L Q I L QQT F F EG - QQP E I I FGS S F PQDQE Y TQ I C RN I N RV K I CME TGKMV V L L N L QN L Y ES L YD A L NQY Y V Y L GGQK Y VD L GL G
ED A ES RY L L V L T KN Y V A L Q I L QQT F F EGDQQP E I I FGS GF P KDQE Y TQL C RN I N RV K I CME TGKMV L L L N L QN L Y ES L YD A L NQY Y VH L GGQK Y VD L GL G
EDGDC RY L L V L T EN Y A A L Q I L QQA F F T A RQQP E I I FGS S F P KDQE Y TQ I C RN I N RV K VCME TGQMV V L L N L QN L Y ES L YD A L NQY Y V Y L AGQK Y VD L GL G
DD T EC RY L L V L T RN Y A A L Q I L QQK FC T E T KQP E V I FGS GF P KDQE Y TQ I C RN I N RV K I CME TGQMV I L L N L QN L Y ES L YD A L NQY Y V Y L AGQK Y VD L GL G
QD E EC RY L L V L T KN Y A A L R I L QQT F FS DQCQP E I I FGS S F P KDQE Y TQ I C RN I N RV K I CME TGQT I V L L N L QN L Y ES L YD A L NQY Y V T L GGQK Y VD L GL G

2995
3035
3063
3103
3068

3093
3134
3162
3202
3167

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

TH RV KC RVH T A F RL I V I E E KD V V Y KQF P V P L I N RL E KH Y L DMN T V L QPWQKS I VQE L QQWAH E F AD V K ADQF I - - A RH K YS P AD V F I GYHS D AC AS V V L Q
TH RV KC RVH PN F RL I V I E E KD V V Y KH F P I P L I N RL E KH Y L D I N T V L E KWQKS I V E E L C AWV E K F I N V K AHH FQ - - K RH K YS PS D V F I GYHS D AC AS V V L Q
TH RV KC RVH P K F RL I V I E E KD V V Y KH F P I P L I N RL E KH Y L D I S T V L D K EQRE T V K E L K KWV RD F V A VN T REH L V - NQQN YS PS D V F VGYHS D TC AS V V L Q
TH RV KC RVHQN F RL I V I E E K E V V Y KD F A I P L I N RL E KH Y L D I Y T V L T K EQK A I V E E L K VWV KD F I T A K TGN FMG - GQQD YS DS D V F I GYHS D AC AS V I L Q
TH RV KC RVH KD F RL I V I E E KD I V Y KQF P I P L I N RL E KH Y L D L N T L L KS EQKD I V KN L EQWVQC F TD V KN KHS V A PS A RRYS P AD A F I GYH TD TC AS V VMQ

3094
3135
3163
3203
3168

3191
3232
3261
3301
3267

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

A V E RQGC RD L T E E L Y RK VS E E A RS I L L DC A T PD A V V RL S GS S L GS F T A KQL S QE Y Y Y AQQHNS F VD F L QAH L RMTHH EC RA V F T E I T T FS RL L TGNDCD V
V I E RQGP RA L T E E L HQK VS E E A KS I L L NC A T PD A V V RL S A YS L GGF A A EWL S QE Y FH RQRHNS F AD F L QAH L H T AD L E RH A I F T E I T T FS RL L TS HDC E I
T T E RL K A AC P PS QL MA RV K A E AQL A L L NC A T PDS V I RL CN - S GGL F RTDS L AN V Y F KQQQHS S F AD F L RAH I RS GS - ECQT V F T E I T T FS RL L TS ADS AC
V T EN L KQNS P Y T EN I T E V K K A A KS T L L NC T T PD A V I RL GN - - - - - - - - KD L TD E Y F K I QKHS S L L E F L FDH ANS RS - DQP V V F T E I T T FS RL L TS AD RK I
V T EQL KGQE L - S D P RKG I L D ES K L I L L NC A T PD A V V RL DC TS L FN V ES EH L S RV Y F EDQMHNS L A E F I L S H I QQEG - CS GA F F T E V T T FS RL L T AS E TQ -

