9
This electronic thesis or dissertation has been ING S

downloaded from the King’s Research Portal at CO/ / eg €
https://kclpure.kcl.ac.uk/portal/ LONDON

Towards a better understanding of the mechanisms underlying myosin-related
congenital myopathies

Hau, Abbi

Awarding institution:
King's College London

The copyright of this thesis rests with the author and no quotation from it or information derived from it
may be published without proper acknowledgement.

END USER LICENCE AGREEMENT ‘@ @ @ @ \

Unless another licence is stated on the immediately following page this work is licensed

under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
licence. https://creativecommons.org/licenses/by-nc-nd/4.0/

You are free to copy, distribute and transmit the work

Under the following conditions:

o Attribution: You must attribute the work in the manner specified by the author (but not in any
way that suggests that they endorse you or your use of the work).

° Non Commercial: You may not use this work for commercial purposes.

o No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings and
other rights are in no way affected by the above.

Take down policy

If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing

details, and we will remove access to the work immediately and investigate your claim.

Download date: 13. Jan. 2025



Towards a better understanding of the mechanisms

underlying myosin-related congenital myopathies

Thesis for the Degree of Doctor of Philosophy

Hoi Ting Abbi Hau

Supervisors:

Dr Julien Ochala (Primary Supervisor)

Prof. Simon M Hughes (Secondary Supervisor)

Submission Date: 24" May 2022
Pages: 203 Words: 56,187

ING’S
College

LONDON

Centre of Human and Applied Physiological Sciences

King’s College London, UK



Table of Contents

HE] o] LT 0 0o ) =T o S 2
LI o L= TP PSPPSRIt 9
A o 4 o PSP SPOPPPRN 10
ACKNOWIEAZEMENTS ..ttt str e e st e e s stee e e sbeeeesssteeessnbeeeessteeessnseeessasseeesanes 11
Statement Of DISTUPLION . .ueiii it e e s ete e e s sbe e e e s bee e e s sabeeessnaeeeenses 12
FAY o] o] =V =Y d o o 1y PPPPPRN 13
(00 F=T o1 =T o USRI 17
GENEIAl INTFOAUCTION L.iiiiiiiiiii ettt et e rte e s te e st e e te e s baessate e sabeesabeesabaesbeessseesareenes 17
1.1. Congenital Myopathies and the MYH7 ZENE.........oooviiii e 17
1.2. MYH7 mutations cause several distinct clinical pathologies.......cccccvivieeeiiecciiieeee e, 19
1.2.1. Laing Distal Myopathy (LDIM) ......eeeciieiiiecieeciee ettt et e st tae e saae e sate e s teesraesnnne s 23
1.2.2. Myosin Storage Myopathy (MSIM).......ccceeiiir ettt stae e e st e b e eaae s 23

1.3. Basic muscle physiology and phenNOtYPe .......cooiciiieiciiie et 28
1.4. Myosin structure and fUNCLION ........oooiiiiii et e e e bee e e bee e e nreas 29
1.4.1. Muscle structure - from whole muscle t0 SAarcOMEre ........ccoccveviviieeiriiiee e 29
Y- T ole] o V=T o Tol= ELY =Y o] o] 1Y ST 30
L1.4.3. IMYHC | @XPIESSION w.uuueiiiiiiiiiiiiiiiiiiiieiereeereeereeeteteteteteeeteteteeaeeseeeeeeesesssesessssesssssssssssssssssssssssnnns 33
1.4.4. MyHC | in muscle deVelopmMENT......ccc.uiii ettt et e et e e aae e 34
1.4.5. Role of LMM region for MyHC | head functioning .........ccccoeeeiieiieiiee e 37

1.5. Zebrafish as @ model LDM and IMSIM ........cooiiiiiiiiieieiee ettt see e s e s sbee e s s rae e s s 40
1.5.1. Structure of zebrafish skeletal MUSCIE.........coociiiiiii e 42
1.5.2. Somatogenesis in ZEDrafiSh ......cc..ciiiiii e e 43

B ST UL a0 o T 1 YT P PP 46

(0 o T= o] =1 SRR 47
Materials aNd IMELROAS .........uiiiiiiee e e s e e e e e e s ree e e eaaes 47
2.1. HumMan MUSCle Biopsy SAMPIES ........uuvviiiiiiiiiiirieee ettt eeettree e e e e eeetrae e e e e eeesabraeeeeeesnnnsraeees 47
2.2, HUMAN BiOPSY ASSAYS tiiiiiiiiiiiiiiieieieieeiiessiessssss sttt ae st eee e e e e eeeeaeeeaeeeeeteeeeeeeseseeeeaeeeeeees 49
2.2.1. Measurement of myosin filament [eNgth..........cccviiiiiii i 49
2.2.2. Identifying proportion of SRX and DRX state in muscle fibres ........ccccovveeeeiieccviieeee e 50



Table of Contents

2.3. Zebrafish MaiNteNANCE ...cc.uiiiieeee et sare e 52
2.4. Generating zebrafish KO lines using CRISPR/Cas9 SYStEM .......ccceevueevieeniieniienieenieeseeseesreessee e 52
2.4.1. CRISPR/CAS SYSLEIM ..uviiuieeieereeteeteeteeteeeteeeteesteeste e be e beesteesbeesteesseessaesteesteesseenseesseesssensens 52
2.4.2. Identifying potential target sites for CRISPR gene editing .........cccceecveeeeiieeeecivee e, 54
2.4.3. gRNA synthesis for SMYNCL KO .......oooiiiuiiiiiiiiie ittt et e e tee e e e e 56
2.4.4. CRISPR iNJeCctions — SMYNCL ....cccoiiiiiiie ettt e e e e e e e sae e e e e e e e enreaeeeeeeennnnns 59
2.5. Generating smyhc2-5 KO mutants using Alt-R CRISPR Cas9 system .......ccceccuvvevrvveeercveeesinnennnn 60
P ST CT=T s To] 4/ o 11 o TS0 PP PPPPPPPPPPPPPR 61
2.6.1. DNA Extraction using alkaline lysis method ..........ccoocciiiieciii e 61
T A o 12 0 T=Y o LTy = o TP 61
2.6.3. High-Resolution Melt ANAlYSiS.....ccuiiiiciiiiiiiiie it see e e see e s e s e sbe e e s sbee e e 63
2.6.4, SANEEI SEOUEBNCING . ..ciiiiiteteeeieeeieeeee et ae bbb e st b e bt beee et et eeaeeeseteseseeeeaeeeaeeeaeeeeens 64
2.7. VisualisSing GENE EXPIreSSION ..ccccuiiiiiiiiieeeiiiieeeiieeeeeitteeeeeteeeestreeestbeeesssseeessssaeeesasaeeessreeesnnsseeann 65
2.7.0. RNA @XErACION ..eeiiiiiiiiiiiie ettt 65
2.7.2. CDNA SYNENESIS ..uutiiiiiieiiiiiiiiiee ettt e e e e e ecteee e e e e e st tte e e e e e seseastaseeeesesnsteeeeaaseesanssseeeeesennnsnes 66
2.7.3. RNA Probe SYNtNESIS .cciiuiiii ittt e rtee e s sbee e e s ree e e e sabe e e s saneeeesnreas 68
2.7.4. Embryo fixation — for in situ hybridisation ............cccoeeiii e, 68
2.7.5. Whole-mount in situ hybridisation (WISH) ........coiiiiiii e 69
2.8. Visualising Sarcomere Proteins Using IMmuNostaining .........cccociveeeiicciiieeee e, 70
2.8.1. Embryo Fixation — for immunostaining .......cccccovciiiiiiiiie e 70
2.8.2. IMMUNOSTAINING ON SECTIONS....cciieeie e ee e e e e rereseeeeeeeeaeaeaeseenns 71
2.9. Zebrafish sWimming VEIOCItY @SSAY.....ueiiiiiiiiiiiiieiiiiie et e e e rre e e e s aae e e s e e e e naaeeeas 71
(00 F=1 o1 <] e TSR 73
Characterising primary biophysical defects in the presence of MYH7 mutations...........ccccceeeuneee.. 73
I8 1) { oo [ o1 f [ o IS OO TSRO PP PPRRTUPPOTOURTOPRIN 73
B2 RBSUIES ettt ettt ettt ettt st e bt e e bt e e sate e s bt e st e e e bt e e be e e sateesabeesabeesbeeebeeebaeesareenns 76
3.2.1. Mutation in MYH7 show no change in myosin filament lengths ..........ccccccooeiviiiiinnnen. 76
3.2.2. Mutation in MYH?7 shifts myosin molecules in DRX state in patient fibres...........cc........... 78



Table of Contents

0 T B 1 1Yo U 13 o] o R 81

3.3.1. Sarcomere assembly remain intact in the presence of defective slow myosin molecules.81

3.3.2. Defective slow myosin MyBP-C binding domains destabilise myosin in SRX state............. 82
3.3.3. Mutations in myomesin binding site dispensable for sarcomere organisation.................. 83
334, CONCIUSION ...ttt ettt ettt et et e bt e b e e b e et e e beenbeenbeenbeenbeebeenrean 83

(0 o F= o] =1 SR 84
Identify zebrafish equivalent gene to human MYH7 ...t 84
i B 4 o T [U o1 o o OSSP U PP PR PP PO 84
B2, RESUIES ..ttt e h e bbbt s bt e st s e ne e sre e sae e sane s naee 88
4.2.1. zebrafish smyhc1-5, myh7, myh7] and myh6 show similarities to human MYH6/7 ........... 88
4.2.2. MYH6 and MYH7 diverged before lobe-finned and teleost separation.........c..ccccvvveeeeennn. 90
4.2.3. Amino acid sequences unique to MYH7 are found in smyhc1-5, myh7 and myh7I............ 93
4.2.4. Zebrafish smyhc1-5, myh7 and myh7/ syntenic to human MYH7 .......cccccovvvveiiciiieesiieeeennn, 98
4.2.5. LDM and MSM mutations affect conserved amino acids in MYH7 .......c.cccccoeviniinnennens 100
LG TR 1Y of U LY Lo o O SPOP PSPPSR 103
4.3.1. MYH6 and MYH?7 existed in the common ancestor of human and zebrafish ................... 103
4.3.2. Zebrafish smyhc1-5, myh7 and myh7/ are orthologous to human MYH7..........ccccceeuueee.. 104
4.3.3. smyhc1-5, myh7 and myh?7I exist from a teleost duplication event .........cccceeevcvveeeinnennn. 105
A.3.4. CONCIUSION ...ttt et ettt sttt et e b et e e be et e st e enteenseenseeas 106

(O o= o] ] TSR 108
Studying sarcomere assembly in the absence of SMYACT .........cooeieeeciiiiii i, 108
5.0 INErOAUCTION et ettt sttt e s bt e s bt e e sabeesabeesabeesabeesabaeenneenn 108
5.2, RESUIES -ttt sttt st st st ettt et et s bt bt et et eereens 111
5.2.1. Generation of smyhcl mutant alleles........cccueeieciiie i e 111
5.2.2. Smyhc1k9179/ka179 and smyhc1*918%/180 muytants are functionally null..........cccvveveevvevennnen. 113
5.2.3. Smyhcl mutants show no morphological defects and are viable and fertile ................... 120
5.2.4. Movement defects persist in SMmyAcT MULANT.......cccovveeieieiiiiiiieeee e e 125
5.2.5. Defective sarcomere organisation observed in slow fibres .........cccocoveeeivieiiccieeeicciee e, 127



Table of Contents

5.2.6. Lack of smyhcl does not affect fast fibres ..o 130
5.2.7. Slow fibres recover in adult smyhcI KO mMutantS.......ccceeviieeiiiiieeeciieee e esiiee e seieee e 132
5.2.8. Large deletion mutations from two gRNAs targeting the smyhc locus...........cccevveineenns 133

5.30 DISCUSSTON .iiiiiiiiiiiiiiitiie ittt bttt s a e s bb e e e s ba e e s s b e e s s sba e e s sanre s 136
5.3.1 Smyhcl mutants are functionally null with no off-target effects .........cccccvvveeeciieiicinnenns 136
5.3.2. Role of smyhcl in sarcomere assembly in early slow fibres ........cccoccoviveeeeiiiciieeeee e 140
5.3.3. Lack of smyhcl does not affect sarcomere organisation in adulthood .............cc.ccueee.. 141
5,314, CONCIUSION ...ttt sttt st st st st st s emeesane s e sane e 142
(00T o1 =T o TR PRROt 143
GENEIAl DISCUSSION ... .viiiiieiiie ettt ettt st e st e st e st e e s b e s ne e e smeeesaneesmeeesaneesaneesaneean 143
LT T U1 010 o = | V2 PP PR N PPPPPIE 143
6.2. Defective slow MyHC does not affect sarcomere organisation in adults. ......ccccccceveriierrnnen. 143
6.3. Destabilised SRX state may trigger hypercontractility ......ccccccoveeiviieiiciiiiece e, 145
6.4. Zebrafish smyhcl orthologous to human MYH7 ...t 146
6.5. Smyhc1 functions exclusively in early muscle development.......cccceeeeciieeeciiee e 147
6.6. Role of smyhcl in sarcomere assemMbIy .......co.uviiiiiii e 148
6.7. Role of zebrafish smyhc genes in sarcomere assembly.......ccccoevviiiiiiiiiie e, 149
6.8. Limitations and FULUIe DIr€CLIONS .......cooeeriirieiienieieeeteste ettt ettt 150
6.9. FINAl CONCIUSION ..ttt sttt st ettt st sttt e b e e e eeeens 151
RETEIENCES ...ttt ettt et st e s b e e bt e b et e be e e s bt e e be e e beeensaeeameeesareesreeeneean 152
F Y o] 1T oo | PR 174
Appendix 1.1 — Literature Review of LDM and MSM ........ccoovviiiiiiiiiiiiiiee ettt e e 174
Appendix 2.1 — Primer design fOr SMYACT ..........oooivcieeiiciee et e e et ree e 176
Appendix 3.1 — Mant-ATP Assay AVerage Data .......ccceeecieeiiciiee ettt 180
3.1.1. - SRX and DRX values from SIoW fibres .........coceiiriiiii e 180
3.1.2. - SRX and DRX values from fast fibres .........ooceeeiiiiiiiiiieee e 181
3.1.3. - Proportion of DRX increases in patients with LMM mutations.........cccoeeveeiviieeiiiiineennns 182
3.1.4. - Proportions of fast and slow fibres analysed in Mant-ATP assay .....cccccccveeevviveeesiieeennnns 182
Appendix 4.1 — MYH6 and MYH7 signature amino acids ......ccccceeeeiieiiineeeeeecciieeee s srvvreeee e 183



Table of Contents

Appendix 4.2 — CLUSTALO Human MYH vs Zebrafish MYH proteins .......cccccocccveveeeiiiccciiieeee e 184
Appendix 4.3 — Tropical Clawed Frog and Coelocanth MYH6/7 neighbour genes..........ccccccevveueee 203

Appendix 5.1 HRM derivative melt curves results showing non-injected siblings vs CRISPR/Cas9

o =Yot =T R=Ta 1Y o] Yo 13U 204
Appendix 5.1 — smyhcl F3 generation genotyping, length, and weight measurements................ 205
Appendix 5.2 — Zebrafish swimming velocity 2-30 dpf......ccceceiiiiiiiie e, 208
Appendix 5.3 — BLAST search of gRNA to zebrafish genome ........cccccoveviiiccii e, 210

Appendix 5.4 — early STOP codon in exon 16 of smyhcl from Whittle et al, 2020......................... 210



Figures

Figures

Figure 1.1. Mutations in MYH7 and their corresponding dis€ase. ........ccccveevviveeeiiiiieencieee e 21
Figure 1.2. Clinical phenotype VS MYH7 DiSEASE. ....ccccuveiiiiuiieeiiiieeesiireeeesieeessireeesseaeeessasneessssseeesssseeeas 22
Figure 1.3. The clinical phenotype for Laing Distal Myopathy. ......ccccceeiiiiiiiiiiiiicc e, 25
Figure 1.4. The clinical phenotype for Myosin Storage Myopathy. ........ccccceveieeeiiiieecccieee e 26
Figure 1.5. Muscle Biopsy Diagnostics for LDM and MSM ...........cooccviiiiiiiieeciieeeccieee e cvee e 27
Figure 1.6. Anatomy of skeletal MUSCIE fiDre ........oooeiiiieece e 31
Figure 1.7. Schematic describing sarcomere assembly .........ooooiiiiri i 32
Figure 1.8. Structure of Myosin Class Il for thick filament assembly ..........ccccoeeeeciiiiei e, 36
Figure 1.9. Structure of S1 myoSin NEAd..........uuiiiiii e e e e srare e e e e e eanees 39
Figure 1.10. Myosin conformation in contracting, DRX and SRX state .......cccccceevviiiieiiiiieeneciiee e, 40
Figure 1.11. Muscle composition of zebrafish 1arvae ........cccoovciiiiiciiiicc e 45
Figure 2.1 Map of MYH7 protein and plotted mutations of patient samples in Table 2.1.................... 48
Figure 2.2. Methods for thick filament MeasuremMents.........ccccveeeeiieieeciiee e 50
Figure 2.3. CRISPR/Cas9 mechanism to create site-specific mutations. ........ccccceeveeevieecieecceeecie e 54
Figure 2.4. Identifying specific target sites in smyhcl using CRISPR Direct. ......cccoccveeevcveeeciieeeecnneenn, 55
Figure 2.5. Plasmid DR274 to synthesise single guide RNA for CRISPR/Cas9 systems........c.cccccueeeuneens 57
Figure 2.6. Analysis of injected embryos at 24 hours post-iNjection. .........cccccveeeeciieeeciieee e, 60

Figure 3.1. Myosin filament measurements (slow fibre types) of controls and patients with MYH7

INUEATIONS. .ttt ettt e e e e et bttt e e e e e s aab b b e e e ee s e b bbeeeeeesesanbbaaeeesssansbaeaeeesannnnbeaeeeesnnn 77
Figure 3.2. The proportion of DRX increases in patients with LMM mutations. ........ccccccceevvcvieeiinneenn. 80
Figure 3.3. Fibres with mutations leading to DRX are primarily present in the myomesin binding site.
............................................................................................................................................................... 81
Figure 4.1. Schematic evolution gene tree describing mammalian MYH genes. .......cccccovveeecveeeecnnnenn. 85

Figure 4.2. Phylogenetic tree of a range of tetrapod, lobe-finned fish, ray-finned fish, and cartilaginous

LT o T PP SPOPPPRN 86
Figure 4.3. RNA localisation of smyhcI-3 and MyR7/MYR71. .........oooeeeeeeeeeeeeeeeieeeieeeeeeeeee e eeeeens 87
Figure 4.4. Phylogram showing MYH proteins and zebrafish myh proteins. .....cccccoceiiiiiiniiiiinnnen. 90

Figure 4.5. Phylogenetic neighbour-joining tree analysis of MYH6 and MYH7 related genes of 76
Proteins across SEVEral VEITEDIAteS. ....ccuiii et e e e e e e e are e e s nbae e e e nres 92

Figure 4.6. A mixture of lobe-finned MYH6 and MYH7 signatures was observed in ray-finned lineage.

............................................................................................................................................................... 94
Figure 4.7. The mixture of lobe-finned MYH6 and MYH7 signatures was observed in ray-finned lineage.
............................................................................................................................................................... 97
Figure 4.8. Synteny of flanking genes in lobe-finned MYH7 to ray-finned smyhc and myh7 genes.....99
Figure 4.9. Synteny of flanking genes in human MYH6 to ray-finned myh6 genes. .......c.cccecvvvvecnnennn. 99
Figure 4.10. CLUSTALO protein sequence alignment of LMM regions from human MYH7 gene with
p4=] o = 11 ] 01T 417 ol RSPt 103
Figure 5.1. CRISPR/Cas9 KNOCKOUL Of SMYACT .......uoeeueeereeeeeeee ettt et 115



Figures

Figure 5.2. CRISPR/Cas9 mutagenesis in F1 @MBIYOS. .....c.occoviieieeeieecee et eeve et n 117
Figure 5.3. Genome editing generates likely null alleles of zebrafish smyhcl..........ccccoccvnieeeirnnnis 119
Figure 5.4. Zygotic smyhcl mutants show no morphological defects. ......ccccceeveiiiiiieeiicciiieeee e 122
Figure 5.5. Mutation of smyhcl reduces swimming VeloCity. ......cccocuieririieeiiiiieeecee e 123
Figure 5.6. Zygotic smyhc1 mutants survive to adulthood..........ccovcvieiiiiiii e, 124
Figure 5.7. Loss of smyhcl reduces swimming VelOCity. .....ccceecuieiiiiiiie i 126
Figure 5.8. Defective sarcomere organisation in smyhc1*979ka179 mutants ........ccceeeveeereereerereeeenean. 129
Figure 5.9. Lack of smyhc1 does not affect fast muscle fibre morphology ......ccccceeeveveeciieecccieeecnen, 131
Figure 5.10. Recovery of slow fibres in adult zebrafish stages.........ccccceveciieiiiiiee e, 132
Figure 5.11. Genome editing targeting smyhc locus to delete smyhc2-5. ........ccccoecveeeecceeeeccieeeennen. 134
Figure 5.12. Sequencing analysis of smyhc2-5 deletion. .......cccccueviecieeiciiie e 135

Figure 5.13. Aligned sequencing segments highlighting gRNA used for smyhcl KO showing potential
off target effects in other smyhc and myh7/myh7] GENES. ......cc.occveevueeceeceeireeiteece et eere v 139



Tables

Table 1.1.
Table 1.2.
Table 2.1.

Table 2.2.
Table 2.3.
Table 2.4.
Table 2.5.
Table 2.6.
Table 2.7.
Table 2.8.
Table 2.9.
Table 4.1.

Types of congenital MYyOPAthies. .......cueiiiiiiiiccceee e e e 18
MYH and MYL genes are expressed in developing mammalian skeletal muscle. ................ 34
List of human samples from healthy controls and patients with disease mutations in MYH7.