3192
3233
3262
3302
3268

3291
3332
3359
3392
3364

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

L AS E L RGL AS K P V V L S L QQYD T E YS F L KD V RS WL TN PGK RK V L V I QAD FDDGT RS AQL V AS A K Y T A I N E I N K T - QGT KD F V F V Y F V T K L S RMGS GTS Y VG
L ES E V TGRA P K P T L L WL QQFD T E YS F L K E V RNC L TN T A KC K I L I FQTD F EDG I RS AQL I AS A K YS V I N E I N K I - REN ED R I F V Y F I T K L S RVGRGT A Y VG
L E RE VQGK AQRPQ I L F L QQFD T E YS F L KG I RD F L E A TS GN K V L I I QAD F EDGS QN AQL V AS A K Y T V VN E I N K A - N L GE AS V F V Y F I MK L S RV EGGTS Y VG
L E L E FN KQ I KS I E I L S L QQFD T ENS F L KQ I RS S L EC T AGKH I L I I QTD F ENS S Q - AH L V AS A K YS L VN EMF K I - N L RE I S V F V Y F I T K L QRMQGGTS Y TG
- - - QL QN V VQN I E L L S L QQFD T EQS F L K K I KN Y L EN T TGD K I L L I QTD FD EGFQK L N V I AS A K YS S I N E I N K F K K EGS GK I F V Y F I T K L P RMDGGTS Y I G

3292
3333
3360
3393
3365

3390
3431
3458
3490
3461

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

FHGGL WRS VH I DD L RRS T I MAS D V T K L QN V T I S QL F K P ED K P E - - - - - - - - - - - - - - QE EME - - - - - - - - - - - - - - I E TS QS - - - K E - L A E EQME V EDS E
FHGGL WQS VH I DD L RRS T L MVS D V T RL QH V T I S QL F A PGD L P E L - - - GL EH RA EDGH E E AME - - - - - - - - - - - - - - T E AS TS GE V A E - V A E E AME T ES S E
FHGGL WQS VH I DD L RRS KDM I S DMS V L QN L T I S QML CDDS GK A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - RA P P ANGE E E - E E E REGE A E - - -
F RGGL WQS VH I DD L RKS N YMVS D I T A L QS L T I S QL FC E V PS P EMME V T L RE P V ES S RK EN L QD TGREMD V EMFQDDN E A PC AMD I E ENN AD A AME T E RE R
FNGGPWKS I H I DD L RRP KD I VS D I K A L QGL T I S QL F E E K A E K V - - - - - - - - - - - - D E T E AME - - - - - - - - - - - - - - V EDMY AGGED E - ED E E KME L E ENN

3391
3432
3459
3491
3462

3458
3513
3520
3590
3534

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

EMK K - - - - AS D P RS CDCS - QF L D T T RL VQS C VQGA VGML RDQN ES C A RNMRRV T I L L D L L N EDN T RN AS F L RES KMRL H V L L N KQE ENQV RS L K EWV T RE
K VGK - - - - E TS E L GGS D V - S I L D T T RL L RS C VQS A VGML RDQN ES C T RNMRRV V L L L GL L N EDD ACH AS F L RVS KMRL S V F L K KQE ES QFH P L - EWL A RE
- - - - - - - - AS V P E A EHC EGE V L D I V V L L RS C VQS A VGML RDQN EN L S RS RRR I E I L L S L L S K EDGL K AS F L K T T RA RL S S L L K KQE ENS FQP K - NWV L RA
NWN K T E A EMRA T K I L ACQ - E I L D T TML I RS C L QS A I GML KDDDS I VS RS T RR I E I L I TML S T EDQL K AS F L K I L K V RL QGML ENQEGN A I S FS A EWV V RE
- - - - - - - - - - - - - - - GC K - D V L D T T A L V RS C VQS A VGML RDQT EGGMRS T K RV E I L L ML L A EDQT L QA E F L K T L K T RL HS L L V AHDDN T I S A K - S WVS RE

3459
3514
3521
3591
3535

3553
3607
3611
3689
3617

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

A ANQD A L QE AGT F RH T L WK RVQD V V T P I L AS M I AH I D RDGN L E L L AQPDS P AWVQD L WMF I YS D I K F L N I S L V L NN T RS NS EMS F I L VQS HMN L L KD A YN
ACNQD A L QE AGT F RH T L WK RVQGA V T P L L AS M I S F I D RDGN L E L L T RPD T P PWA RD L WMF I FS D TML L N I P L VMNN E RH KGEMA Y I V VQNHMN L S EN AS N
AS N L S A L QE AGT F RH T L WK RVQK A I TQF L A L L I A V I D RNGN L E L L A RP - AS EWV TN L WMF I FS D T K L L T V PS GVGKNS S QT E I - - I L VQNS MMVS AD AGN
AS N PD A L QE AGT F RQT L WK R I QRA V T P F L AQ I L S V VD L D AN L E I L VD PD VDD FMRL L WMF I FS NQK L L N I S CNQNHS S QNDN I T - - VMKN YMN I S L C KGN
A L N VD A L H EGGT F RH A L WRRVQA V V T P F L AQL VS V VD RDCN L D L L L D RNS GE P L K K L WL E I F RDD K F L S VS P Y T RT ENNS A T K T - I L VQN YMS VD RN KGC

3554
3608
3612
3690
3618

3653
3707
3708
3787
3716

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

E T VC - - - QKQD K E F FGL RD Y YS L I KMV F A K A K AS K RGL S PQD I TH A V L RN FS GKDN I QA L S I F T AS L P E A RY - - K E E VS T V E L I KQN I Y - PGPQAS S RGL
E T VC - - - K RQD K E F FGL RD Y YS L I KMV F A A A K AS N RK PS PQD I AQA V L RN FS GKDD I QA L D I F L AN L P E A KC - - S E E VS PMQL I KQN I FGPS QK V PGGEQ
E I I C - - - K AQD RE F FGL RD Y YS L I KMF F A L V KS S KS E P T P RD I A E V V L RN FS GKDD I N A L E I F TS QL P E KGE VN AHD I S R I E L I RQN I YS S S - - - - - - - -
QK L C E TQK KQK K E F FGL RD F YS L I KMV FS F T K RS EN E PN AQE V A RA V L RN FS GKD E VD A L S V F I P E - EDMK Y - - I K E I N T I D L VMEN I RS DN - - - - - - - -
L R I C - - - K KQE KGF FGL RD Y YS L I KMMF A V A K ACDQK PS A EQ I V K A V L RN FS GKDD VD A V T F F TS RL N I K P E - - L E T I S A I E L V REN V T A I G - - - - - - - -

2901
2940
2974
3014
2981

2994
3034
3062
3102
3067

Extended Data 1- page 4

AAA4AAA3
A

B S1 RF

S2
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M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

A V P FS WR I RD Y L E E L WVQAQY I TD T EGL S K K F V E I FQK T P L GV F L AQF P V AQQQK L L QS Y L KD F L L L TMK VS S RE E L MF L QMA L WS C L RE L QE AS GT PD E
N V P FS WK I KD Y L E E L WVQAQY I TD A EGL P K K F VD I FQQT P L GRF L AQL HGE PQQE L L QC Y L KD F I L L TMRVS T E E E L K F L QMA L WS C T RK L K A AS E A P E E
KMP FS WR I K E Y L D EMWL K AQY I QS T EDQA EN F VD I FQK T A L GE F I S A L T EGE RQE L FQC Y V I D F I V L T I GVS S T K E L QC L QL A F L S C I E EWK A AS P RRQE
Y V P FS WK I KD Y L EN I WAQAQY TCGME A V EMK F VS I FD KGP L GE Y I S S WKDS E RQK L L VC YQRD F I L L TMS MTS VQE L E FME F A FS S C I ED F RVS KG I E E -
TMP FS WR I KD Y L ED L WKH A - - L QQEGH T V KQF E E F FWK T P L GRY I S E A TN EMQME F F Y RY L QD F I S MTMN V TS E VD F E V L RGA F TS S VN E V R I AH E AH ES