................................................................................................................................................ 47
PrimMary @ntibDOTIES ...uuveeiiii i e e e e r e e e e e e earraaaeaeeeas 48
Y=Tele ] Yo T AT oYl o To Yo [ =T3PPSR 48
SMYNCI CRISPR/CASO target SItES...cccueieeiiieeieeeiiiecieecree et e eetee et e eetteesbe e sreeesbeeeeteeesaseesaneenns 55
Injection mixtures prepared for smyhcl KO or HR.......ooiiiiiiiiiiiiee e e 59
SMYNC2-5 CRISPR/CAS9 target SitES ....ueeeiveeeieeeieeeciee ettt ettt et et e et eeteeeetee e eveesreeebeeeaee s 60
Injection mixtures prepared for SMYyAC2-5 KO........ococcuueieiciieeeciiee et 61
Primer list for HRM @and SEQUENCING ......eeeviiieeciiiiiee ettt e e ettt e e e e e e evraee e e e e e e e sannreeeeaeeean 62
Proteinase K treatment according to the embryonic stage for WISH .........cccccoeeiiineenennn. 69
List of HsSMYH7 candidate genes from protein BLAST analysis. ....ccccccceevrcieeiriieeeeniiieeesnnn. 89



Abstract

Myosin is a family of proteins that plays a crucial role in generating force and motion by interacting
with actin filaments in skeletal muscle. Myosin molecules notably contain heavy chain (MyHC)
isoforms that have different functional capabilities. Mutations in one of its isoforms, MyHC 1/f3
(encoded by the MYH7 gene) have been reported in humans, associated with muscle weakness and
have led to two main distinct skeletal muscle diseases, Laing Distal Myopathy (LDM) and Myosin
Storage Myopathy (MSM). The pathophysiological mechanisms by which subtle amino acid changes
in the LMM region of MyHC I/ molecules leading to such variable skeletal muscle phenotypes in LDM
and MSM patients remain poorly understood. Using a wide range of human MYH7 patient muscle
biopsy samples, investigation of primary biophysical defects in the presence of defective MyHC 1/3
molecules including myosin filament length has revealed no change but rather a shift in myosin head
positioning into a disordered relaxed state (DRX). On the road to generating a zebrafish LDM and MSM
disease model, several genes were identified to be orthologous to human MYH7. Amongst
orthologous genes, smyhcl was targeted for genome editing using CRISPR/Cas9 to generate a loss of
function model. Loss of smyhcl led to early developmental defects, however, continued to grow to
adulthood with no observable muscle defects. Smyhc1 null zebrafish are replaced and compensated
by smyhc2 and smyhc3 in adult zebrafish. Work ongoing to generate large deletion of smyhc locus to
understand the role of slow MyHC in sarcomere assembly during early developmental stages through
to adulthood. It is concluded that in the presence of LDM mutations in the MyBP-C binding domain,
myosin heads in the SRX state are destabilised, and zebrafish smyhc1 is orthologous to human MYH7
but only functions during the early stages of development. Continued work to generate knockout of
smyhc locus may describe the function of smyhc2 and smyhc3 in later stages of development in the

quest to model the progressive phenotype in LDM and MSM patients.
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dH-0, distilled water

DIG-UTP, digoxigenin-uridine triphosphate
DNAse, deoxyribonuclease, enzyme degradation of DNA
dNTP, deoxyribonucleotide triphosphate
Dpc, days post coitum

Dpf, days post fertilisation

DRX, disordered relaxed state

DSB, double-strand break

EGTA, ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid
EJC, exon-junction complex

ELC, essential light chain

Els, embryonic lateralis superficialis

EtOH, ethanol

FH, Free head

Fmyhc, fast myosin heavy chain

gRNA, guide RNA

GS, goat serum
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Abbreviations

HCM, hypertrophic cardiomyopathy

Hh, hedgehog

HM, horizontal myoseptum

HMM, heavy meromyosin, head region of myosin, consisting of S1 and S2
Hpf, hours post fertilisation

HR, homologous recombination

HRM, high-resolution melt

HRP, Horseradish peroxidase

Icp, infracarinalis posterior

IFM, indirect flight muscle

IHM, Interacting Heads Motif

INDEL, insertion/deletion

lob, inferior obliquus

ISH, in situ hybridisation

K, Potassium

K;HPO,, di-potassium hydrogen phosphate
KH,PO4 potassium di-hydrogen phosphate

KO, knockout

L50 kDa, Lower 50 kDa

LB, Luria broth

LDM, Laing distal myopathy

LMM, light meromyosin, tail region of myosin
LOF, Loss-of-function

MABTween, MAB in PBS

Mant-ATP, 2'/3'-0-(N-Methyl-anthraniloyl)-adenosine-5'-triphosphate
mATP, Adenosine triphosphate

Mef2, myocyte enhancer factor 2

Mg, Magnesium

Mhc, myosin heavy chain (nomenclature in D. melanogaster)
MO, morpholino oligonucleotide

MOPS, 3-(N-Morpholino)propane sulfonic acid
Mpcs, muscle precursor cells

Mpf, months post fertilisation

MSM, myosin storage myopathy
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Abbreviations

MTJ, Myotendinous Junction

MyBP-C, Myosin Binding Protein C
MYH, Myosin Heavy Chain

MyHC, Myosin Heavy Chain

Myo, myosin (nomenclature in C. elegans)
NADH, nicotinamide adenine dehydrogenase
Nc, notochord

NHEJ, nonhomologous end-joining
NMD, nonsense-mediated mRNA decay
Nt, neural tube

Oligo, oligonucleotide

ORF, open reading frame

PAM, protospacer adjacent motif

PBS, phosphate-buffered saline
PBTween, Tween20 in PBS

PCR, polymerase chain reaction

PFA, paraformaldehyde

Pi, Organic phosphate

PMSF, phenylmethylsulfonyl fluoride
PTC, premature termination codon
PTU, 1-phenyl 2-thiourea, to block pigmentation in zebrafish
RLC, regulatory light chain

RNA, ribonucleic acid

rNTP, ribonucleotide triphosphate

S1, subfragment 1 of the myosin head
S2, subfragment 2 of the myosin head
Sca, supracarinalis anterior

SFLS, stress fibre-like structures

sgRNA, single guide RNA

Sh, sternohyoid

SM, slow myosin

Smyhc, slow myosin heavy chain

SRX, Super relaxed state

Ssoligo, short single oligonucleotide
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Abbreviations

TALENS, transcription activator-like effector nucleases
TCEP, Tris(2-carboxyethyl)phosphine

Tm, melting temperature

tracrRNA, tracr guide RNA

U50 kDa, Upper 50 kDa

UTR, untranslated region

WISH, whole-mount in situ hybridisation

WT, wild type

XY, lateral view

XZ, transverse view

ZFN, zinc finger nucleases
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Chapter 1: General Introduction

Myopathies, in general, are defined as disorders where detrimental muscle dysfunction is a prominent
feature. Multiple origins for such a group of diseases are known, including: the central nervous system,
peripheral muscle system or the skeletal muscle itself. Congenital myopathies are early-onset muscle
diseases which and occur at birth or early stages of life (Ravenscroft et al., 2017). Clinical assessment
of congenital myopathy includes hypotonia, muscle weakness, the disproportion of muscle fibre types,
centralised nuclei, cores and nemaline bodies. A recent increase in genetic diagnosis of many
congenital myopathies have been clinically characterised into many subtypes through the discovery
of affected muscle genes (Boycott et al., 2013). There are many different types of congenital
myopathies as shown in Table 1.1. The congenital myopathies focused upon in the present work are
due to sarcomeric gene mutations on one myosin gene, MYH7. MYH7 encodes beta/slow myosin
heavy chain (MyHC 1) that is known to facilitate muscle contraction in slow skeletal muscle and in the
heart ventricle. Currently, there are no curative medicines for MYH7-related congenital myopathies
and available treatments simply target the various symptoms (Tajsharghi and Oldfors, 2013;
Topaloglu, 2020). During my analysis, | first described in my introduction the disease and its related
clinical phenotypes and define myosin structure and function concerning the human MYH7 mutations
that are well-described in the literature. Secondly, in my results chapters, | studied the potential
underlying molecular and cellular mechanisms leading to pathology in the presence of defective slow
myosin molecules and subsequently developed animal models that could be beneficial in the quest

for treatment designed for MYH7-related diseases.

17



Chapter 1: General Introduction

Table 1.1. Types of congenital myopathies.

Congenital  Description Clinical Phenotype Affected Genes Reference
Mpyopathy
Central core Large,  well- Muscle weakness e RYR1 (Robinson et al.,
disease demarcated, Developmental e SELENON 2006)
central cores problems e MYH7
within Some may develop e TIN
numerous malignant
myofibres. hyperthermia
(reaction to general
anesthesia)
Centronuclear An  elevated Muscle weakness e CNMX (Laporte et al.,
myopathy number of Affects the face, e MTM1 no date; Bitoun
myofibres arms, legs, eyes e DNM2 et al, 2005;
centrally  or Breathing e CNM1 Tosch et al,
internally difficulties e BIN1 2006; Nicot et
located nuclei. e CNM2 al., 2007;
Koutsopoulos et
al., 2013)
Congenital Small fibres Muscle weakness e ACTA1 (Laing et al.,
fibre type The Affects the face, e SEPN1 2004, 2005;
disproportion predominance neck, arms, leg, and e TPM3 Sobrido et al.,
myopathy of either fast trunk e RYR1 2005; Clarke et
or slow fibres e TPM2 al., 2008; Lawlor
° MYH7 et al., 2010;
Ortolano et al.,
2011)
Nemaline Presence of Muscle weakness e ACTAl (Nowak,
myopathy electron- Affects the face, e CFL2 Ravenscroft and
dense rod-like neck, arms, and e TPM2 Laing, 2013;
aggregates legs e TPM3 Romero,
within Sometimes cases ° TNNT1 Sandaradura
myofibres with scoliosis e NEB and Clarke,
May cause 2013)
breathing and
feeding problems
Multi Presence of Muscle weakness e SEPN1 (Muelas et al.,
minicore multiples Affects the arms e RYR1 2010; Cullup et
disease cores within a and legs e MYH7 al., 2012)
myofibre Scoliosis e TIN
cross-sections e MEGF10
e EMARDD
e CACNAI1S
Hyaline body Hyaline bodies Muscle weakness e  MYH7 (Goebel and
myopathy found Muscle e FHL1 Blaschek, 2011)
between slow hypertrophy e NEB
fibres Symptoms are
Hyaline bodies quite variable
containing
protein
aggregates
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Chapter 1: General Introduction

To date, over 200 mutations in the MYH7 gene have been associated with congenital myopathies, with
manifestation, symptoms and severity being variable (Tajsharghi and Oldfors, 2013). MYH7 mutations
have often been associated with either cardiac phenotypes, such as hypertrophic cardiomyopathy
(HCM) or dilated cardiomyopathy (DCM), and/or skeletal muscle symptoms, such as Laing Distal
Myopathy (LDM) or Myosin Storage Myopathy (MSM). Interestingly, the position of mutation along
the slow myosin molecule can dictate which one of the four diseases may be present. Mutations in
the MYH7 gene have primarily been dominant, involving mutations leading to amino acid substitutions
and/or deletions (Appendix 1.1). Human MYH7, located on chromosome 14, consists of 40 exons
encoding the 1935-amino acid long MyHC | protein which is subdivided into the N-terminal heavy
meromyosin (HMM) consisting of subfragment-1 (S1) and subfragment-2 (S2) and at the C-terminus,
the light meromyosin (LMM) (Fig 1.1A). Each subdivision of the MyHC | protein describes the general
structure of the myosin molecule (Fig 1.1B1). The S1 region encodes for the head region where myosin
can interact with actin and ATP, the S2 region encodes for the neck of the myosin molecule for head
movement and the LMM encodes for the tail for myosin monomers to dimerise into a double head
myosin dimer and subsequently interlace into a myosin filament in the sarcomere for muscle
contraction (Fig 1.1B2). HCM and DCM-related mutations are mainly concentrated in the S1 and S2
regions (Fig 1.1C) whilst LDM and MSM-related defects are primarily located in the LMM region (Fig
1.1C) (Lamont et al., 2014).

The most common diseases associated with MYH7 mutations are HCM and DCM and have been widely
explored in literature (Tajsharghi and Oldfors, 2013). Since MYH7 is expressed in ventricular cardiac
muscle as well as skeletal muscle, mutations in MYH7 can lead to cardiomyopathy in the absence of
skeletal myopathy and some skeletal MYH7-associated myopathies may present with
cardiomyopathy (Darin et al., 2007; Overeem et al., 2007; Tajsharghi et al., 2007; Uro-Coste et al.,
2009; Homayoun et al., 2011). HCM presents with ventricular hypertrophy, hypercontraction, altered
myosin head positioning and cardiac myocyte disorganisation (Maron et al., 1995; Fatkin and Graham,
2002; Frazier et al., 2008; Alamo et al., 2017). Contrastingly, DCM presents with dilated and enlarged
ventricles leading to weakened contraction (Walsh et al., 2009; Alamo et al., 2017). Greater
understanding of pathology has led to advances in the treatment of HCM treatments such as using
Mavacamten to reverse the symptoms in HCM patients (Anderson et al., 2018; Spertus et al., 2021).
Even though the underlying mechanism of HCM and DCM are widely explored (Tajsharghi and Oldfors,
2013), the pathophysiology of LDM and MSM are less well understood. When investigating the

localisation of the MYH7 mutations affecting skeletal muscle, mutations in MYH7 leading to LDM and
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MSM are predominantly located in the LMM region and are absent in the S1 and S2 region (Fig. 1.1D).
LDM-related residue substitutions are generally found in the earlier segment of the LMM whereas
MSM amino acid replacements are primarily observed in the C-terminal end of the LMM region (Fig
1.1D). A clear overlap between mutations leading to either LDM or MSM is, however, present from aa
1600 to aa 1800 (Lamont et al., 2014). Thus, the functional role of each segment within the LMM may

describe the pathology in leading to either LDM or MSM.

Mutations leading to HCM, and DCM were found to have cardiac involvement and thus, are easily
distinguished from LDM and MSM. Just over half of the patients with HCM and DCM have early onset
of disease (Fig 1.2). In my PhD, my main aim is to focus on mutations in MYH7 leading to skeletal
muscle diseases LDM and MSM. From here, | focus my investigation on the main symptoms and details
distinguishing between the two skeletal muscle diseases, LDM and MSM. There are several similarities
in clinical symptoms between LDM and MSM such as overall skeletal muscle weakness, distal lower
limb myopathy, proximal myopathy, hypertrophy of muscle, axial involvement, and abnormal biopsy
findings (Fig 1.2, Appendix 1.1). Despite such similarities between LDM and MSM, there are key

distinct symptoms that enable each disease to be categorised (Fig 1.2).
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Figure 1.1. Mutations in MYH7 and their corresponding disease.

A) Gene sequence map of MYH7 with 40 exons, 38 of which are coding exons. The transcript length is 6027 bps.
B) Protein sequence map of MYH7 consisting of 1935 amino acid residues. MYH7 is subdivided into Subfragment-
1 (S1) in blue, subfragment-2 (S2) in pink and light meromyosin (LMM) in purple. C) All mutations in MYH7
mapped onto amino acid sequence. Each line represents the different diseases: Hypertrophic cardiomyopathy
(HCM) in red, dilated cardiomyopathy (DCM) in purple, Laing distal myopathy (LDM) in blue and myosin storage
myopathy (MSM) in yellow D) Number of mutations in MYH7 found in the literature with clinical phenotype in
skeletal muscle mapped onto amino acid sequence. Mutation case frequency Hypertrophic cardiomyopathy
(HCM) in red, dilated cardiomyopathy (DCM) in purple, Laing distal myopathy (LDM) in blue and myosin storage
myopathy (MSM) in yellow. All mutations in MYH7 are sourced and detailed in Appendix 1.1.
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Clinical Phenotype vs. Disease Type

Early Onset
Disease (<25y)
Cardiac 100% Distal Lower
Involvement Limb Myopathy

Distal Upper
Limb Myopathy

Abnormal
Biopsy Findings
-e— Hypertrophic Cardiomyopathy
—e— Dilated Cardiomyopathy
- Laing Distal Myopathy

Respiratory Proximal isisir Storage MySgthy
Involvement Myopathy
Axial

Delayed Motor
Milestones

Involvement

HyperCKemia Scapular
Involement

Figure 1.2. Clinical phenotype vs MYH7 Disease.

Radar chart clinical phenotype and their percentage prevalence between the four main diseases associated with
MYH7 mutations: Hypertrophic cardiomyopathy (red), dilated cardiomyopathy (purple), Laing distal myopathy
(blue) and myosin storage myopathy (yellow). Percentage calculated by presence of particular phenotype from
one disease category in comparison to the total number of cases with the disease. Clinical phenotypes were
obtained from literature to generate this graph and detailed in Appendix 1.1.
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Both de novo and familial cases of LDM have been identified (Lamont et al., 2006). The cases
encompass patients with symptoms early in childhood or individuals with phenotypes appearing as
after 50 years of age (Laing et al., 1995; Mastaglia et al., 2002; Lamont et al., 2006; Tasca et al., 2012).
Overall, muscle weakness in distal limbs (hands and feet) is conspicuous and may expand to other
muscles too. Raising all five fingers are challenging exercise as finger extensors are weak, patients
show an inability to raise the middle, ring and fifth finger in their attempt but all cases show an ability
to raise their index finger (Fig 1.3A). Raising their feet upward is another challenging exercise as their
ankle dorsiflexors are weak, patients appear to show slight flexion of their toes in their attempt but
are unable to use the ankle to raise their foot (Fig 1.3B). Additionally, patients may experience neck
flexion problems and, in some cases scoliosis (Fig 1.3C) (Tajsharghi and Oldfors, 2013). Muscle biopsy
findings can include a predominance of fibres expressing MyHC | when cross-sections are stained for
NADH, additionally, type | fibres appear smaller than fast fibres, additionally, there are scattered mini-
cores (Fig 1.5A), internal nuclei, mitochondrial abnormalities, rimmed vacuoles and necrosis
(Mastaglia et al., 2002; Tasca et al., 2012; Tajsharghi and Oldfors, 2013). Despite such a distinguished
phenotype, the severity of each diagnostic phenotype will vary from one patient to another, whether

they have the same mutation or between the different MYH7 mutations leading to LDM.

Like LDM, MSM also has de novo or familial cases (Cancilla et al., 1971; Barohn, Brumback and
Mendell, 1994; Masuzugawa et al., 1997; Bohlega et al., 2003; Tajsharghi et al., 2003; Laing et al.,
2005; Shingde et al., 2006; Pegoraro et al., 2007; Uro-Coste et al., 2009; Stalpers et al., 2011). Only
one patient show delayed motor milestones, such as difficulty climbing stairs, running or a waddling
gate (Tajsharghi and Oldfors, 2013). They are unable to raise all five fingers where only the index and
fifth fingers can be raised as patients have muscle weakness in their fingers and their palm (Fig 1.4A).
Patients also show muscle wasting in the upper limbs, particularly in the thighs and forearms (Fig
1.4B). A rare set of patients show a severe progression of their symptoms, where patients show
additional phenotypes including scoliosis, assisted ventilation and scapular winging (Fig 1.4C) (Bohlega
et al., 2003; Stalpers et al., 2011; Tajsharghi and Oldfors, 2013). Muscle biopsy specimens display
protein aggregates which are present as clusters between slow fibres and are also described as hyaline
bodies (Fig 1.5B, C) (Barohn, Brumback and Mendell, 1994; Bohlega et al., 2003; Shingde et al., 2006;
Pegoraro et al., 2007; Tajsharghi and Oldfors, 2013). Protein aggregates between slow fibres in MSM
patients are mostly made of filamentous material that can be slow MyHC immunoreactive (Fig 1.5C)

(Tajsharghi et al., 2003).
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Likewise with LDM, with such distinguished phenotype, the severity of each diagnostic phenotype will
vary from one patient to another, whether they have the same mutation or between the different
MYH7 mutations leading to MSM. Since there is high variability in the severity of clinical phenotype in
LDM and MSM patients, diagnosing between the two diseases can be difficult without muscle biopsy
data. There are some MYH7 patients that do not fit the initial diagnostic criteria (without muscle
biopsy) for LDM or MSM and have been misdiagnosed as cases of limb-girdle syndrome or
scapuloperoneal myopathy (Pegoraro et al., 2007; Ortolano et al., 2011). Limb-girdle syndromes
predominantly affect the proximal limb muscles especially in the shoulder and hip areas, whereas
scapuloperoneal myopathies typically present with symptoms of the scapular, lower leg, and
sometimes facial muscles (Thomas, Schott and Morgan-Hughes, 1975; Groen et al., 2007). Despite
such variable phenotypes, the main diagnostic criteria to distinguish between LDM and MSM are from
analysing their muscle biopsies where biopsies from LDM show fibre type disproportion and small
slow fibres and biopsies from MSM patients show the presence of myosin protein aggregates between

fibres.
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Figure 1.3. The clinical phenotype for Laing Distal Myopathy.

A) Distal lower limb myopathy shown in the hands with weakness in finger extension. Patients are unable to lift
exterior fingers in an attempt to raise all fingers upwards. B) Weakness shown in the feet when patients were
examined for ankle flexion to point feet and toes upward, patients appear unable to flex the foot and exterior
toes upward and appear dropped. C) Axial involvement where some patients showcase scoliosis. Figure
permission granted from Van den Bergh et al., 2014; Oda et al., 2015; Fiorillo et al., 2016.
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Figure 1.4. The clinical phenotype for Myosin Storage Myopathy.

A) Distal lower limb myopathy shown in the hands with weakness in finger extension. Patients are unable to lift
all exterior fingers. B) Thighs show muscle wasting of the posterior compartment in thigh muscles (1-2) in more
severe cases (left) and less severe cases (right) and wasting of forearms with abnormal elbow flexion (3-4). C)
Scapular winging was identified in more severe cases (left) and less severe cases (right). Figure permission
granted from Pegoraro et al., 2007; Cullup et al., 2012.
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Figure 1.5. Muscle Biopsy Diagnostics for LDM and MSM

A) LDM patient biopsy with NADH staining showing fibre type disproportion. There is type | fibre predominance
and with small type | fibres, type | fibres are labelled in dark staining (white arrows). Fibres also show oxidative
defects where pale circle patches (mini cores) are found in NADH staining (yellow arrow). B) MSM patient biopsy
with NADH staining showing the presence of hyaline bodies between fibres. C) MSM patient biopsy with slow
myosin antibody stain (green) shows hyaline bodies containing aggregates of slow myosin. Fast myosin stain in
fast fibres (red) appears normal with no protein aggregation. Figure permission granted from Shingde et al.,
2006; Ortolano et al., 2011; Sundaram and Megha, 2012; Van den Bergh et al., 2014.
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During early development, muscle fibres are formed from the fusion of myoblasts, the mesoderm
progenitor cells. At neonatal stages, the number of muscle fibres remain constant but grow in size by
fusing with postnatal muscle stem cells, known as satellite cells. In adult skeletal muscle, muscle fibres
remain constant with only fusion to compensate for muscle turnover from daily use and repair. Muscle
can regenerate in response to injury through a series of degeneration and regeneration of tissue,

cellular and molecular levels with the presence of satellite cells near the muscle fibres.

Muscle fibre type specification during embryogenesis in vertebrates are governed by the specific
spatial and temporal expression of transcription factors MyoD, Myf-5, myogenin and MRF4 which are
initiated by several inductive pathways (Cossu et al., 1996; Currie and Ingham, 1996). Myf5 and MRF4
are transcribed in the dorsal medial and ventrolateral ends of the dermomyotome. Cells expressing
Myf5 and MRF4 then migrate beneath the dermomyotome and differentiate into first set of
mononucleated skeletal muscle cells (Summerbell, Halai and Rigby, 2002; Kassar-Duchossoy et al.,
2004).The myotome also have Pax3 and Pax7 expressing stem cells present in the central segment of
the dermomyotome. MyoD is expressed in the hypaxial and epaxial progenitors and overlap with Myf5
expression to further develop the myotome alongside Pax3/Pax7 expressing stem cells (Kassar-
Duchossoy et al., 2005; Relaix et al., 2005). Later in development, Mrf4 expression is suppressed, myod
and myogenin are then expressed to initiate myoblast fusion into multinucleated muscle cells to

produce mature myofibres (Tajbakhsh et al., 1997).

Capillaries facilitate the exchange of O, substrates and metabolites from the blood to skeletal
muscle as well as many organs. Skeletal muscle occupies most capillary beds in the body,
especially playing the dominant role for exchange of O,, glucose, lactate, and fatty acid dynamics
during exercise. Chronic diseases such as heart failure, muscle weakness and diabetes have been
correlated with impaired capillary function (Klitzman and Duling, 1979; Sarelius and Duling, 1982;

Cossu et al., 1996; Frisbee and Barclay, 1999).

Skeletal muscle is regulated through excitation-contraction coupling, a process involving the
conversion of electrical activity of muscle fibres to the activation of muscle contraction. The initial
steps for excitation-contraction coupling involve the action potential propagation from the spinal cord
via motor neurons to the neuromuscular junction. This action potential to the neuromuscular junction
triggers the release of acetylcholine (Ach) from nicotinic receptors. Released ACh binds to the post-

synaptic receptors causing depolarisation of sarcolemma, depolarisation above the threshold will
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initate an action potential that will spread along the surface and into the T-tubules of the muscle fibre
(Gonzalez-Serratos, 1971). Depolarisation down T-tubules activates voltage-sensitive dihydropyridine
receptors and thus, open ryanodine receptor channels in the sarcoplasmic reticulum to release stored
Ca? into the muscle fibre cytoplasm. Muscle in the inactive state is stabilised through the
troponin/tropomyosin system in which tropomyosin is positioned to block myosin binding sites on
thin actin filaments. Ca?* release activates the contractile apparatus by binding to troponin C and
subsequently lead to a confirmational change in tropomyosin complex, revealing the myosin binding
sites on thin actin filaments to enable cross-bridge formation and force generation powered by ATP
activated myosin (Gordon, Homsher and Regnier, 2000). When neural action potential decreases
below threshold level, Ca?*ions are transported back into the sarcoplasmic reticulum through the
sarcoplasmic reticulum/endoplasmic reticulum ATPase. Lack of Ca%* ions in the cytoplasm lead to
tropomyosin returning into its inhibitory conformation and thus block actomyosin binding and cross

bridge cycling stops.

MYH7 is expressed in the heart and slow skeletal muscle to drive the contraction of cardiomyocytes
in the ventricles and contraction of slow muscle within the sarcomere (the smallest unit for muscle
contraction). As the exact pathogenic mechanisms by which subtle mutations in MYH7 lead to LDM or
MSM remain unclear, it is important to describe what is known about myosin within its basic
functional unit, the sarcomere. In the presence of defective myosin molecules, pathology of LDM and
MSM may be a result of altered aggregation or impair the function of the myosin in cardiac and/or

slow skeletal muscle.

Skeletal muscle is made up of muscle fibres and it is important to note that there are two types of
skeletal muscle fibres in vertebrates, slow and fast (type 1 and type 2, respectively). Whilst fast fibres
consist of three subgroups (2A, 2B and 2X), all of which show rapid contraction speed to produce high
force but have low resistance to fatigue. Slow fibres contain more mitochondria than fast fibres and
have oxidative metabolism to enable efficient muscle contraction to produce small but frequent forces
and are resistant to fatigue. To generate such force in either fast or slow skeletal muscle, muscle fibres
contain contractile tissue that is highly conserved in vertebrates and are organised with distinctive
features for muscle contraction. Notably, cylindrical bundles of muscle fibres able to contract and
relax. Each fibre contains myofibrils made up of small contractile units called sarcomeres that are

arranged in series and parallel (Fig 1.6). Sarcomeric MyHCs form the regular filamentous array of
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parallel thick myosin filaments interdigitating with parallel arrays of thin actin filaments. These
structures are stabilised by M-lines and Z-lines that crosslink myosin thick filaments and actin thin
filaments respectively (Howard, 1997; Alberts et al., 2015). During muscle contraction, coordinated
events whereby actin filaments slide between myosin filaments causes Z-disk positioning to shorten

and thus, causes muscle shortening to generate isometric and concentric muscle contraction.