3654
3708
3709
3788
3717

3753
3807
3808
3886
3814

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

T Y K F P L S L PWVH L A FQH F RT RL QN FS R I L T I H PQV L S S L S - QA A E KHS L AGC EMT L D A F A AMAC A EML KGD L L K PS P K - - AWL QL V KN L S T P L E L VCS EG
E - - - - VS L PWVH L A YQRF RS RL QN FS R I L T I Y PQV L HS L M - E A RWNH E L AGC EMT L D A F A AMAC T EML T RN T L K PS PQ - - AWL QL V KN L S MP L E L I CS D E
A - - - MPC L PWVH L GYNQF KS RL QN FS R I L A VH PS V VD P L L - N V K ED - GV PHS KMV AD I L A A I VC A E E L ENHMQA A P P E - - VWL QK V KN L QMP I E F I C KD K
- - - - - VS L PWVH L A FN K FQH RL QT FS R I I A I N PN V L DS L AS K I N E L KS P TS S EM I L D I FS G I AC L E I L KN T L VQPN PQ - - AWL RK V KN I QV P I E I I CS EN
E - - - A L S L VW I H V A YHH F KN R I QN L H RMMS L E PQ I S QML L - EN RY - - AS EGK E L V L D V L A A V AC I E Y L E PQN L DGDDQS L AWL RRV K K L QV P V E L VCS L E

3754
3808
3809
3887
3815

3850
3900
3901
3979
3908

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

Y L CDS GS MT RS V I QE V RA L WN R I FS I A L F V EH V L L GT ES H I P E L S P L V T T Y VS L L D KC L E EDS N L K TC RP F V A VMT T L CDC KD K AS K K FS RFG I QPC F I C
HMQGS GS L AQA V I RE V RAQWS R I FS T A L F V EH V L L GT ES RV P E L QGL V T EH V F L L D KC L RENS D V K THGP F E A VMRT L C EC K E T AS K T L S RFG I QPCS I C
S L QRS D V RCHQL L KQL QTCWD RV FCMS L F V EH V L L GTS A L MP E V EN I V K KH T L L L A RC F E ENS DMK T RP T F V A VMK V L C KC K ED VS S RL Y RYD L KQCS I C
Y I QDS S S WS KQA I EN I RA EWNC V FS MA L F V EH V L MD E T TQS S EMQT L L I E K T RL L GKC L E E F TD L KS QRP FQV V I D V L KNC RE A FGKS V I RFGVS PC P VC
S L HN RGD RC RQMV TN I QHGWRR I YS L V L F V EHML L GVGD L QQK L K P V V L EH TQL L AQV L EQDS N L K K K K P F E A V I T V L K TC KD K AS QR I I RFGL QL C P VC

3851
3901
3902
3980
3909

3950
4000
4001
4079
4008

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

HGD AQD P VC L PCDH V YC L RC I QTWL I PGQMMC P YC L TD L PD K FS P T VS QDH RK A I E KH AQF RHMCNS F F VD L VS TMC F KDN T P P E KS V I D T L L S L L F VQK
L GD A KD P VC L PCDH VHC L RC L RAWF AS EQM I C P YC L T A L PD E FS P A VS QAH RE A I E KH A RF RQMCNS F F VD L VS T I C F KDN A P P E K E V I ES L L S L L F VQK
HGE P KD P VQL CCNH A FC E KC I RAWL I P AHMHC P L C RV A V EDD - N L T VN K E L S A A I A KN A L F RQRCNN F F I D V V T TMC F KDN E P PD T A V I QE L L S L L F V Y R
QDD P KD P VC L TCDH V YCQS C I S QWL D L GH KS C P L C K T E L P EN FN I T VS A KH RE A I E RN AN L RQKCDGF F I D V I C T L C F KDS T P PD KD V I I QL L S L L I TN K
MGD P RD P L S L PCDH I YC L TC I RQWL V PGQMHC P L C VQE V PDN F E L K PS D E L RRL I S QN AS F RMRCN A F F I D L VS TMC F KDN T P PS KD I I L H L L S L L MV E A

3951
4001
4002
4080
4009

4050
4100
4100
4179
4108

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

E L L RD AS QKH REH - T KS L S P FDD V VDQT P V I RS V L L K L L L K YS FH E V KD Y I QN Y L TQL E K K A F L T E - D K T E L Y L L F I S C L EDS VHQK TS AGC RN L E - QV L
GRL RD A AQRHC EH - T KS L S P FND V VD K T P V I RS V I L K L L L K YS FHD V KD Y I QE Y L T L L K K K A F I T E - D K T E L YML F I NC L EDS I L E K TS A YS RND E L NH L
GL L GD - S D RP A A Y - T K L L S P FD E E VD E T P V I RS VML K L L L K YS FS E V KND VQD Y L C RV EHS C I L D K RD K K E L Y L L F VNC L EDS T RD KS EGS L GC E RVNS L
EC L I GKS GS - KN Y - T KS L S P FD ES VD KN P V I RS V V L K L L L K YS F P E I KN Y I QRY L S S VH KS VML S KQD I RE V YML F VS C L EDS MY E KN L S S GE YN KH L Y L
S S L P P F KGRD RRF L T K A L S P FDDS VD KN P V V RS V V L K L L L N YS FDH V KD Y L QQH L T E V EQS K I L E E TD K A E L YC L YMNC L EDS MYD RTQWH T V A EQQNC F

4051
4101
4101
4180
4109

4147
4198
4198
4277
4208

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

RE EGH F L RT YS PGL QGQE P V R I AS V E Y L QE V A RV RL C L D L A AD F L S E L QEGS E - - L A ED K RRF L KH V E E FC T RVNNDWH RV Y L V RK L S S QRGME F VQS FS
E E EGRF L K A YS P AS RGRE P AN E AS V E Y L QE V A R I RL C L D RA AD F L S E P EGGP E - - MA K E KQC Y L QQV KQFC I RV ENDWH RV Y L V RK L S S QRGME F VQGL S
PGD RGF P EN Y L P KS NQGA P - QES S V E Y L QA V A K V RL Y L T K A A E L L YD L H E L P EQDQV E E K K RY L EN V K V FCD L T RNDWH RV Y L V RK I AH L YGME F AQK L V
KH E EH F L QQY L KS T KGT AH - K ES S V E F L S G I A R I RL A L D V A A E I F F E VQ - - - - - - - S DGANN V L QE V K K FC AQS DNDWY RV Y L I RK L AN L HG I E A VQK Y F
L E E T RF L L E F L QS DS VS A - - H T A T V EH L QRL A RV RL C L DMA AD L L V AN AG I HD - D PS A F I QA FWNN V VN L C RQS RNDWY RV Y L I RK L CS L QGV EC V KN L L

4148
4199
4199
4278
4209

4245
4296
4297
4369
4305

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

KQGH PCQWV F P RK V I AQQ - - - KDH VS L MD RY L VHGN E Y K A V RD A T A K A V L EC K T L D I GN A L MAC RS P K PQQT A Y L L L A L Y T E V A A L Y RS PNGS L H P E A KQ
K PGRPHQWV F P KD V V KQQGL RQDH PGQMD RY L V YGD E Y K A L RD A V A K A V L EC K P L G I K T A L K AC K T PQS QQS A Y F L L T L F RE V A I L Y RS HN AS L H P T P EQ
ME A R - FNWV F P V E I L RQV - - RHS QS NH I D RY L VCGKN Y K A L RD A VGK VM I EC K PQGL L E A E K AS GS T T A V RS VH L L L A V F RE V T A L YGFS DS S FH P KQQQ
KD RN - F RWL F P PQL FQK E - - - EDH I NQ I DML L V YGNN Y K L L RDG I GK A L I EC K E ES I I T AQKDC KS PD Y E L A A T L L L A I F K E I TMQH A V VNN RNQV P V PG
L QE T - Y RWL F PQE I L EMN - - - QDD - S Q I DQY L ACGAD Y K T I RD A V A K FML D L H I NG I QK A I EDCNC T PMK K A V Y V L MA F F RE V TS L H RTGN PNMH P K P EH