The exact mechanism and sequence of events in the assembly of the sarcomere remain controversial
and there are several models describing aspects of sarcomere assembly (Fig 1.7). There have been
initial models describing the ability for myosin molecules to self-assemble into thick filaments. Myosin
molecules interlock at their C-terminal coiled coil rod domain, known as the assembly competence
domain. Thus, enabling myosin molecules to form thick filaments and integrate into the sarcomere.
However, the mechanism for integration of myosin molecules into the sarcomere still remain unclear
(Atkinson and Stewart, 1991; Sohn et al., 1997; lkebe et al., 2001; Ojima et al., 2015). One model of
sarcomere assembly describes the formation of stress fibre-like structures. Sarcomere assembly
involves utilising non-muscle myosin as a template for sarcomere proteins to assemble to form pre-
myofibril. Pre-myofibrils containing non-muscle myosin and are then later replaced with muscle
myosin such as embryonic, neonatal, fast or slow MyHC to form mature myofibrils (Fig 1.7A) (Rhee,
Sanger and Sanger, 1994). Muscle-specific desmin, actinin and Z-disk portion of titin are initially
expressed to produce stress fibre-like structures (SFLS) known as premyofibrils containing non-muscle
myosin Il (Rhee, Sanger and Sanger, 1994; Swailes et al., 2006). These stress fibre-like structures act
as a template for the formation of a myofibril (Dlugosz et al., 1984). A second model describes the
independent assembly of actin filaments stabilised by z-disks to form I-Z-1 bodies (Fig 1.7B). I-Z-I bodies
are proposed to be assembled prior to the integration of myosin and this model is known as the
“stitching model” of sarcomere assembly (Rhee, Sanger and Sanger, 1994; Holtzer et al., 1997; Van
Der Ven et al., 1999; Sanger et al.,, 2005). Data from cultured skeletal muscle cells describe
independent actin filament complex formation from myosin thick filament assembly (Lin et al., 1994).
A third model describes the role of titin recruited by a-actinin to bind to the Z-disk region and the M-
line to act as a template to regulate the alternating patterning of I1-Z-1 bodies and myosin filaments
(Kelly and Zacks, 1969; Tokuyasu and Maher, 1987; Schwander et al., 2003; Au et al., 2004). The
transition from premyofibrils to myofibrils occur when SFLS coupled with titin molecules stretch out
whereby Z-disk spacing is increased from 1 to 2 um (Yang, Obinata and Shimada, 2000). This stretching
exposes M-band region of titin for the assembly of myomesin molecules into the M-band. Then the

final step is the assembly if sarcomeric myosin filaments to integrate the I-Z-1 bodies form the A band
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using titin as the molecular ruler for sarcomere assembly (Komiyama, Maruyama and Shimada, 1990;

Péault et al., 2007)
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Figure 1.6. Anatomy of skeletal muscle fibre

A) Skeletal muscle is made up of myofibers which are elongated muscle cells. Muscle fibres are in turn made of
bundles of smaller myofibrils, mitochondria and surrounded by the sarcolemma. Each myofibril is made up of
highly organised repeat structures called sarcomeres. B) Schematic showing basic components of the sarcomere.
Components labelled are the Z-disk which anchor the actin filaments, I-band, a region only containing actin
filaments, A-band, a region only containing myosin filaments and H-zone, where no A-band or I-band overlap.
Adapted from Creative Commons Attribution 4.0 International license available online:
https://open.oregonstate.education/aandp/chapter/10-2-skeletal-muscle.
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Figure 1.7. Schematic describing sarcomere assembly

A) Premyofibrils form where actin filaments, non-muscle myosin and a-actinin accumulate together at the edge
of the muscle cell. B) I-Z-I brushes form when premyofibrils assemble and fuse together. Myomesin and muscle
myosin are recruited. C) Nascent myofibril form when muscle myosin Il replaces non-muscle myosin Il using titin
as a molecular ruler. D) Mature myofibril formed with aligned thick filament into A-band and stabilised with M-
band proteins, myomesin and C-proteins. Figure adapted from Du et al., 2003.

32



Chapter 1: General Introduction

In humans, there are a total of eleven sarcomeric MyHC genes, from an evolutionary standpoint, the
oldest of these genes is MYH16 and was ancestrally expressed for jaw muscles (Rossi et al., 2010). A
later duplication event led to the formation of MYH15 and MYH14 (MYH7B), which were the ancestral
skeletal and cardiac MyHC genes (Rossi et al., 2010). Currently there are two cardiac MyHC genes,
MYH6 and MYH7 which are present in tandem on chromosome 14 (Yamauchi-Takihara et al., 1989;
Gulick et al., 1991) whereas the fast, embryonic and neonatal skeletal MyHC genes are present in
tandem on human chromosome 17. Each MyHC isotype and related gene has specific roles in
development and/or physiology (Table 1.2). The human MYH7 gene (NM_000257) is located on the
reverse strand of chromosome 14: 23,412,740-23,435,660 and consists of 38 coding exons with 2
flanking UTRs. MYH7 encodes the 1935 amino acid MyHC | protein which is expressed both in heart
ventricles and in slow skeletal muscle. MYH7 is closely linked to MYH6; they are present next to each
other on the same chromosome (Yamauchi-Takihara et al., 1989). Nevertheless, MYH6 is only
expressed in the heart and in the atrial cardiac muscle, whereas MYH7 has both cardiac ventricle and
slow skeletal muscle localisation and the only MyHC isotype for slow skeletal muscle in humans

(Mahdavi, Periasamy and Nadal-Ginard, 1982).
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Table 1.2. MYH and MYL genes are expressed in developing mammalian skeletal muscle.
Table adapted from Schiaffino et al., 2015 with addition from Schiaffino and Reggiani, 2011, Rossi et al., 2010.

Gene Protein Expression in the  Expression in adult
development of muscle
muscle
Myosin Heavy | MYH3 MyHC-Emb Embryonic  and | Extraocular, masticatory,
Chains fetal laryngeal, muscle spindles
MYHS8 MyHC-Neo Embryonic  and | Extraocular, masticatory,
fetal laryngeal
MYH2 MyHC-lla Fetal Type 2A fast
MYH4 MyHC-IIb Postnatal Type 2B fast
MYH1 MyHC-lIx/d Late fetal Type 2X fast
MYH7 MyHC-1/B Embryonic  and | Type | slow and heart
fetal ventricles
MYH6 MyHC-a Embryonic  and | Heart atrium
fetal
MYH13 EO-MyHC Embryonic  and | Extraocular
fetal
MYH14/MYH7B | MYH14 Embryonic  and | Extraocular
fetal
MYH15 MYH15 Postnatal Extraocular
MYH16 MYH16 Embryonic  and | Jaw
fetal
Essential Light | MYL1 MLC-1fast Embryonic Fast
Chains
MYL1 MLC-3fast Fetal Fast 2B predominance
MYL4 MLC-1emb/atrial | Embryonic Heart Atrium
MYL3 MLC-1sb Fetal Type | slow and heart
ventricles
MYL6B MLC-1sa Fetal Type | slow
Regulatory | MYLPF MLC-2fast Embryonic  and | Fast
Light Chains fetal
MYL2 MLC-2slow Embryonic  and | Type | slow and heart
fetal ventricles

Myosin molecules are formed through the dimerization of individual myosin units and stabilised

through a coiled-coil structure (Fig 1.1B). The coiled-coil structure was first introduced from X-ray

diffraction studies modelling the coiled-coil as a packing mechanism with the presence of a heptad

pattern for the two myosin monomers to adhere together (Crick, 1953; Cohen and Holmes, 1963). The

heptad repeat is made up of amino acids that are named “abcdefg” to label the function of each amino

acid playing different functional purposes for the myosin molecules to dimerise and interlace myosin

dimers into a larger thick filament (Fig 1.8A) (Lupas, 1996). Amino acids at the a and d positions are

primarily hydrophobic residues and are responsible for binding myosin monomers together to form

coiled-coil myosin dimers (Fig 1.8A) (McLachlan and Karn, 1982). Amino acids e and g are generally
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polar or charged residues that may form salt bridges to stabilize myosin dimers (Fig 1.8A) (Lupas,
1996). Amino acids at positions b, ¢ and f are charged residues that can interact with other myosin
dimers (Fig 1.8A) (McLachlan and Karn, 1982), perhaps to facilitate thick filament formation. The
heptad repeat pattern continues through and periodically has flexible skip residues which are present
within one or two turns of the a-helix (McLachlan and Karn, 1982). In C. elegans, there are four skip
residues, the first three skip residues are separated by 196 residues and the fourth skip residue by 224
residues (Mclachlan and Karn, 1982). The presence of skip residues enhances the skeletal muscle
myosin coiled-coil to stabilize together but the main role is to form a larger distribution of alternating
positive and negative charges b, c and f residue (Atkinson and Stewart, 1992) and is highly conserved
amongst vertebrates and invertebrates (Rahmani et al., 2021). There are six alternating positively and
negatively charged amino acid patterning in a 28 amino acid (aa) repeat throughout the molecule.
Within each of the six alternating charged amino acids in the 28 aa patterns, the strongest positive
charge is in the first b aa (1b) and the strongest negative charge is in the 3™ b aa (3b) positions (Fig
1.8B). The strongest 1b and 3b aa enable multiple myosin molecules to bind together via polar charges
to form larger myosin filaments in sarcomeres (Fig 1.8B)(Mclachlan and Karn, 1982). Myosin
molecules were predicted to pack together into crystalline layers (Squire, 1973) and were further
confirmed in more recent cryo-EM myosin filament structures (Hu et al., 2016; Daneshparvar et al.,

2020; Rahmani et al., 2021).

Mutations at specific amino acids in the heptad coiled-coil could provide insight into the mechanism
for the disease pathology. Mutations in a and d regions may prevent myosin dimerization, mutations
in e and g may also prevent myosin dimerization but may also alter the stability of the myosin
molecule. Another possibility is the mutation in b, c and f may prevent myosin molecules from forming
myosin filaments. Mapping of all LMM mutations from the extant literature was performed and was
grouped according to their amino acid position to describe the trend between the position of the
mutation in the heptad repeat and their individual diseases (Fig 1.8C, Appendix 1.1). From this analysis,
both LDM and MSM patients show many mutations in the hydrophobic a and d region and the charged
amino region b, ¢ and f (Fig 1.8C, Appendix 1.1). This indicates that most mutations in MYH7 have the
potential to affect either the myosin molecule dimerization or myosin filament formation. Whilst
mutations affecting a and d or b, ¢, and f lead to skeletal muscle diseases LDM and MSM, data from
amino acid positioning alone does not explain whether mutations affecting particular amino acids in

the heptad repeat lead to one disease or the other.
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A) Myosin LMM region forms a heptad amino acid repeat arrangement from a-g. Each amino acid plays a role
for myosin monomers to dimerise and for myosin dimers to form thick filaments. i) role of amino acids are: a, d
— hydrophobic interactions (pink), ii) e, g ionic interactions (purple) and iii) b, ¢, f— charged amino acids (blue).
Both S2 and LMM region show heptad repeat and dimerise through this coiled-coil structure in LMM region B)
LMM region form a 28 aa pattern of 6 alternating positive and negatively charged amino acids (+ and — symbol).
In each 28 aa pattern, the strongest charge occurs in 1b and 3b positions (large bold + and — symbol). There are
7 28aa repeats between skip 1 and skip 2, 7 28aa repeats between skip 2 and 3 and there are 8 28aa repeats
between skip 3 and 4. Schematic drawing of strongest charged patterning from 1b and 3b positions of coiled-
coil between skip 1 and 2 on myosin LMM enabling myosin molecules to bind together for thick filament
assembly through amino acid charges. C) Mutations in functional amino acids associated with LDM and MSM.
Percentage calculated from the proportion of patients with a mutation in the selected region compared with
the total number of disease patients (LDM or MSM).

Myosin filaments function within sarcomeres, myofibrils and myofibres where myosin is present in
three main states: i) active, ii) disordered relaxed state (DRX) and iii) super relaxed state (SRX). (Alberts
et al., 2015). In the active state, MyHC acts as a molecular motor within a kinetic cycle by interacting
with actin and converting chemical energy of ATP hydrolysis into mechanical force and motion, thus
generating muscle contraction (Sweeney and Houdusse, 2010). Structural features of MyHC S1 head
indicate the functional role for each step in the myosin actin kinetic cycle. Myosin head consists of a
large upper 50 kDa cleft where actin and ATP binding sites are found. As ADP is released, this cleft
closes and binds to actin tightly (Yengo et al., 1999; Volkmann et al., 2000; Coureux et al., 2003). At
the C-terminus of the myosin S1 head, essential light chains bind in this region which elongates the
alpha helical structure of the neck, this may aid in neck movement for power stroke for force
production (Rayment and Holden, 1994). Myosin functional elements in S1 region include relay loops
for connecting the molecule together in addition to two binding regions for both ATP and actin, the
former consists of: ATP binding loops and switch 1 and 2, whereas the latter consists of actin binding
loops, loop 1-4 and HCM loop (Fig 1.9A). MyHC S1 region can be subdivided into four subunits: the
upper 50 kDa (U50 kDa), lower 50 kDa (L50 kDa), N-terminal subdomain and the lever arm. The four
subunits in the S1 head connects to S2 region via the lever arm, this can be observed from a side view
(Fig 1.9B). These four subdomains are linked by four highly conserved connectors: SH1 helix, relay,
switch 2 and strut (Fig 1.9B) (A.T.Geisterfer-Lowrance et al., 1990). The S1 helix and relay domain play
an important role to connect to the converter at the start of the S2 region to induce conformational
changes for actin binding and release via L50 kDa subunit. Before power stroke, the 50 kDa cleft
partially closes near switch 2, this enables the hydrolysed phosphate to be held in place (Fig 1.9B)
(Yount et al., 1995; D’Agostino et al., 2011). In the absence of ATP when myosin is in rigor state, both
the outer cleft (closest to loop 2) and the inner loop (closest to switch 2) are closed, which enables
protein to strongly hold onto actin (Coureux et al., 2003). The cleft is able to open and close across

the myosin actin kinetic cycle, this may be controlled through ATP binding site opening and closing or
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through alterations in the conformational change in B-sheet transducer (Malnasi-Csizmadia et al.,

2005).

Although the S1 head is intricate in structure to generate mechanical force for muscle contraction, the
LMM region also plays a role in controlling myosin head positioning during muscle contraction and
relaxation. When myosin is in the relaxed state, there have been observations of a DRX and SRX (Fig
1.10A) (McNamara et al., 2015). The conventional “)” motif seen in myosin filament structures
describes myosin molecules in their SRX state (Fig 1.10B). During the SRX state, myosin heads interact
with each other and both heads block actin and ATP binding sites by folding towards the S2 region
into a form called the “interacting heads motif” (IHM) (Alamo et al., 2017; Woodhead and Craig, 2020).
Myosin is stabilised in the SRX state by a second protein MyBP-C where MyBP-C connects to myosin
at two sites, the N-terminus of MyBP-C connects to the myosin head region and C-terminus of MyBP-
C connects to the myosin LMM (Luther et al., 2008; Spudich, 2015). During the DRX state, myosin
heads spring away from the thick filament backbone and protrude towards the actin filaments (Zhao,
Padrén and Craig, 2008; Wilson et al., 2014). The main difference between myosin in the DRX state
compared with the SRX state is that myosin in an SRX state consumes ATP at a slower rate in
comparison to DRX and much slower than during the contractile state (Fig 1.10A) (McNamara et al.,
2015). There has been a link between HCM mutations affecting the N-terminal MyBP-C binding site
on MYH7 that has led to destabilising myosin in the SRX state (Alamo et al., 2017; Toepfer et al., 2020).
In chapter 3, | analyse the proportion of SRX and DRX myosin molecules in the presence and absence
of MYH7 mutations to identify whether the C-terminal MyBP-C binding domain also plays a role in

stabilising myosin in the SRX state.
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Figure 1.9. Structure of S1 myosin head.

Functional elements of the human cardiac myosin head. A) Top view of myosin S1 head. Schematic diagram of
myosin molecule on top left and box indicates the location of S1 head for structural ribbon view. Close up of
lower myosin S1 head labelled with the positions of functional domains: ATP binding loops (red), HCM loop
(cyan) and loop 1-4 to aid actin-binding (pink), main actin-binding loops (green), switch 1 and 2 for ATP binding
(orange) and relay loops for connecting molecule together. B) Side view of myosin S1 head. Schematic diagram
of myosin molecule on top left and box indicates the location of S1 head for schematic diagram of head and its
structural ribbon. S1 head can be subdivided into 4 subdomains, 1. Upper 50 kDa subdomain (U50 kDa) and 2.
Lower 50 kDa subdomain (U50 kDa) with the presence of the 50 kDa cleft in between where actin binds, 3. N-
terminal peptide, 4. Lower connector for lever arm and S2 connection. Actin binding is modulated between loops
2-4, the HCM loop and the main actin-binding loops in (A), ATP binding is modulated between ATP binding loops
and switch 1/2. Relay and SH1 helix main function for twisting S2 head for power stroke. Diagram in B adapted
from Sweeney and Houdusse, 2010 using protein 4DB1 from Protein data bank
(https://www.rcsb.org/structure/4DB1).
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Figure 1.10. Myosin conformation in contracting, DRX and SRX state

A) Schematic diagram showing myosin molecules in 3 states: Contracting, DRX and SRX states. Blocked head
represents the blocking of ATP site during SRX and DRX state. During contracting state, both blocked head and
free head are available for ATP hydrolysis and ready for actin binding in the myosin actin kinetic cycle. During
DRX state, blocked head is bound to the thick filament backbone and unable to hydrolyse ATP, free head remains
flexible and able to hydrolyse ATP. When myosin is in SRX, both heads are bound to the thick filament backbone
and both are unable to hydrolyse ATP. Energy consumption lowers from transition from contracting myosin to
DRX to SRX state as ATP site availability decreases during the transition. B) Front and Back view of myosin in SRX
state in ribbon representation. Myosin is helically ordered with the appearance of a tilted ‘)’ motif (left). Free
head represents availability of ATP site during DRX but not available during SRX. Essential light chain (orange)
and regulatory light chain (yellow) binds at the bottom of the ‘)’ motif. Panel A adapted from Garfinkel, Seidman
and Seidman, 2018 and panel B adapted from Woodhead et al., 2005.

1.5. Zebrafish as a model LDM and MSM

Currently there are a few in vitro human cell culture and in vivo animal models for LDM and MSM. Cell
culture models for MSM have modelled mutations R1845W and H1901L. Cells transfected with
R1845W and H1901L show accumulation of MyHC aggregates that did not incorporate into thick
filaments and demonstrated that mutations R1845W and H1901L affected the 29 residue assembly

complex domain for myosin filament formation (Dahl-Halvarsson et al., 2017). Although transfection
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experiments in human cell lines can generate identical MYH7 mutations from human patients in
human MYH7 gene, experiments have only shown overexpression of mutant MYH7 to healthy MYH7
and are not representative of the biological expression level of MYH7 in vivo (Dahl-Halvarsson et al.,

2017). There are several in vivo models such as C. elegans and D. melanogaster.

C. elegans MSM models have modelled mutations by creating alleles in the unc-54 gene with
mutations R1845, E1883K and H1901L (Dahl-Halvarsson et al., 2017). Unc-54 is the major MyHC gene
expressed in body wall muscles (Tajsharghi, Pilon and Oldfors, 2005). C. elegans lacking unc-54 gene
led to paralysis of body wall muscles and could be rescued in the presence of wild type UNC-54.
Introducing either of the three mutant alleles of the unc-54 gene (R1845, E1883K and H1901L) there
was partial rescue of motility but not to full rescued effect observed when introduced with wild type
unc-54 (Dahl-Halvarsson et al., 2017). Although C. elegans is an easy model organism for the
introduction of various alleles to identify the mechanism leading to disease, the unc-54 gene may not
represent as an accurate ortholog to human MYH?7. C. elegans is an invertebrate model organism
where there is no skeletal muscle. Although C. elegans do contain striated muscle, unc-54 is not a
skeletal MyHC and thus by utilising unc-54 to represent slow skeletal muscle may be inaccurate. There
are alternative MyHCs in C. elegans such as unc-15, myol, myo2 and myo3 that are localised in a
subset of muscle or thick filament structure but neither of these muscles accurately resemble slow

MyHC in humans (Miller, Stockdale and Karn, 1986).

D. melanogaster MSM models have modelled mutations by creating alleles in the Mhc gene with
mutations L1793P, R1845W, and E1883K (Viswanathan et al., 2017). Mhc mutant alleles L1793P
R1845W, and E1883K were transgenically expressed in Mhc null background to study developmental
defects in the presence of defective myosin molecules. Indirect flight muscle (IFM) fibres show the
presence of MyHC aggregates from 1-day old flies with a decline in muscle architecture in adult flies
but not during early myofibrillogenesis during the pupae stage (Viswanathan et al., 2017). In vitro
assembly assay to identify myosin polymerisation into thick filaments show that MSM mutant myosin
was not able to form thick filaments as efficiently as wild type myosin when subjected to differing salt
concentrations (Viswanathan et al., 2017). Additionally, in vitro studies subjecting thick filaments to
proteolysis have shown that MSM mutant myosin form thick filaments that were less stable in
comparison to wild type thick filaments. MSM mutant myosin were therefore unable to form thick
filaments as readily and stably as wild type myosin. D. melanogaster LDM models have modelled
mutations by creating alleles in the Mhc gene with mutations K1729del (Dahl-Halvarsson et al., 2018).

Mhc mutant allele K1729del were generated using CRISPR/Cas9 genome editing to target Mhc gene
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and use homologous recombination (HR) to insert a short single oligonucleotide (ssoligo) containing
mutant allele K1729del to insert mutation into the Mhc gene. Homozygous mutants show high death
rate and heterozygous larvae show reduced muscle function. Reduced lifespan, lack of flight, impaired
jump movement and reduced overall movement were observed (Dahl-Halvarsson et al., 2018). At
larvae stage, Z-disks and M-bands appear to be reduced in heterozygous mutants and are difficult to
distinguish in homozygous mutants. At older stages, myosin thick filaments show distinct A bands,
however appear faint in muscle fibres, however myosin accumulated in certain areas of the thick
filament (Dahl-Halvarsson et al., 2018). Thus, D. melanogaster Mhc mutant allele K1729del show
progression of disease with varying degree of severity, a similar phenotype to clinical diagnostics of
human LDM patients. Although both MSM and LDM models in D. melanogaster have demonstrated
instability of myosin filament formation in the presence of MSM mutations and the progression of
muscle disease in the presence of LDM mutations, representation of the single Mhc gene in D.

melanogaster as the ortholog to human MYH7 may be inaccurate.

To study how mutations in MYH7 pathologically lead to diseases, | will be studying the mechanisms by
which mutations in MYH7 lead to developmental defects. Currently, there are no vertebrate animal
models for MSM or LDM targeting the orthologous gene to human MYH7. | will be using zebrafish as
my animal model as there are several advantages to studying muscle developmental defects
compared to alternative animal models. Zebrafish larvae are transparent with optical clarity, allowing
direct visualisation of muscle formation, growth, and function. From 0 to 5 days post fertilisation (dpf),
zebrafish larvae do not feed and utilise their yolk as their source of nutrition, thus removing feeding
as a factor in muscle development. Zebrafish can frequently produce large clutch sizes of 100-300
embryos which enable large sample sizes to be analysed. Large clutch sizes also enable ease of
CRISPR/Cas9 genome editing as injections at the one-cell stage can be made quickly and efficiently
(Maves, 2014). In chapter 4, | demonstrate the need to identify the zebrafish ortholog to human
MYH7. In chapter 5, | determine the role of zebrafish ortholog of human MYH?7 in sarcomere assembly
using loss of function experiments in the quest to identify the importance of slow MyHC for the overall

muscle structure and function.

There are many structural similarities between zebrafish muscle to mammalian muscle. Zebrafish
muscle spans from the trunk to the tail and is organised into roughly 30 chevron-shaped blocks called
somites separated by connective tissue (Fig 1.11A). Each somite consists of skeletal muscle fibres that

bundle to span across the length from posterior to anterior (Fig 1.11B). When viewing the zebrafish
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trunk in a transverse cross-sectional view, the somites surround the neural tube, which forms the
spinal cord, and notochord, a rod like structure which supports the developing embryo (Fig 1.11C).
Zebrafish muscle fibres differentiate during development, muscle fibres are separated into
compartments rather than mixed in muscle bundles. Slow fibres are mononucleated and are organised
to be on the superficial layer of the somite and the fast muscle is multinucleated and is buried
underneath in the deeper tissue (Fig 1.11B). Since fast and slow fibres are in such distinct location,
identifying slow MyHC defects in zebrafish prove advantageous as fast and slow muscle fibres can be

identified and analysed with ease.

In teleosts, to form muscle there is a subdivision step to form the blocks of cells called somites from
the anterior to the posterior end of the body. From this subdivision, somites form epithelia to separate
from the notochord and neural tube (Chevallier, Kieny and Mauger, 1977; Schroter et al., 2008). At
around 10.5 hours post fertilisation (hpf), the first pair of somites are formed. Following this first
somite, another pair of somites is added every 15 min until around 8 somites have been, and then
every 30 min until 30 somite pairs have been formed by the 24 hpf (Stickney, Barresi and Devoto,
2000). In zebrafish, slow muscle fibres are the first to differentiate and, following this, fast muscle
develops later. The first 20 slow fibres are differentiated next to the notochord (van Raamsdonk et al.,
1982; Devoto et al., 1996). These cells are signalled through hedgehog (Hh) proteins to differentiate
into slow muscle fibres (Blagden et al., 1997; Lewis et al., 1999; Bryson-Richardson et al., 2005). These
slow cells first have an elongation step followed by migration to form a superficial monolayer of slow
fibres of each somite (Fig 1.11) (Devoto et al., 1996; Blagden et al., 1997; Daggett et al., 2007). At the
horizontal myoseptum, near the notochord, there is a subset of cells called the slow muscle pioneers
(Fig 1.11) (Waterman, 1969; van Raamsdonk et al., 1982) which lie on the border between the dorsal
and ventral divisions of the somite (Felsenfeld, Curry and Kimmel, 1991). Muscle pioneers express
engrailed proteins and are also regulated by the Hh signalling present near the horizontal myoseptum
(Wolff et al., 2004). Fast muscle fibres are then differentiated through fgf8 signalling (Groves,
Hammond and Hughes, 2005). Following formation, muscle fibres fuse and finalise the organisation
of the sarcomeres (Kimmel et al., 1995). In adult fish, slow muscle fibres are mainly found in a wedge
along the lateral side of the horizontal myoseptum, whereas the fast muscle fibres make up the
majority of the myotome. Intermediate muscle fibres are found in between the slow and fast fibres
(Stone Elworthy et al., 2008; Nord et al., 2014). There are two groups of muscle stem cells, one set is
found in the external cell layer and is responsible for fibre formation at the external layer of the

myotome. These muscle stem cells express pax3, pax7 and met and are active for fibre formation after
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24 hpf (Hammond et al., 2007; Gurevich et al., 2016; Nguyen et al., 2017). The other set of muscle
stem cells is found deeper within the myotome and proliferate at early stages before 24 hpf (Knappe,

Zammit and Knight, 2015; Pipalia et al., 2016; Roy et al., 2017).

During the formation of myofibrils, the sequence of events in sarcomere assembly in the developing
zebrafish embryo is less well understood. There have been several studies to model aspects of
sarcomere assembly described earlier. The initial steps of myofibrillogenesis have been described as
an anchoring step at the cell periphery, close to the myotendinous junction (MTJ) (Kelly and Zacks,
1969; Tokuyasu, 1989) where there are integrin adhesion sites to connect thin filaments to the MTJ
(Pardo, Siliciano and Craig, 1983; Ervasti, 2003; Quach and Rando, 2006). Thin filaments and Z-disks
form I-Z-1 bodies accumulate and aggregate at the MTJ (Tokuyasu and Maher, 1987). In chapter 5, |
describe the role of slow MyHC in myofibrillogenesis to identify the mechanism behind LDM and MSM

in early muscle development (Sanger et al., 2009).
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Figure 1.11. Muscle composition of zebrafish larvae

A) Schematic of 3 dpf zebrafish larvae from lateral perspective, anterior left and posterior to the right with dorsal
top and ventral bottom. Zebrafish labelled with eye, heart, yolk and somite highlighted in red. B) Schematic of
zebrafish somite showing superficial slow fibres (left) where they are mono nucleated and arranged in parallel
in a horizonal appearance when viewed from lateral perspective. Fast fibres (right) are multinucleated, are found
deeper than slow fibres and appear at an angle when viewed laterally. At the centre line of the somite is the
horizontal myoseptum where the slow muscle precursors are found. C) Cross section (YZ angle) of zebrafish
trunk show fast and slow cell populations at their locations. Slow fibres shown at the superficial layer and fast
fibres seen in the deeper layers. On the external cell layer (ECL) muscle stem cells can be observed. Another set
of muscle stem cells can be observed in the deeper layers, between the fast fibres. Nt, neural tube, nc,
notochord.

45



Chapter 1: General Introduction

The two congenital myopathies that | have focused on in the present work, Laing Distal Myopathy
(LDM) and Myosin Storage Myopathy (MSM) are due to sarcomeric gene mutations in MYH7 (Lamont
et al., 2014; Parker and Peckham, 2020). Although there are currently no curative medicines for MYH7-
related congenital myopathies and available treatments simply target the various symptoms (Myosin
storage myopathy, 2016; Topaloglu, 2020). The aim of this thesis was to study the potential underlying
molecular and cellular mechanisms leading to LDM and MSM by identifying primary biophysical
defects in human fibres obtained from affected patients and developing zebrafish models that
investigated developmental defects in the quest for treatment design for MYH7-related diseases. In
chapter 3, l investigate the primary biophysical defects in the presence of human MYH7 mutations to
assess whether there was a change in myosin filament length or a change in myosin head positioning
in the presence of defective myosin molecules. My main findings were the following: 1) There is no
overall alteration in sarcomere organisation in the presence of defective myosin molecules. 2)

Mutations affecting the MYH7 MyBP-C binding domain destabilise the SRX state.

In chapter 4, | identify the fish equivalent genes that can be accurately described the orthologous
genes to human MYH?7 to target for the generation of an accurate disease model in the future. In
chapter 5, | generate smyhcl1 knockout models using CRISPR/Cas9 genome editing to understand the
role of zebrafish smyhc1 in sarcomere assembly. My main findings were the following: 1) Zebrafish
genes smyhcl-5, myh7 and myh7I are orthologous to mammalian MYH?7. 2) Loss of smyhc1 in zebrafish
results in defective sarcomere organisation at the early stages of development, indicating the role of
smyhcl in sarcomere assembly to elongate the myofiber. 3) Transitional role of MYH7 from early
developmental stages to adulthood remains in question. Overall, current data give early insight into
the mechanism for the role of slow myosin in sarcomere assembly. Work ongoing to generate large
deletion of smyhc locus to understand the role of slow MyHC in sarcomere assembly during early

developmental stages through to adulthood.
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All the human muscle biopsy specimens have been taken from various European clinical laboratories.

The use of these samples has been ethically approved (ethics approval REC 13/NE/0373)

Table 2.1. List of human samples from healthy controls and patients with disease mutations in MYH7.

The mutation map of these patients is presented in Fig.2.1.

Patient Mutation Gender Age Disease
C1 | None Male 55 -
C2 | None Female 25 -
C3 | None Female 63 -
C4 | None Male 37 -
C5 | None Female 44 -
P1 | p.STOP1936Leu Male 57 Myosin storage myopathy
P2 | p.Thr304Ser Female 60 Dilated cardiomyopathy and Distal myopathy
P3| p-Argl845Trp Male 55 Myosin storage myopathy
P4 | p.Leu594Met Female 30 Distal myopathy
P5 | p.Arg453His Female 47 Hypertrophic  cardiomyopathy and Distal
myopathy
P6 | p-Met982Thr Male 38 Myosin storage myopathy
P7 | p.Alal882Glu Female 27 Laing distal myopathy
P8 | p.Alal440del Female 15 Distal myopathy
P9 | p.Glul508del Female 68 Laing distal myopathy
P10 | p-Alal603Pro Female 44 Distal myopathy
P11 | p.Glul610Lys Female 44 Hypertrophic cardiomyopathy, nemaline
myopathy and distal myopathy
P12 | p.Lys1617del Female 22 Laing distal myopathy
P13 | p.Alal636Pro Male 45 Laing distal myopathy
P14 | p.Lys1729del Female 53 Laing distal myopathy
P15 | p.Leul492Pro Female 16 Laing distal myopathy
P16 | p.Leul467Pro Female 35 Distal myopathy
P17 | p.Thr441Met Male 10 Distal myopathy
P18 | p.Glul669del Female 49 Distal myopathy
P19 | p.E1507del Male 26 Distal myopathy
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Figure 2.1 Map of MYH7 protein and plotted mutations of patient samples in Table 2.1

Table 2.2. Primary antibodies

Primary Target Type  Raisedin Raised Dilution  Method
Antibody/Sma against Used
Il molecule
MF20 | All MyHC lgG2b  Mouse Chicken 1:10 2.2.1.
A4.951 | Slow MyHC IgG Mouse Human 1:50 2.2.1.
S58 | Slow MyHC IgA Mouse Chicken 1:5 2.8.2.
F59 | Slow MyHC IgG Mouse Chicken 1:5 2.8.2.
BA-D5 | Slow MyHC lgG2b  Mouse Rat 1:5 2.8.2.
a-actinin | a-actinin IgG1 Mouse 1:500 2.8.2.
F310 | Fast MyHC IgG1 Mouse Chicken 1:5 2.8.2.
A4.1025 | All MyHC lgG2a  Mouse Human 1:10 2.8.2.
MF20 | All MyHC lgG2b  Mouse Chicken 1:500 2.8.2.
Phalloidin488 | F-actin 1:50 2.8.2.
Phalloidin405 | F-actin 1:50 2.8.2.
Table 2.3. Secondary antibodies
Secondary Target Dilution
Antibody
/gG—A/exa488 Goat anti-mouse 1:1000
/gG—A/exc7555 Goat anti-mouse 1:1000
IgG1-Alexa555 | Goat anti-mouse 1:1000
/gGl-A/exa488 Goat anti-mouse 1:1000
lgG2a-Alexa488 Goat anti-mouse 1:1000
lgG2a-Alexa594 | Goat anti-mouse 1:1000
IgG2b-Alexa488 | Goat anti-mouse 1:1000
lgGZb—A/exa594 Goat anti-mouse 1:1000
Goat anti-mouse 1:500
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Muscles were treated with skinning solution (100 mM KCIl, 5 mM MgCI2, 5 mM EGTA, 10 mM
Imidazole, 50% Glycerol, pH 7.5) at 4°C for 24 hours and then transferred to -20°C. Preparations of
single muscle fibres were made by dissecting skinned muscle bundles. Muscle fibres from human
biopsy samples were prepared and mounted onto microscope slides at room temperature (Fig 2.2).
Each muscle fibre was clamped to half-split copper meshes designed for electron microscopy (SPI
G100 2010C-XA, width, 3 mm). Prepared slides were then used for antibody staining (Hooijman,
Stewart and Cooke, 2011).

Fibres were mounted on microscope slides with clamps and stretched between two clamps. Fibres
were then fixed with 4% PFA for 15 min at room temperature. After fixing, fibres were washed 3x 5
min in PBS and then permeabilized using 0.1% Triton (in PBS) for 10 min at room temperature. After
permeabilization, fibres were washed 3x 5 min in PBS and then blocked in 10% goat serum in PBS for
1 h at room temperature. 10% goat serum was then replaced with the primary antibody in their
working dilutions (see Table 2.2) and incubated at 4 °C overnight. Fibres were washed 3x 5 min in PBS
followed by incubation with secondary antibody in their working dilutions (see Table 2.3) at room
temperature for 3 h. Fibres were washed 3x 5 min PBS to remove excess antibody and then immersed
in Fluoromount. Coverslip was placed onto slide without disturbing the position of the fibre and sealed

with nail varnish. Confocal images were taken using Cell Voyager at 60x magnification.

Images were analysed using the DDecon plugin for Imagel, a program that background corrects images
by deconvolution and computes filament lengths with a precision of 10-20 nm by measurements of
peak positions of fluorescently labelled filaments (Fig 2.2). Thick filament measurements were made

by analysing observed scan intensities and modelled intensities (Gokhin et al., 2012).

If there were a small change detected from my samples, an estimated expectation of change was 20%
with an effect size of 1.5. With a = 0.05 and power (1-B) = 0.80, the minimum required sample size
was 7 fibres per group (G-power analysis). Measurements taken from one fibre were pooled and
averaged by calculating mean value to plot one point on the graph. All statistical computations were

performed using Prism 8 (GraphPad). One-way ANOVA was used to identify differences when
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comparing fibres between two individuals (controls or patients). Mean filament length measurements
from each fibre from each patient were all pooled together and treated as a separate group for
comparison to controls as each mutation was different from one patient to another. All data were

expressed as mean * standard deviation (SD).
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Figure 2.2. Methods for thick flament measurements.

1. Isolating muscle fibres from controls and patients in table 2.1. 2. Nine muscle fibres per human sample were
mounted onto microscope slides. 3. Antibody staining for either a) fast and slow myosin (MF20) or b) staining
for slow specific (A4.951) and actin (phalloidin) were made using antibodies in Table 2.2. 4. Images were taken
on using Cell Voyager at 60x magnification

2.2.2. ldentifying proportion of SRX and DRX state in muscle fibres

SRX experiments

Fibres were prepared as Methods 2.2.1 and the experiment was followed as in Toepfer et al., 2018.
Fibres were dissected and mounted onto glass coverslip as in methods 2.2.1. The flow chamber was
made by using three layers of double-sided sticky tape, fibre side up and a coverslip was placed on
top. Before imaging, fibres were washed with 100 ulL Rigor buffer (120 mM K acetate, 5 mM Mg
acetate, 2.5 mM K;HPO,, 2.5 mM KH,PO,, 50 mM MOPS, 5 mM, EGTA, 1 mM TCEP, pH 6.8) 5 times
over 5 mins to remove ATP, BDM and glycerol. Fibres were then incubated with 100 uL mATP buffer
(Rigor Buffer + 250 uM Mant-ATP, pH 6.8) for 5 min. Fibres were imaged at 25 °C using a Zeiss
epifluorescence microscope (20x/0.8 Plan Apo objective). Fibre was located using brightfield light to
avoid photobleaching of mATP. Fibres were excited at 395 nm (DAPI setting) at 20% laser power, 20%
shift and exposure time of 20 ms. At time 0 s, 2 images were taken to set the start point of intensity

at 100%. mATP buffer was flushed with ATP buffer (Rigor Buffer + 4 mM ATP, pH 6.8) and fluorescence
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decay images were taken using AxioCam Cm1 camera at 5 s intervals for 90 s, then every 10 s until

180ss.

Images taken from SRX experiments were analysed using ImagelJ to record fluorescence intensities
(File > Import > Image Sequence > Select the images > OK). A square on the image of the fibre was
drawn and the fluorescence intensity of the square was measured (M key to measuring on keyboard).
Another square was drawn on the background to measure background fluorescence. To normalise the
background, mean background fluorescence was subtracted from the average fibre fluorescence
intensity for each image. Then each point was divided by the fluorescence intensity of the final mATP
before ATP flush (t=0). Normalised values were exported to Prism GraphPad Software. Decay in
fluorescence was then fit into a two-state exponential (Analyse > Nonlinear regression (curve fit) >

Exponential > Two-Phase Decay > 95% confidence interval).
t t
I=1-Py(1-exp(— ) - Po(1-exp(—=>))

| = fluorescence intensity

P1 = initial proportion of fluorescence for the fast states
P2= initial proportion of fluorescence for the slow states
T1 = time constants for the lifetime of fast state

T2 = time constants for the lifetime of the slow state

P1 and T1 represent fast decay in the DRX state and P2 and T2 represent slow decay in the SRX state.
This assay shows an approximate proportion of 40% of myosin in the DRX state and 60% of myosin in

the SRX state (Alamo et al., 2017; Christopher N. Toepfer et al., 2019).

If there were a small change detected from my samples, there was an estimated expected change of
20% with an effect size of an effect size of 1.5. With a = 0.05 and power (1-B) = 0.80, the minimum
required sample size is then 7 fibres per group (G-power analysis) to identify such change.
Measurements taken from one fibre were pooled and averaged by calculating mean value to plot one
point on the graph. All statistical computations were performed using Prism 8 (GraphPad). One-way
ANOVA was used to identify differences when comparing fibres between two individuals (controls or

patients). Mean filament length measurements from each fibre from each patient were all pooled
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together and treated as a separate group for comparison to controls as each mutation was different

from one patient to another. All data were expressed as mean + standard deviation (SD).

Zebrafish (Danio rerio) were obtained from the Zebrafish Facility at King’s College London, Guy’s
Campus. Wildtype embryos (AB background) were obtained from the mass embryos production
(MEPs) facility. All genetically altered zebrafish were created on AB and reared on a 14/10 hr light/dark
cycle at 28.5 °C, 22% humidity. To collect embryos for experiments, males and females were initially
paired in 1-litre breeding tanks and separated with barriers during the evening; this allows the mating
pairs to acclimate to each other overnight. At the onset of light exposure, the following morning, the
barriers were removed to enable breeding behaviour. Upon spawning, all embryos were collected
using a mesh tea strainer and incubated at 28.5°C in petri dishes containing 1% methyl blue system
water to prevent possible bacterial growth. Debris in dishes was removed using a 3 mL Pasteur pipette
(Kimmel et al., 1995). All experiments were performed in accordance with guidelines and regulations

of the UK Animals (Scientific Procedures) Act 1986.

Zebrafish have been used as a classic model organism for their characteristics of fast growth,
transparent embryos, and small size. Zebrafish embryos are fertilised after laying eggs, enabling
genetic manipulation at the one-cell stage using morpholino or CRISPR/Cas9 (Gutiérrez-Lovera et al.,
2017). Genome editing using CRISPR/Cas9 has produced many genetic manipulations in zebrafish.
There have been improvements by optimising the Cas9 protein, which was used in creating mutant
zebrafish lines in this project (Hwang et al., 2013). Embryos can be collected after fertilisation and can
be used to study the early stages of development as they are not developed in utero. Internal
structures can be visualised as embryos are transparent, therefore, labelled antibodies or RNA probes
could be seen easily. (Gutiérrez-Lovera et al., 2017). Thus, utilising zebrafish as a model organism to

create disease models can be used to characterise the early developmental defects upon mutation.

Gene editing tools have been developed to target specific sites in the genomes of many organisms
such as mice, drosophila and zebrafish (Ma and Liu, 2015). Traditionally, genome editing tools such as
zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) were used to
target genes. These tools require a string of DNA binding proteins that bind to the target gene, this

string of proteins is attached with an endonuclease domain whereby the two domains come in close
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proximity to then enable the endonuclease to create a double-strand DNA break (DSB) at the target
site. CRISPR/Cas9 genome editing is made by creating a DSB by Cas9 at the target gene site (Fig 2.3).
CRISPR-Cas was originally discovered in a microbial adaptive immune system utilising 20 nucleotide
RNA guide sequences (crRNA) and a guide RNA (tracrRNA) that enables the cleaving of foreign genetic
material from invading viruses. The target DNA should contain a PAM sequence (for Cas9 it is NGG).
As a genome editing tool, the crRNA and tracrRNA can be fused together to create a single-guide RNA
(sgRNA). This sgRNA can then bind to Cas9 to direct the binging towards the target sequence by
designing the 20 nucleotide sequence within the sgRNA. Upon binding of Cas9-sgRNA to target DNA,
the Cas9 protein undergoes a conformational change and induces a DSB ~3 bp upstream of the PAM

sequence. After a DSB is made, pathways for DNA damage repair are activated (Ran et al., 2013).

There are two different pathways: non-homologous end joining (NHEJ) or homologous recombination
(HR) (Ran et al., 2013). NHEJ involves Ku proteins to be recruited at the free ends of DSB DNA to enable
the recruitment of DNA-PKcs. XRCC4 and Ligase IV are recruited to re-ligate the DNA ends. NHEJ is an
error-prone mechanism for DNA repair whereby INDEL mutations are likely to occur (Chang et al.,
2017). The alternative repair mechanism is HR where there is a requirement for a template DNA strand
from another chromosome. This process ensures that the DNA repair is made without mistakes at the
site of damage. The initial steps in HR consist of pre-synapsis whereby double-strand break is detected
and resection occurs at the 5’ end to generate 3’ single-stranded DNA ends. Rad51 and Rad52 are
recruited at 3’ single-stranded tails which then lead to the homology search and annealing of the
complementary template DNA strand from another chromosome. This forms a double Holliday
junction between damaged DNA and the complementary template DNA. Template DNA is then used
as a reference for repairing damaged DNA. (Jasin and Rothstein, 2013). To make specific mutations,
an introduction of an oligonucleotide containing desired could be used and by HR, insert into the

genome.
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Figure 2.3. CRISPR/Cas9 mechanism to create site-specific mutations.

Cas9 protein from S. pyogenes (yellow) binds to the gRNA scaffold (red) and the sgRNA-Cas9 complex binds to
the target sequence (blue). Cas9 creates double-strand breaks (red triangles) 3bp upstream of the 5’NGG PAM
sequence. Image adapted from Ran et al., 2013.

2.4.2. ldentifying potential target sites for CRISPR gene editing

To identify potential target sites for CRISPR knockout, CRISPR Direct (http://crispr.dbcls.jp/) was used

to identify targets with information on sequence specificity to minimise the chances of off-target
mutations. Highly specific gRNA was selected based upon 20 base pair target sequence and also
12mer+PAM site which bind 12 bases adjacent to PAM sequence. The whole cDNA sequence of
smyhcl was screened for potential target sites (Fig 2.4). Oligonucleotides were ordered for the

insertion into expression vector pDR274 (Table 2.4).
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Figure 2.4. Identifying specific target sites in smyhc1 using CRISPR Direct.
Interface of CrisprDirect (http://crispr.dbcls.jp/). The DNA sequence of smyhcl was entered into the text box.
Zebrafish (Danio rerio) genome, GRCz11/DanRerll was selected for the specificity check so possible off-targets
can be analysed to ensure sequence comparison was using the most updated zebrafish gene database available.

Table 2.4. smyhc1 CRISPR/Cas9 target sites

gRNA Gene Exon Target Sequence +PAM Oligonucleotides for insertion into pDR274
name (NGG or NG using
Cas9BE3)
gRNA Smthl 2 CATGTCAAAAATACGAGTTTGGG Oligo 1: 5'- TAGGTGTCAAAAATACGAGTTT =37
Oligo 2: 3’- ACAGTTTTTATGCTCAAACAAA -
smyhcl 57 -
KO1
gRNA Smyhcl 4 ACCACAGAGGAATCGTACACTGG Oligo 1: 5’'- TAGGCACAGAGGAATCGTACAC -3’
hel Oligo 2: 3'- GTGTCTCCTTAGCATGTGCAAA -
smync 57
KO2
gRNA SthC]. 29 CAGAGGAAATCTCTGACCTTACT Oligo 1: 5’- TAGGTAAGGTCAGAGATTTCCT -3’
E1508d Oligo 2: 3'- ATTCCAGTCTCTAAAGGACAAA -5
el
QRNA Smyhcl 30 TCTCAGACTGAAGAAGAAGATGG Oligo 1: 5'- TAGGTCAGACTGAAGAAGAAGA -3’
K1617d Oligo 2: 3'- AGTCTGACTTCTTCTTCTCAAA -5
el
QRNA smyhcl 32 GCTGAATCAGAAGAAGAAGCTGG Oligo 1: 5’- TAGGTGAATCAGAAGAAGAAGC -3’
K1729d Oligo 2: 3'- ACTTAGTCTTCTTCTTCGCAAA -5
el
gRNA Smyhcl 34 CTGAAGAAGACCGTAAGAATCTG Oligo 1: 5’- TAGGGAGGAAGACCGTAAGAAT -3’
E1856K Oligo 2: 3'- CTCCTTCTGGCATTCTTACAAA -5
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To synthesise gRNA plasmid DR274 was used, this plasmid contains a T7 promotor for gRNA synthesis
and a gRNA scaffold next to the target sequence (Fig 2.5). To use this plasmid, pDR274 is digested with
Bsal restriction enzyme (37°C, 24h; reaction mix: 1 ug of pDR247 vector, 5 uL of Bsal-HF enzyme, 5 plL
of 10X NEB 4 buffer, ddH20 to 50 pl) and purified using Qiagen’s QlAquick PCR Purification kit (Qiagen,
#28106) and can be stored at -20 °C. Bsal cuts the pDR274 vector creating ‘sticky ends’ for the insertion
of an oligonucleotide (oligo) sequence. The target sequence is flanked with sticky ends 5’- TAGG on
oligo 1 and 5 — CAAA on oligo 2 to enable insertion into Bsal digested pDR274. Once the target
sequence is ligated into the vector, the plasmid may be used to synthesise gRNA using T7 RiboMAX
Large Scale RNA Production kit. Oligonucleotides of the target sequence were ordered from IDT
Technologies (Table 2.4). The separate oligos were annealed together using 10x annealing buffer (0.4
M Tris-HCI, 0.2 M MgCl;, 0.1 M NacCl, 10 mM EDTA). Oligonucleotide annealing reaction mix (5 ulL
Annealing buffer 10x, 1 uL 100 uM CRISPR oligo 1, 1 uL 100 uM CRISPR oligo 2, 43 uL H,0) is heated to
95 °C for 5 min, then cools -1 °C each 30 s down to 25 °C and then incubated at 4 °C. Annealed oligos
can be stored at -20 °C. Annealed oligos are then ligated into digested pDR274 (2h, RT; Reaction mix:
1 uL Digested pDR274 [5 pg], 3 uL annealed CRISPR oligos, 1 uL T4 DNA ligase, 5 uL 2X ligase buffer).