4246
4297
4298
4370
4306

4342
4396
4394
4465
4400

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

L E A VN K F I K ES K I L S D PN I RC F A RS L VDN T L P - L L K I RS ANS I L KGT V T EMA VH V A T I L L CGHNQ I L K P L RN L A F Y P VNMAN A F L P TMP ED L L VH A RTWR
C E A VS K F I GEC K I L S P PD I S RF A TS L VDNS V P - L L RAGPS DS N L DGT V T EMA I H A A A V L L CGQN E L L E P L KN L A FS P A TMAH A F L P TMP ED L L AQA RRWK
T RA L T E F I QNS K A L S P PD L QN F A TS L VMN A L PS V L S VD PQS FS S NGA L I EMA VH TMA V L L CGQN P I L RP L RN L A FS PH TME RA F L P TMP EDMV AQA RAWE
HS T V I A F I QN A RVHQND A I KQF VQS L L NNS RP - V L RV Y P KMS A I HS A V VGL AMH A A A V L L PGNN K Y L E P L RN L A F F P E KMQNS Y L P TMP ED L L E K A K T - -
C AGL EH F I KNS A I F VNN EMK A F A E K L V RNQL G - A L RV RPHMPS RD L S L V E V T I HMA A V L L CGN L L L L QP L QK L A L S PNNMMAS F I P TMPDDML A V AQQ - -

4343
4397
4395
4466
4401

4441
4495
4494
4562
4497

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

GL EN V TWY TC P RGH PCS VGECGRPMQES TC L DCGL P VGGL NH T PH EGFS A I RNN ED RTQTGH V L GS PQS S GV A E VS D - RGQS P V V F I L T RL L TH L AML VG
GL E RVHWY TC PNGH PCS VGECGRPMEQS I C I DCH A P I GG I DH K P RDGFH L V KD K AD RTQTGH V L GN PQRRD V V - TCD - RGL P P V V F L L I RL L TH L A L L L G
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A V PNMRWY VC PQGH YC A VGECGQPMQTS RC I DCGA A VGGEQHMPH AGF T V VNDQGD RT K TGH I L GD PDH RGAD I AS D - RGL T T P V Y I L L RL L TH L S M I L G
AMGH L QWY FC PNGH PC T VGECGQPME VS RC PDCD A E I GGS NH RP VDGF RAMQ I QAD RTQS GH I L GD AQRRD L PDMQD T KNMS P A P F A L L RL L THMS ML I G

4442
4496
4495
4563
4498

4540
4593
4593
4661
4597

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

A THN PQA L T V I I K PWVQD PQGF L QQH I QRD L EQL T KML GRS AD E T I H V VH L I L S S L L RVQ - - - - S HGV L N FN A E L S T KGC RNNWE KH F E - T L L L RE L KH L
AS QS S QA L I N I I K P P V RD P KGF L QQH I L KD L EQL A KML GHS AD E T I GV VH L V L RRL L QEQHQL S S RRL L N FD T E L S T K EMRNNWE K E I A - A V I S P E L EH L
A T KD PQS L RN I I K P P V RN P V T F L QQH I QED L AQL T R I L GKS VD E T I N I L H L V L GS L L KD PHQH P RQWP V E FDGV L S T KQK RN KWE E I V AN T V I I P E L EGL
A E KNMQN I RN I L N PQVQD V A L F L L RH I T RD L E L L K K I L GKS AD E T T I V VH L I L CQ I P RS S QQ - PGTWP VH FD E K L S T KNGRNNWE KQMA - T I I E P T I QN L
TQNN PQS I MQ I I K P A V VH PD A F L MQH L L KDMEQL S K A L GKGVDD T VS T I H L A I HS L L - E PHQ - TS QWPD P YD PN L S T KD A RNGWEN AMNND V I THH L K V L

4541
4594
4594
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4598

4635
4692
4693
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4695
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M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