After ligation, 5 pL of ligation mix was used to transform 50 uL of NEB 5-a competent E. coli. Firstly,
NEB 5-alpha competent E. coli were taken from -80 °C and thawed on ice. 5 pL of plasmid
(pDR274+0ligo ligated) was added to 50 uL E. coli and gently agitated. Cells were placed on ice for 30
min, then heat shocked at 42°C for 45 s and then replaced on ice for 5 min. 500 uL of SOC was added
to cells aseptically and incubated at 37°C in an orbital shaker for 1 h. 100 pL and 200 puL of cells were
aseptically plated to agar plates containing 30 pg/uL kanamycin and incubated at 37 °C overnight. 4
single colonies were inoculated in 10 mL of Luria broth (LB) containing 30 ug/uL kanamycin (4 colonies
per gRNA were inoculated) and incubated overnight at 37°Cin an orbital shaker at 225 rpm. Cells were
pelleted using the centrifuge at 13, 000 x g for 10 min. The supernatant was removed, and the plasmid
was isolated and purified using Qiagen Miniprep Kit. Minipreps were stored at -20°C. Insertions of
oligos were checked by sequencing using M13 (-21) Forward Primer 5’ —-TGTAAAACGACGGCCAGT -
3.
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Figure 2.5. Plasmid DR274 to synthesise single guide RNA for CRISPR/Cas9 systems.

A) pDR274 contains a T7 promoter for in vitro RNA production and a kanamycin resistance gene for the selection
of positive clones. B) pDR274 was digested with Bsal (shown in red) for insertion of the target sequence into the
plasmid. Before sgRNA synthesis, the plasmid was cut with Dral to enable 285bp sgRNA to be synthesised at the
T7 promotor and end after the gRNA scaffold sequence. The plasmid was obtained from Addgene.

pDR274 containing target sequence was digested using restriction enzyme Dral (Reaction mix: 5 pg
pDR274+target sequence, 1 pL Dral RE, 2 pL 10x Tango Buffer and add ddH,O to a final volume of 20
uL) Reaction mix was incubated at 37°C for 24 hrs. Linearized plasmid was then isolated and purified

using a Qiagen purification kit and eluted at 25 pL. Concentration was measured using nanodrop.

Linearized pDR274+target sequence was used as the template DNA to produce gRNA with T7 RiboMAX
Large Scale RNA Production kit (Promega). All reagents were thawed on ice and RNA synthesis was
performed as followed: 0.5 pg template DNA, 8 uL 5X T7 transcription buffer, 12 uL 25 mM rNTPs mix,
4 uL T7 enzyme mix and ddH,0 up to 40 pL. The reaction mix was incubated at 37°C overnight. DNA

template was removed by digesting with 1 uL QR DNase for 30 min. 2 uL sample of reaction was taken

to run on 1% agarose gel.
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RNA was purified using the phenol/chloroform/IAA method. The reaction was scaled up using water
to at least 100 pL before starting. 100 pL phenol/chloroform/IAA was added to the reaction and
vortexed followed by centrifugation at 13, 000 x g for 2 min. The upper phase is taken into a new tube.
10 pL 0.1 Volume of 3M Sodium acetate pH 5.2 and 1 volume of Isopropanol was added to the mix
and placed on ice for 5 min. The reaction was centrifuged at 13, 000 x g for 10 min. The supernatant
was poured off, leaving the pellet in the tube. Pellet was washed with 1 mL of 70% ethanol and then
left to air dry for 5 min, then the pellet was resuspended in nuclease-free water (25 pL) and placed at
55°C for 5 min. 2 uL sample was taken and run on 1% agarose gel next to the 2 pl taken at the end of
the sgRNA synthesis reaction. RNA concentration was measured using Qbit. Guide RNA was stored at

-80°Cin 5 pL aliquots.
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Injection of genome editing tools at single-cell embryos increases the likelihood of injection mixture
entering every cell. Injection needles were made using heat-treated capillary tubes that were pulled
to form fine needles. Injection needles were attached to a microinjector to inject 1 nL of CRISPR
injection mixture into each embryo. An injection mixture was prepared for each mutation type in Table
2.5. Embryos were provided from paired fish with known genotypes for each target gene. Male and
female fish were paired the evening before and placed in 1 L breeding tanks with a separating barrier
between the paired fish. In the morning of injections, upon light stimulation barriers were removed
to enable breeding behaviour. Embryos were collected using a tea strainer and injected. Embryos were
screened for 3 h and 24 h after injection to check the success of injections by analysing the

fluorescence of rhodamine dextran (Fig 2.6).

Table 2.5. Injection mixtures prepared for smyhc1 KO or HR

Mutation Reagents Volume (pL) Final concentration

Knock Out 1 (KO1) gRNA KO1 (87.7ng/uL) 4 ~80pg per embryo
Cas9 Protein (3220ng/ul) 0.5 ~300pg per embryo
5% Rhodamine dextran 0.5
ddH20 0

Knock Out 2 (KO2) gRNA KO1 (87.7ng/uL) 2 ~40pg per embryo
Cas9 Protein (3220ng/uL) 0.5 ~300pg per embryo
5% Rhodamine dextran 0.5
ddH20 2

K1617del gRNA K1617del (87.8 ng/uL) 1 ~30pg per embryo
Cas9 Protein (3220 ng/uL) 0.5 ~300pg per embryo
ssoligo K1617del (20 um) 0.5
5% Rhodamine dextran 0.5
ddH20 2.5

K1729del gRNA K1617del (53 ng/uL) 0.5 ~12.5pg per embryo
Cas9 Protein (3220 ng/ulL) 0.5 ~300pg per embryo
ssoligo K1729del (20 um) 0.5
5% Rhodamine dextran 0.5
ddH20 3

E1856K gRNA K1617del (132 ng/uL) 2 ~80pg per embryo
Cas9 Protein (3220 ng/uL) 0.5 ~300pg per embryo
ssoligo E1856K (20 uM) 0.5
5% Rhodamine dextran 0.5
ddH20 1.5
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Figure 2.6. Analysis of injected embryos at 24 hours post-injection.
Red fluorescence indicates successful injection whilst lack of fluorescence in embryos shows unsuccessful
injections.

The whole cDNA sequence of smyhc2 and smyhc5 were screened for potential target sites using
CRISPRdirect. Target sequences for smyhc2 and smyhc5 Table 2.6 were used to generate the deletion
of smyhc2-5. Alt-R CRISPR-Cas9 crRNA with specific target sequences in Table 2.7 were ordered from
Integrated DNA Technologies (https://eu.idtdna.com/pages/products/crispr-genome-editing/alt-r-
crispr-cas9-system). Alt-R crRNAs and tracrRNA were dissolved to 100 pL with ddH,0. crRNA:tracrRNA
duplex were made (95°C, 5 min, Reaction mix: 1 uL crRNA, 1 uL tracrRNA and 3 puL Duplex buffer) to
make a final concentration of 20 uM. Following heat treatment, crRNA:tracrRNA duplex was cooled
to room temperature for a further 5 min. AltR CRISPR-Cas9 mix was assembled as described in Table
2.7 and heated to 37 °C for 10 min and cooled to room temperature for 5 min before injection.
Injections of 1 nL were made at the one-cell stage and were reviewed at 24 hpf for successful injections

with the presence of red fluorescence with rhodamine dextran as shown in Figure 2.6.

Table 2.6. smyhc2-5 CRISPR/Cas9 target sites

CrRNA  Gene Exon Target Sequence +PAM Strand
description
smthZ KO1 | Smyhc2 3 Acaatattgaacgcttattcagg +
smyhc2 KO2 | Smyhc2 5 GAGGTGGTCGTTGCCTACAGAGG
smyhc5 KO1 | Smyhc5 1 GTATCTCAGGAAGTCGGACCGGG
smyhc5 KO2 | Smyhc5 36 GCAGCTTACGGAACTTGGTCAGG -
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Table 2.7. Injection mixtures prepared for smyhc2-5 KO
[NEB Cas9 EnGen® Spy Cas9 NLS, 20 uM is equal to 3.22 mg/ml (3220ng/ul).

Mutation Reagents Volume (ulL)
CRISPR A — | crRNA+tracrRNA mix — smyhc2 KO2 (20 uM) 1
smyhc2 ex5 crRNA+tracrRNA mix — smyhc5 KO1 (20 puM) 1
to smyhc5 EnGen-Cas9 buffer x10 0.5
EnGen Cas9 protein (3220ng/ul) 0.5
ex1 5% Rhodamine Dextran (Invitrogen, #D1816) 0.5
dH20 0.5
Total: 5
CRISPR A — | crRNA+tracrRNA mix — smyhc2 exon 5 KO2 (20 uM) 1
smyhc2 ex5 crRNA+tracrRNA mix — smyhc5 exon 36 KO2 (20 uM) 1
to smyhcs EnGen-Cas9 bufferx10 0.5
EnGen Cas9 protein (3220ng/ul) 0.5
ex36 5% Rhodamine Dextran 0.5
dH20 0.5
Total: 5

DNA can be extracted from embryos or fin clips from adult fish using an alkaline lysis method.

Single or pooled embryos or fin-clip 30 pL alkaline lysis buffer (25 mM NaOH, 0.2 mM EDTA) and
heated to 95°C for 1 h. The reaction was stopped by adding 30 pl of neutralisation buffer (55 mM Tris-
HCI, pH 8). Samples were spun using microfuge and 1-2 uL were used for PCR or HRM. DNA solutions

are stored at 4 °C.

Primers were designed for both HRM and sequencing using Primer3 Plus (http://primer3plus.com/cgi-
bin/dev/primer3plus.cgi) where the size of fragment and annealing temperature can be adjusted.
Primers were designed to ideally be 20-22 nucleotides long and with an annealing temperature of less
than 60 °C. known single nucleotide polymorphisms were considered and avoided to prevent primers
from not annealing and to ensure HRM and PCR results are generated. Primers were designed for
CRISPR mutations were targeting (Table 2.8). HRM PCR amplification of 100 bp fragment containing
CRISPR target site. Sequencing primers were designed to give approximately 500 bp fragments that

included the target site and both HRM primers. All primers are mapped onto smyhcl in Appendix 2.1.
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Table 2.8. Primer list for HRM and sequencing

Smyhcl - exon 2

Sequence

Forward HRM (amplicon size 107 bp)
Reverse HRM

Forward Sequencing

(amplicon size 603 bp)

Reverse Sequencing

Smyhcl - exon 4

Forward HRM (amplicon size 115 bp)
Reverse HRM

Forward Sequencing

(amplicon size 280 bp)

Reverse Sequencing

Smyhcl - exon 30

Forward HRM (amplicon size 106 bp)
Reverse HRM

Forward Sequencing

(amplicon size 801 bp)

Reverse Sequencing

Smyhcl - exon 32

Forward HRM (amplicon size 115 bp)
Reverse HRM

Forward Sequencing

(amplicon size 280 bp)

Reverse Sequencing

Smyhcl - exon 34

Forward HRM (amplicon size 115 bp)
Reverse HRM

Forward Sequencing

(amplicon size 450 bp)

Reverse Sequencing

Smyhc2 - exon 5

Forward HRM (amplicon size 173 bp)
Reverse HRM

Forward Sequencing

(amplicon size 800 bp)
Reverse Sequencing
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5" -CGCAAGTCTGACAAGGAGC-3’

5’ -GTGATGGAGGCTTTGACGTAC-3"

5" -CCTGTGCTGTTCCTTTTCTCA-3"

5’ -CCATGAGACTGTGTTGGCTG-3"

Sequence

5" -TCTGTGTCACTGTCAACCCA-3’

5’ -AGTTCTCACCTGACAGCAT-3’

5" -TGAGTGATGAACGTTGAGCC-3"

5" -AAATGAGGGAAGTTTTGTGCAT-3"

Sequence

5" -GAATCAGAGACTCGCAGCAG-3"

5’ -ATGCCTGCCTGTTAGCCTG-3"

5" -GCAGAGATCCAGACAGCCTT-3"

5’ -ACATGGACAGTGTTGACATTCA-3’

Sequence

5’-TGAATGTCAACACTGTCCATGT-3’

5" -GCCTCCTCAACCTCAGTCTG-3"

5’ -TGACACACCTGTATTAGTAAACT-3’

5’ -TTTCAGTAGCTTACCCTGGC-3"

Sequence

5" ~ACACATACAGAAAACGATGAAGT-3"

5’ -TTCAGCTGCAGTTTGTCCAC-3’

5" -TCAGGCATTTTCTCTTCACACA-3'

5’ -ACACAGGGACAAACAAAACATCA-3’

5’ -ACAATCAGGAGGTGGTCGTT-3"

5’ -tgacgtgcccacaaaatcaa-3’

5’ -tcgtcatctcttccgcagAT-3’

5’ -ttgacgtgcccacaaaatca-3’
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Smyhc5 - exon 1

Forward HRM (amplicon size 149 bp) 5’ -ATGGAGGAGTTTGGAGCTGC-3"
Reverse HRM 5’ -TCCCGACTGATAATGCTTCCT-3"
Forward Sequencing 5" -cgcttteccttgtctggtgtg-3’
(amplicon size 493 bp)

Reverse Sequencing 5’ -atattccagagagccgtgca-3’

Smyhc5 - exon 36

Forward HRM (amplicon size 168 bp) 5’ -GGCTgtgagtgcttttctgg-3’
Reverse HRM 5’ -AGCAATATCAGCCCTCTCCTC-3"
Forward Sequencing 5’ -GTGGACAAACTGCAGCTGAA-3'
(amplicon size 414 bp)

Reverse Sequencing 5’ -ggagccttaacacttgcacc-3’

HRM PCR analysis is a method in which mutations, polymorphisms, and epigenetic changes can be
detected in double-stranded DNA. The Vii™ 7 Real-Time PCR System was used in analysing MicroAmpR
Optical 348- well plates and Applied Biosystems Melt Dr™ HRM Master Mix. PCR fragments (from DNA
extracted from embryos or fin clips) amplified in this analysis were around 100 bp at the target site
where the predicted mutation takes place. At the PCR step, DNA sequences are intercalated with a
fluorophore in Melt Doctor master mix during the melt and anneal phase of PCR. This fluorophore can
then be detected and measured during HRM analysis. As amplified DNA sequences anneal, they anneal
to one another according to their proportional abundance. In wild type +/+ DNA sample, both + DNA
strands have the same sequence, thus creating a perfect +/+ homoduplex. In heterozygous +/- DNA
samples, there will be 50% + DNA strands and 50% - DNA strands. When annealing occurs, there will
be 25% homoduplex +/+ wild type, 25% homoduplex -/- mutant and 50% +/- heteroduplex mutant.
After the annealing of the DNA, the HRM process begins. Samples were slowly heated from 50 to 95
°C leading to the separation of DNA strands at their melting point. Fluorophores highly fluoresce when
intercalated between bases of dsDNA and fluoresce much less when bound to ssDNA. Double-
stranded DNA melt at different temperatures due to difference in melting points of duplexes. In wild
type +/+ DNA samples, there will be 100% +/+ homoduplexes and have the same melting temperature.
Thus, the melt curve will have one step. In heterozygous +/- DNA samples, there will be three steps to
the melt curve due to the presence of 3 different duplexes. Heteroduplexes are the least stable and
melt first, then the less-stable mutant -/- homoduplex, followed by wild type +/+ homoduplex.
Between the two homoduplexes, there will be a small shift in melting temperature as the stability

between the two are very similar.
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HRM Mix for each well:

Melt Dr Master Mix (2X)

HRM Forward Primer (Table 2.8)
HRM Reverse Primer  (Table 2.8)
ddH,0 (double distilled water)

Extracted genomic DNA

The target site for gene sequencing was amplified by PCR to send for sequence analysis. Primers for

smyhcl exons were designed and found in Table 2.8.
PCR reaction mix was made as below:

Polymerase Buffer (5x)

Forward Primer (10uM)

Reverse Primer (10uM)

dNTPs (10pM)

Polymerase (GoTaq, Phusion or Q5)

ddH,0

Extracted genomic DNA

4 ul
0.4 uL
0.4 uL
0.5 uL
0.2 uL
12.7 pL
1ul

20 ulL

Depending on which polymerase, the PCR cycling step will be specific to each enzyme. Here are the

three cycling steps | used depending on the enzyme | used.

Stepl 95°C 2 min

Step2 95°C 30 sec

Step3 Tm-5°C 30 sec (Tm found in Table 2.8)
Step4 72°C 1 min/kb (Repeat step 2-4 35x)
Step5 72°C 7 min

Step6 4°C oo
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Step1 98°C 30 sec

Step2 98°C 10 sec

Step3 Tm+3°C 30 sec (Tm found in Table 2.8)
Step4 72°C 30sec/kb (Repeat step 2-4 35x)
Step5 72°C 7 min

Step6 4°C oo

Stepl 98°C 30 sec

Step2 98°C 10 sec

Step3 Tm+3°C 30 sec (Tm found in Table 2.8)
Stepd 72°C 30sec/kb (Repeat step 2-4 35x)
Step5 72°C 2 min

Step6 4°C oo

PCR product was screened for presence or absence of amplified DNA. 5 pL of PCR product and
reference 6 uL 100 bp ladder was loaded onto 2% agarose gel (containing SafeView, NBS Biologicals,
NBS-SV1). Gel electrophoresis was set at 100V for 30 min. Gel analysed using GelDoc gel imager under
UV lamp. The remaining 15 pL of PCR product was purified using Qiagen PCR Purification Kit (Qiagen,
#28106) or Exo-CIP™ Rapid PCR Cleanup (NEB, #E1050) following the manufacturer’s instructions.
Purified DNA samples to be sent for sequencing were added with 2 uL of forward sequencing primers
according to the smyhc1 exon amplification. Sequences were sent to Genewiz or Eurofins for sequence

analysis on Snapgene viewer (ver.3.1.2, GSL, Biotech).

Pools of 10-15 fish larvae were placed in a microfuge tube with 100 pl Tri-reagent (Sigma Aldrich,
#T9424) and manually homogenised by physical abrasion with a tissue grinder (Thermofisher
Scientific, #12-141-363). Probes were cleaned using 70% EtOH between each sample. RNA was
separated using Phenol:Chloroform:lsoamyl (Merck, P3803) and vortexed for 5 sec and incubated

for 10 min at room temperature. Samples were then centrifuged 13, 000 g at for 10 min, 4°C. RNA is
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present in the top aqueous phase and transferred into a new microfuge tube and purified using a

RNeasy mini kit (Qiagen, #74104).

Template DNA for anti-sense RNA probe synthesis were made from the zebrafish cDNA library. cDNA
synthesis using the oligo dT first-strand method with the SuperScript Ill Reverse Transcriptase kit

(Invitrogen, #12087539).

In a nuclease free tube, the following were mixed and incubated for 65°C for 5 min, then placed in ice

for 1 min. Mix was then centrifuged at 13, 000 x g for 1 min:

Oligo(dT)15 (50 ng/ uL) 0.5 uL
Total RNA (1 pg) X pL
ddH,0 11.5- X pL
dNTP mix (10 mM) 1l

13 uL

the following were then added to the mix:

5x First Strand buffer (Superscript Ill) 4 uL
0.1 M DTT 1pul
RNase inhibitor 1ul
Superscript Il RT enzyme 1uL

Mix was pipetted up and down and incubated at 50°C for 60 min. The enzyme was then inactivated at

70°C for 15 min.

cDNA clone for smyhcl was located with the gene name smyhcl on the zebrafish genome database
‘www.zfin.org’ and PCR primers were designed using Primer3 output. Primers chosen were designed
to produce the only target 5’UTR of the gene. T3 sequence was added to the start of the reverse primer
for the anti-sense probe synthesis and the T7 sequence was added to the start of the forward primer

for sense probe synthesis.
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Antisense probe
T3 sequence at the start of the REV primer:
5’ GGATCCATTAACCCTCACTAAAGGGAAgcactgcacaaaggctcata

Sense probe

_ before the FWD primer:
5 TAATACGACTCACTATAGEGAGH 5 cctcacccggttttact

PCR reaction was performed with the reaction mix below:

cDNA 2.5uL
smyhcl T7 Forward Primer 1ul
smyhcl T3 Reverse Primer 1ul
5x Phusion Buffer 10 pL
Phusion Polymerase 0.5 uL
dNTP mix (10 uM) 1.25 uL
ddH.0 33.75puL
50 pL

PCR Program on the thermocycler was set for the following for amplification of smyhc1

template DNA:

Stepl 95°C 2min

Step2 95°C 30sec

Step3 53°C 30sec

Step4 72°C 1 min 30 sec (Repeat step 2-4 40x)
Step5 72°C 7 min

Step6 12°C oo

The amplification mix was then purified using Qiagen Purification Kit. Then used for probe

synthesis.
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cDNA from zebrafish embryos was used to produce antisense RNA probes for smyhcl. The key
ingredient for in situ hybridisation is the steroid digoxygenin, which binds to the anti-DIG antibody. |
used an NTP mix containing Digoxigenin-Uridine Triphosphate (DIG-UTP) which labels all uridine
nucleotides with DIG. Anti-Dig antibody is conjugated with enzyme and binds to DIG during in situ
hybridisation. With the addition of NBT/BCIP which detects the presence of alkaline phosphatase,
produces a detectable colour at the site of probe-target RNA binding. This protocol was performed as

described by Thisse and Thisse, 2008.

The following were mixed in order at room temperature:

Lineraised template DNA (200 ng) X pL
dH,0 (13-x) puL
DIG-UTP NTP mix 2 uL

10x transcription buffer 2ul
RNase inhibitor 0.5 uL
RNA polymerase 2ul

0.1 M DTT lpul

20.5 L

Mix was incubated at 37°C for 2h. Following this incubation, 1 uL of DNAse was added and incubated
at 37 °C for 15 min to degrade template cDNA. 1 pL of 0.5M EDTA was added to stop DNAse activity.
The probe mix was purified using G-50 columns (lllustra, #27533001) and adjusted to 100 pL. The
probe was aliquoted (20 pL) and stored at -80°C.

Embryos were selected developmental stages as described by Thisse and Thisse, 2008 and placed in a
microfuge tube containing 500 pL 4% PFA. Fixation took place on a gentle rocker at 4°C overnight. If
embryos were older than 24 hpf, chorions were removed manually using forceps 30 min before
fixation to enable larvae tails to linearise. Embryos before 24 hpf were fixed with chorions intact and
dechorionated after fixation. Following fixation, embryos were washed 2x 5 min in PBS and
dehydrated with a series of methanol washes: 1x 5 min 50% MeOH 50% PBS, 2x 5 min 100% MeOH.
Embryos were then stored at -20°C in 100% MeOH.
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WISH is a technique used to label the presence of mRNA in the zebrafish embryo. WISH reveals the
location and density of mRNA. DIG-oxygenin labelled RNA probes enter the fixed embryos and bind to
target DNA by complementary binding. The excess probe was washed out as described below and
immunohistochemistry is used to detect the probe using antibody and DIG-oxygenin. This protocol is

followed and described by Thisse and Thisse, 2008.

Embryos that were stored in MeOH from 2.6.4. where taken out from -20°C and acclimatised to room
temperature. Dehydrated embryos were then rehydrated using a series of washes containing 0.1%
Tween20 in PBS (PBTween). Rehydration steps were 1x 5 min 50% MeOH, 50% PBTween, followed by
2x 5min in PBTween. Then embryos were digested using proteinase K for a specific time and
concentration depending on the age of the embryos according to Table 2.9, this step enables the
probe to access deeper into the embryo/larvae for more accurate detection of RNA localisation.
Proteinase K digestion was stopped with 2x 5 min washes using glycine (2 mg/mL in PBTween).
Samples were then fixed again using 4% PFA for 20 min, gently rocking at room temperature. Then

samples were washed with PBTween 2x 5min, room temperature.

Table 2.9. Proteinase K treatment according to the embryonic stage for WISH
Embryonic stage (hpf) Concentration of Prot K (ug/ml) Time (minutes)

24 10 10
26 |30 6

28 | 30 8

30 |30 10
33 |30 13
36 |30 16
37 | 30 17
40 | 50 12
45 | 50 13
47 |50 17
50 | 50 19
56 |50 22
60 | 50 26
74 | 50 36

To hybridise the embryos, a series of wash steps were made to prehybridise using hybe buffer: wash
5 min 50% hybe 50% PBTween at room temperature, and then prehybridised in hybe (containing yeast

RNA and heparin) at 65°C for 1 h to reduce nonspecific binding. Pre-hybe was removed and replaced
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with hybe containing 1:200 of probe (made in 2.7.3.) and incubated at 65°C overnight. Probe was then
removed and can be reused if stored at -20°C for future use. Samples were washed on a 65 °C heat
block and gently agitated between washes: 1x 10min 100% hybe, 1x 10 min 50% hybe 50% 2xSSC, 1x
10 min 2xSCC and then 4x 15 min 0.2x SSC. Samples were then moved to room temperature and were
gently rocked on the rocking table between the next washes: 1x 5 min 50% 0.2x SSC 50% MABTween
and 1x 5 min MABTween. Samples were blocked with MAB Block (2% Boehringer Blocking ReagentTM
(BBR) in MAB) for 1 h at room temperature, on the rocking table, this prevents any non-specific binding
of the antibody. MAB block was replaced with an anti-DIG antibody conjugated to alkaline
phosphatase enzyme diluted in BBR in a 1:5000 dilution and was on a rocking table at 4 °C overnight.
Embryos were then placed onto the rocking table for 1h at room temperature. A series of MABTween
washes were made: 4x 15 min MABTween at room temperature on a rocking table. Samples were
transferred onto a 24 well plate and MABTween was replaced with BCL Buffer 11l (0.1 M Tris-HCI, 0.1
M NaCl, 50 mM MgCl2, and 0.1% Tween20) for 10 min. BCL Buffer was then replaced with BCL buffer
containing 20 pL/mL NBT + X-phos mixture (Roche, #11681451001) and was incubated at room
temperature in the dark. Samples were incubated until colour development (15 min - 2h). The reaction
is stopped temporarily by replacing the developing buffer with PBTween + 20 mM EDTA. Permanent
stop of reaction by fixation with 4% PFA for 20 min and washed with PBS 2x 5min. Samples were

stored at 4°C in PBS containing 0.02% azide.

To image samples, embryos/larvae were immersed in 100% glycerol on petri dishes and observed
under a Leica MZ16F fluorescence stereomicroscope attached to iDS camera (#UI-3080CP-C-HQ R2)

camera and lighting controlled with an LED ring light attachment.

Embryos were selected developmental stages as described by Thisse and Thisse, 2008 and placed in a
microfuge tube containing 500 pL 4% PFA for embryos less than 3 dpf and 2% PFA used for larvae
older than 3 dpf. Fixation took place on the gentle rocker for 1h at room temperature. If embryos were
older than 24 hpf, chorions were removed manually using forceps 30 min before fixation to enable
larvae tails to linearise. Embryos before 24 hpf were fixed with chorions intact and dechorionated
after fixation. Following fixation, embryos were washed 2x 5 min in PBS and washed with 2x 5min
PBTx (1x PBS with 0.5% Triton x-100). Embryos were then stored at -4°C in PBS-azide. (0.02% azide). If
zebrafish larvae were older than 1 dpf they were either treated with 1-phenyl 2-thiourea (PTU) at

24hpf in fish water before initial fixation or bleached using a bleaching reagent (3.3 mL H,0,, 5.95 mL
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H,0, 0.5 mL Formamide, 0.25 mL 20XSSC) to remove pigment. To stop bleaching, embryos washed in
2X 5 min with PDT (0.5 mL DMSO, 2 mL 20% Triton-x100, 47.5 mL H,0) rocking at room temperature.
Embryos were blocked with 5% goat serum diluted in PBTx for 1 h at room temperature followed by
incubation with the 1st antibody 2% goat serum in PBTx at 4°C 1 night, if 2 dpf or younger or 2 nights
if 2-5 dpf. Embryos were then incubated with the 2nd antibody in 2% goat serum and incubated at 4°C
1 night if 2 dpf or younger or 2 nights if 2-5 dpf. Embryos were then washed with PBTx 4x 15 min.

Embryos were then stored at -4°C in PBS-azide (0.02% azide).

Fish larvae were washed 20% sucrose (in PBS) 2x 5 min on the rocking table, at room temperature.
Fish larvae were then incubated with the 20% sucrose overnight at 4°C on the rocking table. The
following day, larvae were positioned laterally with dorsal on top in embedding chambers containing
OCT medium (Tissue-Tek, #16-004004). Embedded embryos were then snap frozen using liquid
nitrogen and stored at -80°C. To section samples, embedded embryos were acclimatised to -22°C in
the cryostat for 30 minutes before sectioning. To section samples, embedded embryos are loaded
onto a cryostat chuck with dH,0. Sections of 15 um were cut and thaw-mounted onto poly-Lysine
glass slides. Sections were air-dried on the slides at room temperature overnight. PAP pen was used
to draw around samples to keep liquid staining to be enclosed within the sample. Before antibody
staining, samples were rehydrated in with the addition of PBS for 5 min. Samples were incubated with
primary antibody (Table 2.2) for 3 h, room temperature and then washed with PBS 2x 5 min. Secondary
antibody incubation was made (Table 2.3) for 3 h, at room temperature and then further washed with
PBS. Samples were mounted with 100 plL of mounting medium (Fluoromount, SouthernBiotech, Cat.

0100-01) with a coverslip on top and set overnight in the dark.

To assess swimming velocity in response to mechanostimulation, siblings and mutants from 2dpf+
were randomly chosen and stimulated with forceps until a reaction was observed or until no
movement would occur for 30s. Embryos at age 2 dpf and 5 dpf were recorded using MZ16 Light
microscope (Leica, Watzlar, Germany), and larvae at age 15 dpf, 20 dpf and 30 dpf were recorded
using Sony IMX586 OnePlus 7TPro Camera (OnePlus, Shenzhen, China). Larvae swimming velocity was

measured using Tracker (https://physlets.org/tracker/), scale was set using photographs of graticule

or presence of ruler from 15 dpf+ larvae. Larvae were treated with 100 uM BTS for 1 h at room

temperature and the fish stimulation assay was repeated.
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Chapter 3: Characterising primary biophysical defects in the presence of MYH7 mutations

Sarcomeres in striated muscle are made up of four main elements: bipolar myosin thick filaments,
polar actin filaments, z-disks (to enable polar actin filaments to assemble into a bipolar structure) and
titin (to connect thick filaments to z-disks). How mutations in MYH7 lead to a mechanistic defect in
sarcomere assembly and/or defective muscle contraction remain in question (Squire, 1973). There are
two main mechanisms potentially affected by the presence of defective slow MyHC | molecules.
Firstly, the ability for myosin to pack together into a myosin filament during sarcomere assembly (Sohn
et al., 1997; Cripps, 1999; Thompson et al., 2012). Second, the functional positioning of myosin head
during relaxed state or during contraction within the assembled sarcomere (Adhikari et al., 2019;

Sarkar et al., 2020).

As described in my introduction chapter, MyHC | plays a key role in sarcomere assembly. The light
meromyosin (LMM) structure is key for its intricate coiled coil structure which enables myosin
monomers to dimerise and subsequently intertwine into a larger thick filament structure (Squire,
1973; Rahmani et al., 2021). The overall structure of the LMM between vertebrates and invertebrates
are very similar with some differences around skip residues (Sodek et al., 1972; Hu et al., 2016). The
conserved structure of the LMM between vertebrates and invertebrates emphasise the importance
of the amino acid arrangement for myosin molecules packing together (Squire, 1973; Rahmani et al.,
2021). Mutations in the LMM may lead to the improper formation and organisation of myosin
filaments which may lead to an alteration of their length. Change in myosin filament length has been
shown because of its elastic and structural properties (Wilson et al., 2014; Irving, 2017). Myosin
filament lengths have been measured during active state and relaxed state; myosin filaments appear

1% longer during active state than in relaxed state (Haselgrove, 1975; Ma et al., 2018).

Such malformed filament backbones formed with defective slow MyHC | molecules may modify
myosin head orientation and motor function. In preparation for muscle contraction, the myosin head
projects in close proximity to Actin, whereby myosin is in a state what is termed disordered relaxed
state (DRX). In the DRX state, the myosin head is ready to bind to Actin, hydrolyse ATP, and
subsequently generate force enabling the sarcomere to contract (Stewart et al., 2010; Cooke, 2011;
Fusi, Huang and Irving, 2015). When in dormant state, myosin heads fold into what is termed super

relaxed state (SRX) whereby myosin heads interact with each other and the thick filament backbone



Chapter 3: Characterising primary biophysical defects in the presence of MYH7 mutants

to position the head to block actin and ATP binding sites (Hooijman, Stewart and Cooke, 2011; Alamo
et al., 2016). During the SRX state, myosin heads are unavailable to bind to actin and catalyse ATP to
generate force (Huxley and Brown, 1967; Woodhead et al., 2005; Alamo et al., 2008). The ratio
between DRX and SRX in different muscle fibre types differ and are determined by the functional
demand of muscle type (Hooijman, Stewart and Cooke, 2011; Spudich, 2015; Trivedi et al., 2018). The
stabilisation of the SRX state is partially controlled by MyBP-C, involving the two MyBP-C binding sites
on MYH7 (Alamo et al., 2017; Robert-Paganin, Auguin and Houdusse, 2018; Spudich, 2019).

Many hypertrophic cardiomyopathy (HCM) mutations in either the MyBP-C domain in MYH7 or in
MyBP-C itself have been shown to destabilise SRX state with increased proportion myosin heads in
DRX state (Adhikari et al., 2019; Sarkar et al., 2020). A link between HCM mutations affecting the
converter and C-terminal MyBP-C binding site have led to destabilise myosin in SRX state and thus
leading to a predominance of myosin heads in the DRX state and subsequently leading to
hypercontraction of the cardiac muscle (Alamo et al., 2017; Toepfer et al., 2020). MyBP-C connects to
myosin at two sites, the N-terminal MyBP-C domain connects to myosin head region and C-terminal
MyBP-C connects to myosin LMM (Luther et al., 2008; Spudich, 2015). MyBP-C knockout studies have
shown increased shift of myosin heads in SRX to DRX state and thus leading to hypercontractility and
slowed relaxation (Stelzer, Fitzsimons and Moss, 2006; Moss, Fitzsimons and Ralphe, 2015; McNamara
et al., 2016; Christopher N. Toepfer et al., 2019) but arrangement of myosin heads in thick filament
are not severely disturbed (Luther et al., 2008; Zoghbi et al., 2008; McNamara et al., 2016). Mutations
in the LMM affecting slow skeletal muscle, particularly in the second MyBP-C binding domain which
can also be bound by myomesin, may show similar shift of myosin heads from SRX to DRX state seen

in patients with mutations in MyBP-C binding domain in the head region.

Mutations affecting the MyBP-C binding domain may also affect the giant molecular spring within the
sarcomere, known as Titin. Titin has been shown to play a role in passive tension after the active
tension from myosin and actin filaments in the active cross-bridge cycle (Cazorla et al., 2001; Fukuda
et al., 2005). Titin is known to have extensible spring-like features to provide the passive tension after
the sarcomere have been overstretched (Labeit and Kolmerer, 1995; Freiburg et al., 2000). Passive
tension from Titin have been shown to change thick filament length whereby M-lines within the A-
band appear further apart (Irving et al., 2011). Titin connects with myosin indirectly through MyBP-C

IIJ ”

at the crossbridge region (Tonino et al., 2019). Myosin in the conventional “J” motif resemble myosin
in a relaxed state whereby myosin heads interact with each other to form a “interacting heads motif”

(IHM) and both myosin heads interact with S2 region (Alamo et al., 2017; Woodhead and Craig, 2020).
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Mutations in MyBP-C the myosin binding site may show weakened passive tension through poor
interaction between myosin and titin through MyBP-C and thus, may present as muscle in exercises

involving stretching the muscle.

The myomesin binding site is the alternative major domain in the myosin LMM region aside from the
MyBP-C binding site mentioned earlier. There are 3 myomesin isoforms in humans: myomesin-1 is
expressed in all skeletal and cardiac muscles, myomesin-2 is expressed in adult heart and fast skeletal
muscle (Agarkova et al., 2004), and myomesin-3 is expressed in slow skeletal muscle (Schoenauer et
al., 2008). A case of mutation in myomesin have been associated with HCM (Siegert et al., 2011).
Patients with mutations in EH-myomesin, a splice variant of myomesin-1 show DCM (Schoenauer et
al., 2011; Bollen et al., 2017). Lack of myomesin-1 in human cell lines show sarcomere disassembly
and regulation of muscle contraction (Hang et al., 2021). Myomesin-3 knockout studies in zebrafish
show no effect on sarcomere organisation suggesting the role of myomesin-1 show predominant
involvement in sarcomere organisation than myomesin-3 (Xu et al., 2012). However, the mechanism

for sarcomere disassembly from lack of myomesin-1 remain unclear.

In this chapter, | study the primary defects in the presence of MYH7 mutations muscle fibres by
analysing muscle fibres extracted from the vastus lateralis of healthy controls and patients with
mutations in MYH7 (Table. 2.1). To identify whether mutations in MYH7 lead to alteration in myosin
packing and subsequent myosin filament length, a comparison between myosin filament length from
muscle fibres from healthy controls and patients with MYH7 mutations were made. Here we test for
changes in myosin filament length using fluorescence microscopy, staining for slow myosin using
antibody A4.951 (Webster et al., 1988; Cho, Webster and Blau, 1993; Blagden et al., 1997), followed
by measuring the length of A-band (Methods 2.2.1). A similar technique has been used to measure
change in actin filament length whereby aged mice show decreased actin filament length (Gokhin et
al., 2014). | first show through immunofluorescence that there is no observable change to thick
filament length in the presence of MYH7 mutations. To determine whether there were no changes in
filament length, or the method of detecting changes was not sensitive enough to identify more subtle
changes between active and relaxed states, | looked at the proportions of myosin in SRX and DRX
states in the muscle fibres. Here, | could observe an increased proportion of myosin molecules in DRX
state in muscle fibres from patients with LMM mutations. Mutations at the Myomesin and MyBP-C
site show most percentage difference in proportion of myosin in DRX state. The extent of these
alterations may vary from one mutation to another inducing muscle phenotype variability. However,

degree of variability between LDM and MSM patients were not distinguishable through measuring
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proportions of myosin in DRX and SRX states. It is concluded that mutations in LMM at the myomesin

and MyBP-C site show increased DRX myosin head positioning by destabilising the SRX state.

To assess whether MYH7 mutations alter the length of myosin filaments, fibres were extracted from
the vastus lateralis of healthy controls and patients with MYH7 mutations (Table 2.1, Fig 2.1) and
subsequently stained with two different antibodies. Firstly, | stained with MF20 to visualise all skeletal
myosin filaments to identify whether there were overall changes in myosin filament length (Shimizu
et al., 1985). ImagelJ plugin DDecon was used to deconvolute fluorescence microscopy images and
subsequently measured for myosin filament lengths through their imaged fluorescence intensity
peaks (Fig 3.1A). The variability of the measurements was 10.45% between controls (Fig 3.1). In control
individuals, the overall mean myosin filament lengths were 1.75 um (SD = 0.05, Fig 3.1A). Patients with
mutations in MYH7 show no difference in myosin filament length compared to healthy controls (One
Way ANOVA p>0.05) suggesting that mutations in MYH7 do not alter myofilament length. However,
our findings may also suggest that mutations in MYH7 are very subtle, and our analysis may only affect

slow fibres exclusively.

To address whether slow specific myosin filament lengths change in the presence of MYH7 mutations,
muscle fibres were stained with A4.951, a slow type | myosin specific antibody (Fig 3.1B) (Webster et
al., 1988; Cho, Webster and Blau, 1993; Blagden et al., 1997). Variability of the measurements
between controls was 13.3%. In control individuals, the overall mean myosin filament length in type |
fibres was 1.72 um (SD = 0.28). There were observed no significant difference between controls and
patient samples (Fig 3.1B) suggesting that mutations in MYH7 do not alter myofilament length in slow
fibres. Despite no observable change in thick filament length in slow fibres, this does not rule out the
possibility the current analysis is not sensitive enough to detect a 1% change generated by a change

between myosin in an active or relaxed state (Haselgrove, 1975; Ma et al., 2018).
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Figure 3.1. Myosin filament measurements (slow fibre types) of controls and patients with MYH7 mutations.
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A) Thick filament length obtained by immunostaining with MF20 targeting against slow myosin. Compared to
measurements from 3 healthy controls, data shows no change in filament length in patients. Variability between
filament measurements across each fibre was analysed (standard deviation/mean) show no significant variation
within each fibre measurement per sample. B) Thick filament length obtained by immunostaining with A4.951
targeting against slow myosin. No observable difference between controls and patients. Variability between
filament measurements across each fibre was analysed below. Statistical analysis using one-way ANOVA
between the mean measurements of each fibre. The colours of each plot indicate the location of mutation — No
mutation (grey), S1 (blue) and LMM (purple).

Since there was no observable difference in myosin filament length from the previous fluorescence
study, to detect subtle changes in myosin filaments, an investigation for more subtle structural
changes in myosin head positioning were made. During the relaxed state, in the absence of Ca%,
myosin molecules are present in two main states, the SRX and DRX (Fig 1.10). ATP turnover rate from
myosin in a DRX state is 5 times faster than in SRX (McNamara et al., 2015). To measure ATP turnover
rate, fibres were incubated with fluorescently labelled ATP (Mant-ATP) and when flushed with non-
fluorescently labelled ATP, all fibres initially show a rapid decrease in the fluorescence followed by a
slower decay in fluorescence intensity (Fig 3.2A). Proportion of the two states in each fibre were
calculated by fitting ATP turnover rate into a two-state exponential curve. Proportions of P1 showing
rapid decay phase represent the DRX state and P2 showing slow decay phase represent the SRX state
(Fig 3.2A).

Initial comparison of single traces from two different patients, one mutation in the S1 region and one
mutation from the LMM (Fig 3.2B). Patient fibre with S1 mutation T304S show similar decay in
fluorescence intensity to healthy control fibre, while fibres from LMM mutation K1617del showed
faster decay compared with healthy control. As we tested more fibres from each patient compared
with controls, we plotted the calculated percentage of DRX myosin molecules in each fibre from
individual patients (Fig 3.2C). Since mutations primarily affect slow skeletal muscle, fibres were stained
with A4.951 after measuring fluorescence decay to identify which fibres were slow fibres and
measurements were isolated to create graph (Fig 3.2C). Remaining measurements from fast fibres
show no difference between controls and patients (Appendix 3.1.2). Proportion of fast and slow fibres
in each sample were counted and patients with LDM show higher proportion of slow fibres than
controls, consistent with clinical data from muscle biopsies (Appendix 3.1.3). However, patients with
HCM and MSM also show higher proportion of slow fibres compared to controls thus, the
predominance of slow fibres alone may not be an accurate diagnostic for LDM from muscle biopsies
from the vastus lateralis (Appendix 3.1.3). Cross-sectional biopsies to determine type | fibre

predominance reveal more consistent results in defining LDM phenotype (Fig 1.5). Mean percentage
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DRX myosin in healthy controls were 39.63% where variability of the measurements was 13.42%
between controls. Patients with mutations in S1 region show similar proportion of DRX as seen in
healthy controls. This suggests that mutations in my sample set directly affecting head region does
not alter myosin head positioning in the relaxed state. However, fibres from patients with mutations
in the LMM region show an increased proportion of DRX myosin compared to healthy controls, with
an exception from mutation A1883E (Fig 3.2C). The mean proportion of DRX in the presence of LMM

mutations were significantly higher at 55.45% compared to the 39.63% in healthy controls.

Mutations showing significantly higher DRX levels were plotted on the myosin protein map to identify
possible affected binding sites (Fig 3.3). Position of these mutations clustered along the myomesin and
MyBP-C binding site suggesting mutations in myomesin, and MyBP-C destabilize myosin in SRX state
in slow skeletal muscle fibres. When comparing degree of variability of DRX and SRX proportions
between LDM and MSM (Fig 3.2D) no distinguishment could be made from this data set, suggesting
the mechanism of pathology between the two diseases remain unknown. Overall, our data indicate
that mutations in the LMM influence remodelling of myosin filament length that cannot be detected
through fluorescence microscopy in 3.2.1. and the head positioning during the relaxed states are
possibly affected by the presence of mutations on and near the myomesin and MyBP-C binding site

that destabilise myosin head positioning in the SRX state.

79



Chapter 3: Characterising primary biophysical defects in the presence of MYH7 mutants

-
o

A 1.0 SRX - P1 B -e— Control
Z 5 P2 > ~o— T304S
2 i~ ) 2 - K1617del

- g - 3

g = g =

= o 0.54 = 005

g DRX g2

SR o &

Z o Z o
1<) 5 S
£ = £

0.0 T - T Y 0.0 T
0 100 200 300 0 100 200 300
Time (s) Time (s)
6& Q"O' ® 5‘9’5 Q\" <&

C 100 e & & & & &£ e e f@@ & f@ ey f(&’ &S ¢ e

c . ° ° % &% - . o

8 . ofe 2fe ‘-0.." + S1 mutation

S 2 A B -1 3

< e To s : * LMM

£ . o e o], mutation

(o] b4 °

Q.

[e]

E‘\-. - ©

c T Ll T Ll L) T Ll L T T Ll T Ll T Ll T Ll T

e > > R S & o O & L

S - S P L, R . RN R R " - i

§ S @ F W P S & \Q’Q@"%\ & v"éb\é’q W ST

* e Ao * > & ¢ ‘?é\o

$ & & & &

D " e e e e o8 L LSS o 0 8

80

£

3 1 M

sE T i % EEE:

= LDM

S & 404

£ O % MSM

o £

Q

<] 20+

Q.

c T L) T L) L) L) T L) T L) T Ll T L L) Ll L) T

o P R R R F R A

&° o & q‘}“ & I T S P o @ $ S
v < + v e ¢ 6«0

Figure 3.2. The proportion of DRX increases in patients with LMM mutations.

A) Single trace of fluorescence decay from one muscle fibre. Fluorescence decay is plotted on a two-state
exponential decay curve. Rapid decay of fluorescence P1 represents the DRX state where ATP turnover is fast.
The slow decay of fluorescence P2 represents the SRX state where ATP turnover is 5 times slower than DRX.
Using a two-state exponential decay equation in Methods 2.2.2 percentage proportions of each state can be
calculated. B) representative single comparison of fluorescence decay of three conditions from Controls (black),
p.T304S (green) and p.K1617del (red). All fibres were incubated with 125 uM mATP and chased with 4mM ATP.
The experiment was recorded from t=0s as mATP was flushed into the flow chamber and images were taken
every 5s until t=180s and every 10s until t=300s. C) Slow fibres were selected for fibre type by immunostaining
with A4.951 against slow myosin, data from positive staining fibres were plotted. Mutations in the LMM region
increase DRX proportion in slow muscle fibres. The colours of each plot indicate the location of mutation — No
mutation (grey), S1 (blue) and LMM (purple). D) Data presented with a mutation in MYH7 according to the
pathology of the disease. The proportion of DRX between DM and MSM patients is indistinguishable. Statistical
analysis using one-way ANOVA between the mean measurements of each fibre. Statistics using PRISM GraphPad
— One way ANOVA (p=0.05).
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Figure 3.3. Fibres with mutations leading to DRX are primarily present in the myomesin binding site.

Map of MYH7 protein with binding domains labelled, close-up of C-terminal LMM region with labelled mutations
from sampled patients. Patient mutations with significantly higher DRX proportions in Fig 3.3 are labelled in
black and mutations with insignificant changes in DRX proportion are labelled in grey.

3.3. Discussion

In this chapter, | identify primary biophysical alterations in muscle fibres from patients with skeletal
muscle disease causing mutations in MYH7. There are a few main findings. Firstly, myosin filament
length is not observably altered in muscle fibres in the presence of MYH7 mutations. Secondly,
although our analysis using immunofluorescence was not sensitive enough to detect changes in
myosin filament length, it is also not a suitable to detect more subtle functional changes in myosin
elasticity when in active vs relaxed. Functional changes were assessed by identifying the proportion
of myosin heads positioned in either the SRX or DRX state. Fibres isolated from patients with
mutations near and on myomesin and MyBP-C site show increased proportion of myosin heads in DRX

state than in healthy controls.

3.3.1. Sarcomere assembly remain intact in the presence of defective slow myosin molecules

The LMM structure have been described as an intricate coiled-coil structure which enables myosin
monomers to dimerise and subsequently intertwine into a larger thick filament structure (Squire,
1973; Rahmani et al., 2021). The conserved structure of the LMM between vertebrates and
invertebrates emphasise the importance of the amino acid arrangement for myosin molecules packing
together (Squire, 1973; Rahmani et al., 2021). The LMM is essential for myosin filament formation

whilst S1 and S2 region are dispensable (Sohn et al., 1997; Cripps, 1999; Thompson et al., 2012). As of
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current, there have been no studies showing changes in myosin filament length. Despite such
conserved intricate structure of the coiled-coil LMM, our results show a full formation of thick
filaments into striations at regular intervals. Mutations in patients are dominant (heterozygous),
typically missense or single amino acid deletions. Since patients with dominant mutations express
both healthy and defective myosin, there is a degree of variability in the ratio of healthy to defective
myosin molecules intermixed in the formation of thick filaments. Ratio of defective to healthy myosin
molecules may be very small and thus, if there is defective organisation within the thick filament, they
may be too subtle to detect using immunofluorescence to measure changes in thick filament

measurement length.