D KN L P A I N A L I S QD E R I S S N P V T K I I YGD P A T F L P - - H L PQKS I I HCS K I WS C RRK I T V E Y L QH I V EQKNGK E T V P V L WH F L QK E A E L RL V K F L P E I L A L
D K T L P TMNN L I S QD K R I S S N P V A K I I YGD P V T F L P - - H L P RKS V VHCS K I WS C RK R I T V E Y L QH I V EQKNGK E RV P I L WH F L QK E A E L RL V K F L P E I L A L
D K K L VML N KQ I QED E R I S S N P I V K V V YGD P V T F L S - - QL P KDS H I HHS KMWS S RK R I S V EN L GH V VQQMN A KD T V P L L WK F L QK E P E L RL V K Y L P E I L A L
NQML L E VNN Y I RKD E R I S S N P I V K I V YGD P L I NGD PMT L P EDS D VHCS R I WS C RK R I S I EN L RH V VQQKNGKD V L P L L WT F L E K ES E L RMV KH L A E I L N L
EHQL K E VN A F I RED E RVS S N P VMK L T FGE PGRF L R - - S L PQNS L I HNS S I WS C RN K VS L MS L TH I V EQNNGRD T L P V L WRF L QRE A E L RL V RF L PD I L V L

4636
4693
4694
4760
4696

4733
4790
4791
4859
4793

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

QRD L V KQFQN VS RV E YS S I RGF I HS HS S DGL RK L L HD R I T I F L S TWN A L RRS L E TNGE I K L P KD YCCS D L D L D A E F E V I L P RRQGL GL CGT A L VS Y L I S L
QRD L V KQFQN VQQV E YS S I RGF L S KHS S DGL RQL L HN R I T V F L S TWN K L RRS L E TNGE I N L P KD YCS TD L D L D T E F E I L L P RRRGL GL C A T A L VS Y L I RL
QRD L V RL FQNS S D V K RC T I RE F L S E P L S D VMWV L L E RRVD V F L S VWN K L RS S L D TNGE V K L P KGYCD AD L T L DS K L E V L L P RRQGL GL CS T A L VS Y L I GL
QK E L I K Y FQNS S HME L K T I ND F L AS I L S DGA RH I FD K R I KMF L L TWN K L RDS V Y ANS D I K L A K EMCDS D L T E ES A F E F I L P RRRGKGL C A T A L VS Y L I S L
QRD L V K K FQN I TD L T Y K T I RE F L QDQK A AS L T AWY E K R I K I F L T TWNQ I RVS L AN TGE I K L P AD Y T E KD L GL D AD L QV L L PQRRGL GL CS T A L VS Y L I T I

4734
4791
4792
4860
4794

4833
4890
4891
4959
4893

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

HNNMV Y T VQK FS N EDNS YS VD I S E V AD L H V I S Y E V E RD L N P L I L S NCQYQVQQGGE TS QE FD L E K I QRQ I S S RF L QGK P RL T L KG I P T L V Y RRDWN Y EH L
HN E I V Y A V E K L S K ENNS YS VD A A E V T E L H V I S Y E V E RD L T P L I L S NCQYQV E EGRE T VQE FD L E K I QRQ I VS RF L QGK P RL S L KG I P T L V Y RHDWN Y EH L
QND F I H L VN KH I K ED A RY L I S PS E V AD L H L I S Y E V E RD L I P L I L S NCQYS ME KGGE T L QH FD L E R I QQQV I S K F L QGK P L I T L TG I P T L V Y RHD RN Y E E L
HNH F V Y E V E K Y L ND EQK YS I K AS D V L D VH V I GYD L E KD L MP I I L S NCQYS V ES GGE T L QE FD L RK I QRQ I TN RF L QGK P F I K V I GL P T F T PS HD RN F EN I
HND L MY T V E KH TGDDS D Y K I S P A E L T E L H V I RY E YD RD L L P L V L ANCQYS MECGQE T L L E YD L P K I QQQ I L T RF L QGK P L I T I NG I P T L VN RQD RN Y E I I