Alink between hypertrophic cardiomyopathy (HCM) mutations affecting the converter and C-terminal
MyBP-C binding site and MyBP-C itself have led to destabilise myosin in SRX state and thus leading to
a predominance of myosin heads in the DRX state and subsequently leading to hypercontraction of
the cardiac muscle (McNamara et al., 2016; Alamo et al., 2017; Christopher N. Toepfer et al., 2019).
Since MyBP-C connects to myosin at two sites and studies have shown that mutations affecting the N-
terminal MyBP-C domain destabilises myosin in the SRX state (Luther et al., 2008; Spudich, 2015). My
main focus was to identify whether mutations in the C-terminal MyBP-C binding domain also show
the same effect. Our findings from patients with mutations affecting the MYH7 C-terminal MyBP-C
binding domain show a shift in proportion of myosin heads from SRX state to predominantly in the
DRX state. Shift of myosin head positioning towards the DRX state suggest the C-terminal MyBP-C
binding domain show the same destabilising effect of the SRX state as the mutations found in the N-
terminal MyBP-C domain in the slow myosin molecule and MyBP-C itself. Current data suggest the
role of both MyBP-C sites and MyBP-C itself is to stabilise the SRX state through the interaction with
slow myosin at both binding sites. Mutations affecting the interaction between slow MyHC, and MyBP-
C have led to hypercontractile muscle in HCM patients and possibly hypercontractile and poor relaxing
skeletal muscle. Since MyBP-C binding sites are affected, the role of titin in muscle contraction and
relaxation may be affected. Titin connects with myosin indirectly through MyBP-C at the crossbridge
region (Tonino et al., 2019) and provides passive tension after the sarcomere has been overstretched
(Labeit and Kolmerer, 1995; Freiburg et al., 2000). Thus, mutations affecting the MyBP-C binding site
reduces the ability for sarcomeres to return to relaxed state before muscle contraction and may lead

to hypercontractile skeletal muscle.
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Myomesin binding site overlap with the C-terminal MyBP-C binding site and brings the question
whether myomesin interaction with slow myosin were affected in the presence of mutations at this
site. The role of M-band protein myomesin have been described to regulate and stabilise the packing
of myosin filaments into a hexagonal myosin filament lattice (Agarkova et al., 2003; Hu, Ackermann
and Kontrogianni-Konstantopoulos, 2015). The predominantly expressed myomesin gene is
myomesin-1 and is expressed in all skeletal and cardiac muscles (Schoenauer et al., 2008). Knockout
of myomesin-1 in human cell lines show sarcomere disassembly and regulation of muscle contraction
(Hang et al., 2021). However, our data do not show sarcomere disassembly but rather myosin
filaments organised into striations at regular intervals. Additionally, we have shown that mutations in
the Myomesin/MyBP-C binding site overlap which may have destabilised myosin heads from SRX state
into DRX state. Thus, mutations affecting the myomesin binding site is dispensable for sarcomere
assembly in slow muscles. Mutations at the Myomesin/MyBP-C binding overlap site are more likely to
affect the involvement of MyBP-C than Myomesin in regulating contractility and relaxation of slow

muscles.

In conclusion, | demonstrate that there is no overall alteration in sarcomere organisation in the
presence of defective myosin molecules. | provide evidence that in the presence of mutations affecting
the MYH7 MyBP-C binding site shift myosin heads from SRX state into predominantly DRX state. Shift
of myosin head positioning may be due to destabilised SRX state. Although Myomesin and MyBP-C
binding sites overlap in the LMM region, the likelihood of defects involving Myomesin appear unlikely.
Despite current findings describing destabilising effects on slow myosin SRX state, there is no clear
data to distinguish mechanistic defects between LDM and MSM patients. Since our current studies
have only assessed the primary biophysical defects, how such distinct phenotypes are developed
remain in question. To distinguish the mechanism of pathology leading up to the clinical phenotypes
observed in LDM and MSM, studying the role of slow myosin during early developmental stages will
aid in identifying the mechanistic defects associated with defective myosin molecules in the

development of either LDM or MSM.
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In the previous chapter, | demonstrated primary biophysical defects in muscle fibres from patients
with MYH7 mutations. If and how these mutations affect the early stages of development remains
unknown as all samples analysed so far were from adults. To study the developmental defects of slow
myosin mutations affecting slow skeletal muscle, zebrafish disease models might prove advantageous.
An essential first step in such a process would be to identify the zebrafish equivalent of the human
MYH?7 gene that would be most likely to give a phenotype in a defined functional muscle. To identify
a fish equivalent gene, | firstly look at the evolution of sarcomeric MyHC genes and whether zebrafish
and humans have a common ancestor for slow MyHC. | next look at the expression of zebrafish MyHC
genes and identify whether these genes are expressed in slow skeletal, and the heart ventricle as seen

in humans.

In humans, there are a total of eleven sarcomeric MyHC genes. The oldest of these genes is MYH16
which was ancestrally expressed for jaw muscles (Fig 4.1). A later duplication event led to the
formation of MYH15 and MYH14 (MYH7B), which were the ancestral skeletal and cardiac MyHC genes
(Rossi et al., 2010). The next duplication event formed two clusters, the MYH6/7 cluster which is
present in tandem on chromosome 14 (Yamauchi-Takihara et al., 1989; Gulick et al., 1991) and a fast
skeletal MyHC cluster which is present in tandem on the human chromosome 17. The MYH6 and MYH7
cluster is known to have formed from a gene duplication event in mammals (Yamauchi-Takihara et al.,
1989; Gulick et al., 1991). MYH6 and MYH7 have evolved to be different in their protein sequence and
function, where MYH6 is expressed in the atrium of cardiac muscle and MYH?7 is expressed in both
ventricular cardiac muscle and slow type | fibres in slow skeletal muscle (Fig 4.1). This gene duplication
event is can be seen in mammals amphibia, and lobe-finned fish but not easily identified in zebrafish
or in avian (Desjardins et al., 2002). Chicken has three MyHC genes, MYH15 (formerly named
MYH6/VMHC/SM2), MYH7B (formerly named ssMYHC/SM1) and MYH7 (formally named AMHC)
(Chen et al., 1997) suggesting the use of ancestral MyHC genes for slow skeletal muscle. Tropical claw
frogs have myh6 and gpc6 (myosin-7) genes present in tandem Ensembl Primary assembly
1:127,598,294-127,629,343 (Appendix 4.3). The coelacanth has MYH6 and MYH7 present in tandem
on Scaffold JH126769.1: 686,924-731,742 (Appendix 4.3). In teleost fish, including zebrafish, there are
a higher number of MyHC genes than there are in tetrapods (Watabe and lkeda, 2006; lkeda et al.,

2007), as teleost fish have undergone an additional round of genome duplication (Amores et al., 1998;
84



Chapter 4: |dentify zebrafish equivalent gene to human MYH7

Meyer and Schartl, 1999; Taylor et al., 2001). Zebrafish have 5 slow MyHC genes (Stone Elworthy et
al., 2008): smyhcl, smyhc2, smyhc3, smyhc4 and smyhc5 (Stone Elworthy et al., 2008), there are 3
zebrafish cardiac MyHC genes including myh7, myh7/ and myh6 (Zhang and Xu, 2009) and 6 fast MyHC
genes: myhcz2, myhc4, myha, myhz1.1, myhz1.2 and myhz1.3 (Nord et al., 2014). When looking at the
evolution of slow MyHC in zebrafish in comparison to humans, it was unclear whether the divergence
of MYH6 and MYH7 occurred before the separation of lobe-finned and ray-finned lineage or whether
there was a separate divergence of the slow and cardiac cluster formed from an ancestral slow MyHC
(Fig 4.2). To address this in my results, | look at the protein sequence of lobe-finned MYH6 and MYH7
to determine the characteristic amino acids to distinguish between the two proteins and identify
whether these key amino acids can categorise zebrafish MyHC genes into an MYH6 or MYH7 group.
This can also identify whether the ancestral MyHC that lead to the divergence of MYH6 and MYH?7 is
the same ancestral MyHC that diverged in teleost fish. Synteny analysis of these genes will describe
whether smyhc1-5, myh7, myh7/ and myh6 were evolved from MYH7 and describe which zebrafish

genes arose from a teleost genome duplication event.

genes  proteins expression

MYH14 MYH14 EO m.

p— \MYH13  EO-MYH EO m.
e \MYH8 Neo-MYH  Neonatal m.
Fast/develop- e 2B-MYH Fast 2B fibres
mental
— 2X-MYH Fast 2X fibres
— 2A-MYH Fast 2A fibres
e — \YH3 Emb-MYH Embryonic m.
— a-MYH Atrial-cardiac
cardiac/slow — MyH7 B-MYH Ventricular cardiac/slow | fibres
r
| I

MYH15  MYH15 EOm.

MYH16  MYH16 Jaw m.

Figure 4.1. Schematic evolution gene tree describing mammalian MYH genes.

The phylogenetic tree on the left with gene name, protein name and location of expression in mammals.
Branches are not to scale. Figure adapted from Rossi et al., 2010. Abbreviations: EO-extraocular, Neo-neonatal,
Emb-embryonic.
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Figure 4.2. Phylogenetic tree of a range of tetrapod, lobe-finned fish, ray-finned fish, and cartilaginous fish.
Phylogenetic tree using multiple sequence alignments of 251 genes comparing orthologs between a range of
tetrapod, lobe-finned fish, ray-finned fish, and cartilaginous fish to describe the genetic relationship between
human to zebrafish. Tree rooted with cartilaginous fish. Branches are not to scale. Figure adapted from Amemiya
etal., 2013.

Human MYH7 is expressed in both the heart ventricle and slow skeletal muscle. In zebrafish, the
expression of smyhcl, smyhc2 and smyhc3 genes are exclusively in slow muscle fibres (Stone Elworthy
et al., 2008) (Fig 4.3). In the early stages of development, smyhc1 is predominantly expressed in slow
fibres and in a small subset of slow muscles, smyhc2 and smyhc3 are expressed. Smyhc2 shows
localisation in the craniofacial muscles and a small subset of slow muscle, named supracarinalis
anterior (sca), inferior obliquus (iob) and embryonic lateralis superficialis (els) and infracarinalis
posterior (icp) (Fig 4.3). Smyhc3 also shows weak localisation in craniofacial muscles and a subset of
slow muscles named sca and els. At later stages, after 17 dpf to adulthood, secondary slow fibres,
present at the horizontal myoseptum, smyhc1 expression is replaced by the expression of smyhc2 and

smyhc3 (Stone Elworthy et al., 2008). Expression data for smyhc4 and smyhc5 were unknown as no in

86



Chapter 4: |dentify zebrafish equivalent gene to human MYH7

situ hybridisation experiments were made for these genes. Myh?7 is expressed in the heart ventricle
and not in the slow skeletal muscle (Fig 4.3)(Park et al., 2009). Myh?7I shows localisation in the heart
ventricle and a weak signal in the tail (Fig 4.3)(Thisse and Thisse, 2004). However, no known studies
for more specific probes to myh7I are published. The functional role of smyhc1-3, myh7 and myh7I|
show similarity to human MYH7, where smyhc genes are expressed in slow skeletal muscle and myh7
genes are expressed in ventricular cardiac muscle. However, the functional roles of these zebrafish
genes have been split across many genes in comparison to the single MYH7 in humans. To identify
how these genes arose and whether zebrafish slow MyHC genes are linked to human slow MyHC, |
look at the gene synteny to first, identify whether these genes are linked to human MYH7 or whether
these genes derived from a common slow ancestral MyHC gene to MYH6 and MYH?7. Secondly, | will
look at gene synteny between smyhc1-5 and myh7 and myh7/to determine whether these genes arose

after a genome duplication event.

smyhc1 smyhc2

* Elworthy et al, 2008

myh7 afp myh7I

24 hpf |

Park et al, 2009 Thisse et al, 2004

Figure 4.3. RNA localisation of smyhc1-3 and myh7/myh7I.

ZFIN search of the whole-mount in situ hybridisation (WISH) for 5’UTR smyhc1-3 sequences from 12-72hpf
embryos (Elworthy et al., 2008). smyhcl show expression predominantly in slow skeletal muscle, smyhc2 shows
expression subset of slow muscle cells, in sca, iob and icp, and smyhc3 also show expression in a subset of slow
muscle, in the sca and els. myh7 24hpf. WISH targeting myh7 mRNA at 24 hpf and targeting gfp mRNA in
transgenic line Tg(myh7:gfp) (Park et al., 2009). Myh7 shows expression in the heart ventricle and appears in
slow skeletal muscle, probe may cross hybridise with smyhcl which reveals expression in slow muscle. To
prevent cross hybridisation, indirect detection of myh7 expression using Tg(myh7:gfp) zebrafish and in situ
against gfp reveal expression only present in the ventricle and no localisation in slow skeletal muscle. Myh7/
shows expression in the heart ventricle and a slight appearance in slow skeletal muscle, which may also be due
to cross hybridisation with smyhc1.WISH targeting myh7l mRNA at 24 hpf (Thisse et al., 2004). Abbreviations:
supracarinalis anterior (sca), inferior obliquus (iob), embryonic lateralis superficialis (els) and infracarinalis
posterior (icp). Figure permission granted from Stone Elworthy et al., 2008b; Park et al., 2009.
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In this chapter, | first compare human MYH7 with genes in the zebrafish genome using BLAST analysis.
This gave me an initial list of candidate zebrafish genes smyhc1-5, myh7, myh7l, myh6 and myh4 and
myhz2. | then distinguished which of these candidate genes were true slow MyHCs and differentiate
them from fast MyHC using their amino acid sequence. | identified synteny between zebrafish
smyhcl-5, myh7 and myh7I with human MYH7 and zebrafish myh6 show synteny to human MYHe6.
Smyhcl-5 are syntenic to myh7/myh7l suggesting these genes arose from a teleost genome
duplication event. Mapping human LDM and MSM mutations onto zebrafish smyhc1-5, myh7 and
myh7I protein sequences show mutations occurring at highly conserved amino acids. It is concluded
that amongst data showing smyhc1-5, myh7 and myh?7I evolutionarily linked to human MYH7, the
function of smyhcl showing broadest expression in slow skeletal muscle, smyhcl was chosen as the

zebrafish equivalent gene for human MYH?7.

The first step is to identify a list of zebrafish slow MyHC genes and distinguish these genes from fast
MyHC genes. To achieve this, | performed a basic local alignment search tool (BLAST) analysis using
human MYH7 nucleotide and protein sequence against the zebrafish genome. Human MYH7 protein
sequence was used for BLAST analysis and the top candidate proteins were firstly chosen based on at
least 95% query and then further analysed for sequence identity. The query cover shows the
percentage of amino acids in MYH7 aligned to sequences in the zebrafish database. Query covers that
are less than 100% are due to shorter lengths of amino acid sequences in zebrafish genes compared
to the length of human MYH7 sequences. A range of slow, fast and developmental myosin proteins
was identified as possible candidates for the zebrafish equivalent to human MYH7 (Table 4.1). Identity
scores for protein sequences were ranked for each candidate (Table 4.1) and smyhc1-5, myh7, myh7I
and myh6 show the highest identity scores of 82-86% for protein sequences suggesting close amino
acid sequence resemblance to human MYH7. CLUSTALO amino acid sequence alignment was used to
compare human MYH proteins to all zebrafish candidate genes from BLAST analysis (Table 4.1,
Appendix 4.2). Zebrafish smyhc1-5, myh7, myh7| and myh6 proteins cluster together with human
MYH6 and MYH7 proteins suggesting the highest amino acid similarity to MYH6/7 (Fig 4.4). Myha,
myhb, myhz1.1, myhz1.2, myhz1.3, myhz2 and myhc4 show amino acid identity scores of 76-78%
however, these proteins were eliminated from candidate proteins as they show greater similarity to
non-slow human proteins MYH13, MYH3, MYH8, MYH4, MYH1 and MYH2 (Table 4.1, Appendix 4.2).
Proteins showing the lowest % identity scores were myh9a, myh9b, myh10, myh11la, myh1l1b and

myh14. When comparing the amino acid sequence to human MYH proteins, myh9a, myh9b, myh10,
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myh1la, myh11lb and myh14 show greater similarity to non-slow human protein MYH14 (Fig 4.4,
Appendix 4.2) and were therefore eliminated from the list of candidate proteins. Although smyhc1-5,
myh7, myh7l and myh6 show the highest sequence identity to human MYH7 from BLAST analysis,
sequence identity alone was not able to describe whether zebrafish genes are closely related to
human MYH6 or MYH7. Whether zebrafish genes evolved from a pre-existing MYH6/7 before lobe-
finned and teleost separation or whether zebrafish proteins derived from a single ancestral slow MyHC

and diverged differently to mammals and amphibia.

Table 4.1. List of HSMYH7 candidate genes from protein BLAST analysis.

Gene Name Protein Sequence Identity (%)
smyhcl 85.15
smyhc2 85.35
smyhc3 86.08
CU633479.4 (smyhcd) 85.8
CU633479.3 (smyhc5) 86.28
myh7 86.14
myh7| 86.23
myh6 82.45
myha 77.02
myhb 78.12
myhz1.1 76.98
myhz1.2 77.03
myhz1.3 77.35
myhz2 77.14
myhc4 77.03
myh7ba 75.27
myh7bb 72.07
myh9a 39.72
myh9b 42.41
myh10 40.89
myhlla 41.56
myh11b 38.17
myh14 39.31
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Figure 4.4. Phylogram showing MYH proteins and zebrafish myh proteins.

Cladogram showing CLUSTALO sequence alignment using full amino acid sequences aligned from human MYH
proteins: MYH16, MYH15, MYH14, MYH13, MYH8, MYH3, MYH8, MYH4, MYH1, MYH2, MYH6 and MYH7 and
zebrafish myh proteins: smyhc1-5, myh7, myh7l, myh6, myha, myhb, myhz1.1, myhz1.2, myhz1.3, myhz2,
myhc4, myh9a, myh9b, myh10, myh11a, myh11lb and myh14. Full sequence alignment in Appendix 4.2.

4.2.2. MYH6 and MYH7 diverged before lobe-finned and teleost separation

The presence of multiple zebrafish genes compared to two genes in lobe-finned lineage raises the
guestion of how they arose during evolution. Whether there are more duplicates of the genes due to
whole-genome duplication events and whether the common ancestor already had both MYH6 and
MYH7 or a single slow MyHC. To identify whether the common ancestor of humans and zebrafish have
both MYH6 and MYH7 or only a single ancestral slow MyHC, | performed a broader phylogenetic
analysis incorporating information from across 76 MYH7-related proteins from a range of animal
species (Fig 4.5). In mammals, the divergence of an ancestral slow MyHC gene formed just two MyHC
branches, MYH6 and MYH?7. In both xenopus and coelacanth, both show divergence of an ancestral
slow MYH7 gene form two branches a myh6 and a myh7 branch. In ray-finned lineage (consisting of
commonly known bony fish), the divergence of ancestral slow MyHC show more than two branches

but form two main clusters, a first cluster consisting of smyhc1-5, myh7 and myh7| and a second
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cluster consisting of myh6 (Fig 4.5). The formation of two clusters in ray-finned lineage suggests the
ancestor had both myh6 and myh7 and one of these genes duplicated to form smyhc1-5, myh7 and
myh7l. Since the myh6 cluster and the smyhc1-5, myh7 and myh7| clusters are derived from an
ancestral MYH6/7 protein, it was unclear whether the myh6 cluster is closer related to mammalian
MYH6 and smyhc1-5, myh7 and myh7I cluster to MYH7 or vice versa. Analysis of key amino acids that
describe the differences between the MYH6/7 may indicate whether the nomenclature given to fish
MyHC proteins resembles the nomenclature given to mammalian MyHC proteins. Although the
formation of two main ray-finned lineage clusters can be observed, a myh6 cluster and a smyhc1-5,
myh7 and myh7I cluster, the first cluster consisting of a smyhc1-5/myh7 branch and a myh7I branch
appear to be closer related to MYH6/7 in mammals than the second myh6 cluster. In this first cluster
alone, the smyhc1-5/myh7 branch and myh7l branch may resemble the divergence of MYH6 and
MYH7 seen in mammals (Fig 4.5). This may suggest that the first cluster alone may be closely related
to MYH6/7 and ray-finned myh6 may have evolved independently of ancestral MYH6/7. However,
both smyhc1-5, myh7 and myh7I cluster and myh6 cluster do not cluster with fast MyHC from fish or
mammals. Zebrafish myha, myhb, myhz1.1, myhz1.2, myhz1.3, myhz2 and myhc4 all cluster with
mammalian fast MyHC proteins (Fig 4.5) suggesting that these genes are closely related to fast MyHC
genes than they are to MYH6/7 and that there was an ancestral divergence of fast and slow. In
conclusion, the common ancestor of humans and zebrafish have both an MYH6 and MYH7 and in
zebrafish, both a myh6 cluster and a smyhc1-5, myh7 and myh7I cluster are closely related to human
MYH6/7 but further analysis in protein sequence will be required to identify which of these clusters is

closer related to MYH7.
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Figure 4.5. Phylogenetic neighbour-joining tree analysis of MYH6 and MYH7 related genes of 76 proteins
across several vertebrates.

Phylogenetic neighbour-joining tree of MYH6 and MYH7 related genes. Mammalian amphibian and lobe-finned
lineage show divergence in evolution to form MYH7 and MYH6 branches. Ray-finned lineage show more than
one divergence to form myh6, myh7, myh7l and smyhc1-5. Phylogenetic neighbour-joining tree using protein
sequence alignments made using MEGA-X Software (https://www.megasoftware.net/home).
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The nomenclature of zebrafish genes may not be correctly named to the corresponding human gene
name. An analysis of amino acids unique to MYH6 vs MYH7 within mammalian proteins alone will first
describe the divergence between mammalian MYH6/7. These amino acids can be used to compare
MyHCs from ray-finned fish to describe whether zebrafish myh6 resemble human MYH6 and zebrafish
smyhcl1-5, myh7 and myh7l to human MYH7.

To identify whether ray-finned myh6 branch or smyhc1-5, myh7 and myh7l branches are more closely
related to human MYH7, | investigated the amino acid sequences from lobe-finned MYH6 and MYH7
to find amino acids that define the separation between the two proteins. A variable amino acid
describes changes in amino acid sequence between homologs. A signature amino acid for MYH6/7
describes a variation at one amino acid site to distinguish only between the two proteins. Protein
sequences from MYH6 and MYH7 were aligned using CLUSTALW and initially, variable amino acids
were selected that differentiated between the two MyHC proteins (Fig 4.6). There were 29 variable
amino acids identified in the mammalian lineage (Fig 4.7A). Variable amino acids were initially
determined as shown for amino acid 35 (Fig 4.6). The variable amino acid at this site is Threonine (T)
for MYH6 and Lysine (K) for MYH7 across mammals (Fig 4.6). In the same position in the zebrafish
smyhcl-5, myh7 and myh7I proteins, the aligned amino acid is K, as in lobe-finned MYH7. In ray-finned
fish myh6, the aligned amino acid 35 is T, a sequence identical to mammalian MYH6 (Fig 4.6). Notably,
the variable amino acid 35 is also a signature amino acid that can be used to distinguish between

MYH6/7 in mammals and teleost fish.
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Figure 4.6. A mixture of lobe-finned MYH6 and MYH7 signatures was observed in ray-finned lineage.

A) Example of signature amino acid residue to distinguish between MYH6 and MYH7. Mammalian MYH7 protein
sequence shows variant K35 and in mammalian MYHS6, the variant T35. In Zebrafish at equivalent amino acid 35,
smyhc1-5, myh7 and myh7l show K35 residue and zebrafish myh6 show T36 residue.