4834
4891
4892
4960
4894

4933
4990
4991
5059
4993

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

FMD I KN K - - MAQS S L PN L A I S T I S GQL QS YS D AC E A L S I I E I T L GF L S T AGGD PGMD L N V Y I E E V L RMCDQT - AQV L K A FS RCQL RH I I A L WQF L S AH KS
FMD I KN K - - MAQDS L PS S V I S A I S GQL QS YS D AC E V L S V V E V T L GF L S T AGGD PNMQL N V Y TQD I L QMGDQT - I H V L K A L N RCQL KH T I A L WQF L S AH KS
FND I RN KQGL HQS A L PS S VMN A I S GE L QS YS D VCD A L F V T E I A L E F L AMAGEN T EML L TD Y I EN V L QMGDQTN PH V L QA L RRCH L KH I I A L WQL L S TH KS
FMD V K K K - - L S QE P L PNS A I N V I C RD L NS YS D VC E A L H I T E V T L GF L AMS GGN E E T L L T T Y V E E I L QMADQ I N L H I L E A L K RCH L KHS I A L WQL L T A L KS
F KD V KGK - - VQQE L L QP L TQYD L V K E L QS YS D VC E A L S T V E L A VGF L AMTGGE PNMQL GV Y L KD V L QMTDHMA TH V F K A L S RCS L KHC V A L WQL L S S L KS

4934
4991
4992
5060
4994

5030
5087
5091
5157
5091

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

EQRL RL N K E L F RE I D VQY K E E L S TQHQRL L GT F L N E AGL D A F L L E L H EM I V L K L KGP RA ANS - - FN PNWS L KD T L VS YME T KDS D I L S E V ES QF P E E I L M
EQL L RL H K E P FGE I S S RY K AD L S P EN A K L L S T F L NQTGL D A F L L E L H EM I I L K L KN PQTQT E E RF RPQWS L RD T L VS YMQT K ES E I L P EMAS QF P E E I L L
EQL L RL RRD P F ED I S T E Y K AD L S P EMA K L L H T Y L VHS RL E T F L QE L H KM I I L K L K RV RS VD E - - F RP AWGL K ES L I P L L D E KD F E L A E E L QD A F PD E I H L
EH L L RL KMD P FDD VD KS Y KQH L N K VS QQQL NQF L EQNGT T L F L L E L H EM I I L K L KGKQY TD A - - F K P AWS L RD V L GP L L D A KDQP F - P EMDS D F P EQ I S L
E TML RL K RD P F VG I S K E Y KQP L QE EH K RL L TS F F T KS S AD A F L L EMH E F L L L V L KS P K A TD T - - Y RPDWRL KH T V VS YME RKD L D V P P E V E E F F P K E I L L

5031
5088
5092
5158
5092

5128
5187
5189
5254
5189

M.musculus
H.sapiens
G.gallus
X.laevis
D.rerio

S S C I S VWK I A A T RKWD RQS R
AS C VS VWK T A A V L KWN REMR
S H T A A TWK A A A A F K RE RREN
AHC V E AWK V A A A RNWN RL QK
S E Y TS TWN FS VN L RQK RS QS

5129
5188
5190
5255
5190

5148
5207
5209
5274
5209

Extended Data 1- page 6

E3-coreE3-shell

CTDE3-core

CTD

Multiple alignment of RNF213 orthologs. Sequences were retrieved from NCBI non redundant 
protein database or from UniProt reference proteomes with the following accessions: Mus muscu-
lus (NCBI: ref|NP_001035094.2 ), Homo sapiens (Uniprot: sp|Q63HN8), Gallus gallus (NCBI: 
ref|XP_015151083.1), Xenopus laevis (Uniprot: tr|A0A1L8ETH7), Danio rerio (Uniprot: 
sp|A0A0R4IBK5); sequences were aligned with MAFFT version 7.427 (28), and visualized with 
Jalview  (27). Alpha helices (grey) and beta strands (black) are derived from the cryo-EM structure 
and shown on top. Residues with no structural data are indicated by a dashed line. At the bottom, 
positions with MMD mutations are marked by polygons, where green represents a low (<15), 
magenta an intermediate (< 20) and red a high CADD score (>= 20). Arrows indicate domain 
borders. Within the AAA+ domains, functional residues for nucleotide binding and hydrolysis are 
indicated by letters (A, Walker A; B, Walker B; S1, sensor I; S2, sensor II; RF, arginine finger). 
Regions IR3, IR5, and the E3-RING are enframed.
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