Amongst the 29 variable amino acids, | isolated amino acids that were able to distinguish between ray
finned smyhc genes, myh7 and myh7l to myh6 (Fig 4.7B). Amongst ray finned genes in Fig 4.7B,
%identity scores to either lobe finned MYH6 or MYH7 variable amino acids were determined (Fig 4.7B).
The same variable/signature amino acid pattern observed in example aa 35 continues in zebrafish
MyHC proteins at amino acids 282 and 318 in the S1 region and 1111 in the S2 region with amino acids
D-T-L present in zebrafish smyhcl1-5, myh7 and myh7I identical to mammalian MYH7 and amino acids
N-V-N present in myh6 identical to mammalian MYH6 (Fig 4.7A). At these amino acids, 4 variable
amino acids from zebrafish myh6 were identical to mammalian MYH6 and smyhc1-5, myh7 and myh7I
to mammalian MYH7 (Fig 4.7A). Variable amino acids 35, 282, 318 and 1111 may be signatures to

distinguish between MYH6 and MYH7 across other ray-finned fish however, further analysis from
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MyHCs from other ray-finned fish will describe which variable amino acids are signatures or ancestral
MYH6/7 amino acids. A comparison of the 4 variable amino acids with other ray-finned fish MyHC
genes calculated a percentage identity score to mammalian MYH6/7 (Fig 4.7B). Ray-finned MyHCs
were categorised into two groups, the first group being smyhc1-5, myh7 and myh7l and the second
group of myh6. Amino acids from the two groups were compared to variable amino acids from MYH7
and MYH6 to identify which variable amino acids are signatures to describe MYH6/7 in ray-finned fish
and mammals. When comparing ray-finned smyhc1-5, myh7 and myh7l to mammalian MYH7 at amino
acids 35, 282, 318 and 1111, the percentage identity for pattern K-D-T-L were 79%, 100%, 100% and
93% respectively (Fig 4.7B). In a comparison of ray-finned myh6 to mammalian MYH6, the percentage
identity for pattern T-N-V-N were 100%, 100%, 100% and 75% respectively. Notably, at the same four
variable amino acid sites, ray-finned smyhc1-5, myh7 and myh7l show 0% identity to mammalian
MYH6 and ray-finned myh6 show 0% identity to mammalian MYH7 (Fig 4.7B). At these four amino
acids, these are variable amino acids that can be described as signature amino acids as these amino
acids can distinguish between MYH6/7 in both mammals and ray-finned fish. However, there is one
counterexample to this pattern at amino acid 1093 in the S2 region where mammals, ray-finned
smyhcl-5, myh7 and myh7| are 79% identical MYH6 variant R1093 and ray-finned myh6 is 75%
identical mammalian MYH7 variant (Fig 4.7B). The remaining amino acids in Fig 4.7B show a
combination of MYH6/7 variant amino acids where there was no clear distinction between smyhc1-5,
myh7 and myh7l group or the myh6 group to mammalian MYH6/7. The overall percentage identity to
either MYH6 or MYH7 from both ray-finned groups shows that smyhc1-5, myh7 and myh7! are 45%
identical to mammalian MYH7 and 23% identical to mammalian MYH6. Ray-finned myh6 is 38%
identical to mammalian MYH6 and 18% identical to mammalian MYH7 suggesting the group smyhcl-
5, myh7 and myh7I are closely related to MYH7 and group myh6 are closely related to MYH6. Despite
considering amino acids in Fig. 4.7B to determine whether ray-finned proteins are more identical to
mammalian MYH6/7, the key consideration to distinguish between MYH6 and MYH7 are determined
from signature amino acids 35, 282, 318 and 1111. Using these amino acids with Xenopus, Coelacanth,
and old teleost fish, MYH7 signatures were identified with 100% identity to MYH7 signature K-D-T-L
amino acid pattern and MYH®6 signatures were identified with 29% identity to MYHG6 signature T-N-V-
N amino acid pattern (Appendix 4.1). Signature amino acids can distinguish MYH7 proteins from MYH6
proteins, however, MYH6 signature amino acids show divergence in amino acids in teleost, lobe-

finned fish, and amphibians (Appendix 4.1).

Examination of further variable amino acid sites showing identical sequences to either only MYH6 or

MYH7 can describe which amino acids are ancestral to ray-finned smyhc1-5, myh7, myh7| and myh6.
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Amino acids from aa36 to aal197, aa1089, aa1092 and aa1518 show a high identity percentage (<50%)
to lobe-finned MYH6 variant with amino acid sequence E-C-A-S-Q-S-E (Fig 4.7Ci). Amino acids aa319,
aal256 and in the LMM region, aal323 with amino acid sequence T-M-V show high sequence
similarity to MYH7 signature and 0% identity to mammalian MYH®6 (Fig 4.7Ci). Further comparison of
amino acids in Fig. 4.7Ci to fast MyHC (MYH1/2/4) proteins describe whether variant amino acids
describe an ancestral to only slow MyHC or ancestral to fast, slow and cardiac MyHCs (Fig 4.7Cii).
Amino acids with a high percentage identity for either MYH7, MYH6 or MYH1/2/4 were identified in
aa37, aalll, aa319, aal089 aal092, aal249, aal323 and aal518 suggesting amino acid sequence in
ancestral for slow, fast and cardiac MyHC (Fig 4.7Cii). At amino acids 197 and 1256, ray-finned smyhc1-
6 myh7, myh7l and myh6 show identical sequence to mammalian MYH6 and fast ray-finned MyHCs
show high amino acid identity to fast MYH1/2/4, suggesting amino acid S197 and Y1256 are ancestral
to MYH6/7 and amino acid T197 and L1256 are ancestral to fast MyHC (Fig 4.7Cii). Amino acids in Fig.
4.4C describe ancestral MyHC protein sequences but do not distinguish between MYH6/7 as a

signature amino acid.

To summarise, there are 4 signature amino acids describing ray-finned smyhc1-5, myh7 and myh7I
with identical amino acids to mammalian MYH7 and ray-finned myh6 to mammalian MYH6 (Fig 4.7B).
There were 12 amino acids describing ancestral MyHCs where 10 of these variable amino acids were
ancestral to slow, fast and cardiac MyHCs and 2 amino acids were ancestral to only MYH6/7 (Fig 4.7C).
When excluding variant amino acids found in ancestral MyHCs in Fig. 4.7C, % identity of remaining
variant amino acids in Fig. 4.7B show smyhc1-5, myh7 and myh7l show a higher percentage identity
to mammalian MYH7 and less identity to mammalian MYH6 and ray-finned myh6 show higher
percentage identity to mammalian MYH6 than to mammalian MYH7. The distinction between the two
ray-finned MyHC groups into MYH6 or MYH7 groups indicates that the common ancestor of mammals
and ray-finned fish had a distinguished MYH6 and MYH7 present. Since zebrafish smyhc1-5, myh7 and
myh7| have a higher % identity to human MYH7 than to human MYH6, smyhcl-5, myh7 and myh7I
remain as the zebrafish equivalent gene to human MYH7 and zebrafish myh6 is excluded as this
protein show higher identity to mammalian MYH6. Although smyhc1-5, myh7 and myh7l show a high
% identity to human MYH7, the phylogenetic tree describes the divergence of these proteins into
three branches: smyhcl-5, myh7 and myh7l. To identify whether these genes are orthologous to
human MYH7 and whether there are many paralogs in zebrafish due to teleost duplication events and

subsequent zebrafish duplication events, synteny of the genes was examined in 4.2.4.
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Figure 4.7. The mixture of lobe-finned MYH6 and MYH7 signatures was observed in ray-finned lineage.

A) Species from lobe-finned lineage and ray-finned lineage in CLUSTALW and phylogenetic tree (neighbour
joining) were used for the analysis of sequences. There are 29 variable amino acids identified through technique
in Fig 4.6. Lobe finned lineage show MYH7 (pink) and MYH®6 (green) signatures that distinguish between them
as analysed. Residues in zebrafish show a mixture of MYH6 and MYH7 signatures. Amino acid locations are
labelled with MYH protein regions S1(blue), S2(pink) and LMM (purple). CLUSTALW alignments were made using
MEGA-X Software B) Variable amino acids that could categorise MYH6 and MYH7 within both lobe finned and
ray finned MyHC genes. C) i) amino acids that were unable to categorise ray finned MyHC genes to either the
MYH6 or the MYH7 cluster but rather describe the ancestral slow MyHC gene. ii) comparison of amino acid
%identity between ancestral slow amino acid (MYH6/7) sequence and fast MyHC signatures (yellow).
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To identify whether zebrafish smyhc1-5, myh7 and myh7| are orthologous to human MYH7, synteny
was examined between mammals including humans, gorillas and mice, lizard as an amphibian example
and a range of ray-finned fish including zebrafish, mummichog, platyfish and goldfish. MYH6 and
MYH?7 are located next to each other on chromosome 14 with /IL25 and CMTM5 downstream to MYH7
and upstream to MYH6 are NGDN, ZFHX2, THTPA, AP1G2 and JPH4, and this is conserved across the
mammals such as the mouse and gorilla (Fig 4.8). Common wall lizards have NGDN, ZFHX2, THTPA and
AP1G2 upstream to MYH7 and CMTM5 downstream. Almost all flanking genes of lobe-finned lineage
are conserved. In ray-finned lineage, Mummichog smyhcl have no similar genes downstream but has
ngdn, pabpn, ZFHX4 and thtpa upstream to smyhcl. Platyfish have pabpn, ZFHX4 and thtpa upstream
smyhcl but no similar genes downstream. Zebrafish smyhcl1-5 and myh7/myh7I, Goldfish smyhc1-4
and myh7 and platyfish myh7/myh7I share no similar flanking genes to humans, Gorilla, Lizard and
mice however there are some conserved flanking genes shared with platyfish smyhc1 and mummichog
smyhcl. Thus, upstream flanking genes of zebrafish smyhcl-5 are shared by goldfish smyhci-4,
platyfish and mummichog smyhcl and upstream flanking genes of Mummichog smyhc1 are shared by

lobe-finned lineage MYH?7.

Zebrafish have two clusters of human MYH7 equivalent genes: a smyhc1-5 cluster and a myh7/7/
cluster. To identify whether zebrafish myh7 and myh?7I exist from a teleost genome duplication event,
synteny was examined between zebrafish smyhc1-5 and myh7/myh7I. Zebrafish smyhcl, smyhc2,
smyhc3, smyhc4 and smyhc5 are located next to each other on chromosome 24 with KCNH2
downstream to smyhcl and cebpl, wdr48a, scnlab and acvr2ba upstream to smyhc5. Zebrafish myh7
and myh?7I are present next to each other on chromosome 2 with kcnh2a and map4/ downstream to
myh7 and wdr48b and acvr2bb are upstream to myh7l. To identify whether smyhc genes and
myh7/myh7l exist due to a teleost duplication event or a zebrafish specific duplication event, a synteny
analysis between zebrafish myh7/71 with goldfish myh7 and platyfish myh7/myh7I. Goldfish have
kcnh2a and map4l downstream myh7 and trnaulabp, ano8a, plvapa, nr2f6 and kcnla upstream myh?7.
Platyfish have map4/ downstream to myh7 and trnaulabp is upstream to myh7. Almost all flanking
genes of myh7/myh7I are shared between zebrafish, goldfish and platyfish suggesting that smyhc

genes and myh7/7! genes exist from a teleost duplication event.

Mammalian MYH6/7 are found located next to each other but in teleost fish, smyhc genes and myh7/7!
genes are separate from myh6 genes. Zebrafish have slc24a29, sic25a47a, dIO3B, ppp2r5cb and

hsp90aal.2 downstream myh6 (Fig 4.9). Atlantic herring, channel catfish and goldfish myh6 also share
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similar flaking genes to zebrafish myh6 showing conservation in teleost fish (Fig 4.9). Humans have
SLC24A29, DIO3B, PPP2R5CB and HSP90AA1.2 594+ genes upstream to MYH6/7 suggesting there was
a chromosome inversion near the MYH6/7 site in teleost fish where MYH6 separated from MYH7
where teleost myh6 is orthologous to mammalian MYH6. In conclusion, there are two clusters of
zebrafish genes orthologous to human MYH7 which are smyhc1-5 and myh7/myh7! where both

clusters of genes are paralogous to each other.
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Figure 4.8. Synteny of flanking genes in lobe-finned MYH7 to ray-finned smyhc and myh7 genes.
Colours indicate homologs of genes and all genes present adjacent are directly neighbour genes unless // is
present. Chr : chromosome.
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Figure 4.9. Synteny of flanking genes in human MYH6 to ray-finned myh6 genes.
Colours indicate homologs of genes and all genes present adjacent are directly neighbour genes unless // is
present. Chr : chromosome.
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Mutations in MYH7 are relatively subtle, for example, one amino acid change or an amino acid
deletion. Despite such subtle mutations, they have a huge impact on clinical phenotype and suggest
mutations may occur in highly conserved amino acids in the slow myosin LMM region, thus affecting
the head positioning of slow myosin shown in chapter 3.2.2. To identify whether LDM or MSM
mutations in human MYH7 affect highly conserved amino acids, CLUSTALO protein sequence
alignment of the LMM region using sequences from human MYH7 and zebrafish smyhc1-5, myh7 and
myh7l (Fig 4.10). There are 31/41 patient mutations affecting conserved amino acids where 100%
sequence identity is shared between human MYH7 and zebrafish smyhc1-5, myh7 and myh?7I. There
are 3/41 patient mutations affect highly conserved amino acids but not 100% sequence identity
between human MYH7 and zebrafish smyhc1-5, myh7 and myh7I. Amongst the 3 amino acids affected
by patient mutations, amino acid L1492 is present in smyhcl-5 and myh7 but not myh7l, L1646 is
present in smyhc1-5 and not myh7 and myh7l, X1936 is present in smyhc1-5 and myh7| but not in
myh7l. At amino acids L1492, L1646 and X1936, zebrafish smyhc1-5 marginally show a higher number
of conserved amino acids affected by LDM and MSM mutations than myh7 and myh7I suggesting
overall smyhc1-5 share more conserved amino acids with human MYH?7. 4/41 patient mutations affect
variable amino acids where zebrafish amino acid variant diverged from human MYH7 amino acid
sequence. The majority of LDM and MSM mutations affect highly conserved amino acids in both
humans and zebrafish thus, zebrafish smyhc1-5 share the most similarity in key functional amino acids

for myosin function with human MYH?7.
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Hs .MYH7 LEKEKSEFKLELDDVTSNMEQI IKAKANLEKMCRTLEDQMNEHRSKAEETQRSVNDLTSQ 60
Dr.smyhcl LEKEKSELKLELDDVVSNMEQIVKSKSNLEKMCRTLEDQMSEYRTKAEEGQRTINDEFTMQ 60
Dr.smyhc2 LEKEKSELRLELDDVVSNMEQIVKAKANLEKMCRTLEDQMSEYRTKSEEGQRTINDFTMQ 60
Dr.smyhc3 LEKEKSELRLELDDVVSNMEQIAKAKANLEKMCRTLEDQMSEYRTKYEEGQRSINDFTMK 60
Dr.smyhc4 LEKEKSELRLELDDVVSNMEQIAKAKANLEKMCRTLEDQMSEYRTKYEEGQRSINDFTMK 60
Dr.smyhcb LEKEKSELRLELDDVVSNMEQLAKAKANLEKICRTLEDQMSEYRTKYEEGQRSINDFTMQ 60
Dr.myh7 LEKEKSELRLELDDVVSNMEHVVKTKANLEKMTRSLEDQMNEYKTKYEEGQRCINDFTMQ 60
Dr.myh71 LEKEKSELRLELDDVASSMEHIVKSKTNMEKVNRTLEDQMNEYRNKCEEYQRSLNDETTQ 60
Kk khk Ak s o kKKK KA K Kk es Kekskakks kekkkkk ke Kk Kk Kk s kkax

Hs .MYH7 RAKLQTENGELSRQLDEKEALISQLTRGKLTYTQQLEDLKRQLEEEVKAKNALAHALQSA 120
Dr.smyhcl KAKLQTENGELSRQLEEKDSLVSQLTRGKQSYTQQIEDLKRQLEEEVKAKNALAHAVQSA 120
Dr.smyhc2 KAKLQTENGELSRQLEEKDSLVSQLTRGKQSYTQQIEDLKRQLEEEVKAKNALAHAVQSA 120
Dr.smyhc3 KAKLQTENGELSRQLEEKDSLVSQLTRGKQSYTQQIEDLKRQLEEEVKAKNALAHAVQSA 120
Dr.smyhc4 KAKLQTENGELSRQLEEKDSLVSQLTRGKQSYTQQIEDLKRQLEEEVKAKNALAHAVQSA 120
Dr.smyhcb5 KARLQTENGELTRQLEEKDSLVSQLTRSKQSYTQQIEDLKRQLEEEVKAKNALAHAVQSA 120
Dr.myh7 KSKLQSENGELSRQLEEKDSLVSQLTRSKMSYTQQIEDLKRQLEEETKAKSALAHAVQSA 120
Dr.myh71 KAKLQAENDEFSRQLEEKESLVSQLTRGKNSFSQQOLEDLKRQLDEEIKAKNALAHALQSA 120

ca kK kk Ksskkkakksakekkkkk K ssskkeokkkkhkkkskKk KKk KhkkAKk kA Kk
Hs .MYH7 RHDCDLLREQYEEETEAKAELQRVLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQR 180
Dr.smyhcl RHDSDLLREQFEEEQEAKAELQRSLSKTNSEVAQWRTKYETDAIQRTEELEDAKKKLAQR 180
Dr.smyhc2 RHDAELLREQYEEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQR 180
Dr.smyhc3 RHDAELLREQYEEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELEDAKKKLAQR 180
Dr.smyhc4 RHDAELLREQYEEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELE DAKKKLAQR 180
Dr.smyhc5 RHDSDLLREQYEEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELEDAKKKLAQR 180
Dr.myh7 RHDTDLLREQYEEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQR 180
Dr.myh71 RHDTDLLREQYEEEQEAKAELQRSMSKANTEVAQWRTKYETDAIQRTEELEEAKKKLAQR 180

Kok ke kK Kk Kk sk Ak KKK KAKAK kK s ks kh kA kA ok ok ok ok ok ok ok ok ok ok ok Kk ok ks Kk Kk kA kK

Al440del

A1439P
Hs .MYH7 LQEAEEAVEAVNAKCSSLEKTKHRLONEIEDILMVDVERSNAAAAALDKKQRNFDKILAEW 240
Dr.smyhcl LQEAEEAVEAVNAKCSSLEKTKHRLONEIEDLMVDVERSNAAAAALDKKQRNEFDKVLAEW 240
Dr.smyhc2 LODAEEAVEAVNAKCSSLEKTKHRLONEIEDLMVDVERSNAAAAALDKKQRNFDKVLAEW 240
Dr.smyhc3 LODAEEAVEAVNAKCSSLEKTKHRLONE IEDLMVDVERSNAAAAALDKKQRNEFDKVLAEW 240
Dr.smyhc4 LODAEEAVEAVNAKCSSLEKTKHRLONE IEDLMVDVERSNAAAAALDKKQRNEFDKVLAEW 240
Dr.smyhcb LODAEEAVEAVNAKCSSLEKTKHRLONEIEDLMVDVERSNAAAAALDKKQRNFDKVLAEW 240
Dr.myh7 LOETEEAVEAVNAKCSSLEKTKHRLONE IEDLMVDLERSNAAAAALDKKQRNFDKVLSEW 240
Dr.myh71 LQEAEEAVEAVNAKCSSLEKTKHRLONEIEDLMVDVERSNTAAASLDKKQRHFDKIISEW 240

**::*******************************:****:*.:******:***:::**

E1508del

L1467P L1481P. L1492P R1500P E1507del

Hs .MYH7 KQKYEESQSELESSQKEARSLSTELFKLKNAYEESLEHLETFKRENKNLQEEISDLTEQL 300
Dr.smyhcl KQKYEESQTELESAQKESRSLSTELFKLKNSYEEVLDQLETMKRENKNLQEETISDLTEQL 300
Dr.smyhc2 KQKYEESQTELESAQKESRSLSTELFKLKNSYEESLDHLESMKRENKNLQEEISDLTEQL 300
Dr.smyhc3 KQKYEESQSELESSQKEARSLSTELFKLKNSYEESLDHLESMKRENKNLQEEIADLTEQI 300
Dr.smyhc4 KQKYEESQSELESSQKEARSLSTELFKLKNSYEESLDHLESMKRENKNLQEETADLTEQI 300
Dr.smyhcb KQKYEESQSELESSQKEARSLSTELFKLKNSYEESLDHLESMKRENKNLQEETADLTEQI 300
Dr.myh7 KQKFEESQAELESSQKEARCLSTELFKLKNSYEEALDHLETMKRENKNLQEETISDLTEQL 300
Dr.myh71 KQKYEESQCELESSQKEARSLSTELFKLKNSYEESMDHLETMKRENKILQEEISDLTEQL 300

Kok ks kKKK *I**:***:*.****I*****:*** :::**::*I*** **.*:*****:

Q1541P E1573K

Hs .MYH7 GSSGKTIHELEKVRKQLEAEKMELQSALEEAEASLEHEEGKILRAQLEFNQIKAEIERKL 360
Dr.smyhcl GETGKSIHELEKIRKQLEQEKAEIQTALEEAEGSLEHEEGKILRAQLEFNQVKADIERKL 360
Dr.smyhc2 GESGKNIHELEKVRKQLEQEKQEIQTALEEAEGSLEHEEGKILRAQLEFNQVKADIERKL 360
Dr.smyhc3 GESGKNIHELEKMRKQLEQEKAEIQTALEEAEGSLEHEEGKILRAQLEFNQVKADIERKL 360
Dr.smyhc4 GESGKNIHELEKMRKQLEQEKAEIQTALEEAEGSLEHEEGKILRAQLEFNQVKADIERKL 360
Dr.smyhcb GESGKNIHELEKMRKQLEQEKAEIQAALEEAEGSLEHEEGKILRAQLEFSQIKADIERKL 360
Dr.myh7 GEGGKSIHELEKMRKQLEQEKSEIQSALEEAEASLEHEEGKILRAQLEFSQIKADIERKL 360
Dr.myh71 GEGGKTIHELEKVRKQLEQEKAEIQAALEEAEGSLEHEEGKILRTQLEFNQIKADIERKL 360

* Kk kkhkkkkk o kkkhkkhkk kK *-I-****** kkhkkkkkkkhkkhkhkkhk o kk k% *-**-*I***

Figure 4.10. CLUSTALO protein sequence alignment of LMM regions from human MYH7 gene with zebrafish
smyhcl.
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L1612P
L1591P T1599P R1608P E1619K

R1588P A1603P E1610K Kl6l7del Al636P
Hs.MYH7 AEKDEEMEQAKRNHLRVVDSLOTSLDAETRSRNEALRVKKKMEGDLNEMEIQLSHANRMA 420
Dr.smyhcl SEKDEEMEQAKRNQQRVVDTLQOSSLESETRSRNEALRLKKKMEGDLNEMEIQLSQANRQA 420
Dr.smyhc2 SEKDEEMEQAKRNQQORVVDTLQSSLESETRSRNEALRLKKKMEGDLNEMEIQLSQANRQA 420
Dr.smyhc3 AEKDEEMEQAKRNQQRMIDTLQSSLESETRSRNEALRLKKKMEGDLNEMEIQLSQANRQA 420
Dr.smyhc4 AEKDEEMEQAKRNQQRMIDTLQSSLESETRSRNEALRLKKKMEGDLNEMEIQLSQANRQA 420
Dr.smyhc5 SEKDEEMEQAKRNQQORMIDTLQSSLESETRSRNEALRLKKKMEGDLNEMEIQLSQANRQA 420
Dr.myh7 AEKDEEMEQSKRNLORTIDTLQSSLESETRSRNEALRIKKKMEGDLNEMEIQLSQANRQA 420
Dr.myh71 SEKDEEMEQVKRNQQRTIDTLQSALESETRSRNEALRIKKKMEGDLNEMEIQLSQANRQA 420

<k Kok Kok koK k *I* I* .*.**I.*.I****I*I*I*.**I*I***********.*** I

Al663P

Al637T L1646PD1652Y R1662P E1669del R1689C
Hs .MYH7 AEAQKQVKSLOSLLKDTQIQLDDAVRANDDLKENIAIVERRNNLLQAELEELRAVVEQTE 480
Dr.smyhcl SEAQKQLKGLHGHLKDAQLQLDDALRGNDDLKENIAIVERRNNLLQAELDELRSLVEQTE 480
Dr.smyhc?2 SEAQKQLKGLHGHLKDAQLQLDDALRGNDDLKENIAIVERRNNLLQAELDELRSLVEQTE 480
Dr.smyhc3 SEAQKQLKGLHGHLKDAQLQLDDALRGNDDLKENIAIVERRNNLLQAELDELRSLVEQTE 480
Dr.smyhc4 SEAQKQLKGLHGHLKDAQLQLDDALRGNDDLKENIAIVERRNNLLQAELDELRSLVEQTE 480
Dr.smyhcb SEAQKQLKSLQGHLKDAQMOLDDALRANDDLKENIAIVERRNNLLQAELDELRSLVEQTE 480
Dr.myh7 AEAQKQLKSVHAHMKDAQLQLDDSLRTNEDLKENTAIVERRNNLLQAELEELRAALEQTE 480
Dr.myh71 AEAQKQLKSVQAHLKDSQLQLDDSLRSNDDLKENTAIVERRNALLQAELEELRAVLEQTE 480

I*****:*.::_ :*I*:*:****:I *:***I* * kK k ok ok Kk ******:**I: R

L1706P K1729del

Hs .MYH7 RSRKLAEQELIETSERVQLLHSQNTSLINQKKKMDADLSQLQTEVEEAVQECRNAEEKAK 540
Dr.smyhcl RGRKLAEQELMDVSERVQLLHSQONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAK 540
Dr.smyhc2 RGRKLAEQELMDVSERVQLLHSONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAK 540
Dr.smyhc3 RGRKLAEQELMDVSERVQLLHSONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAK 540
Dr.smyhc4 RGRKLAEQELMDVSERVQLLHSONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAK 540
Dr.smyhc5 RGRKLAEQELMDVSERVQLLHSONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAK 540
Dr.myh7 RGRKLAEQELLDTSERVQLLHSONTSLLNQKKKLETDISQLQTEVEEAVQECRNAEEKAK 540
Dr.myh71 RGRKLAEQELLDVTERVQLLHSONTSLINQKKKLETDLSQFQTEVEEAVQECRNAEEKAK 540

*.*******I::.:*************:****I:: Kk kKKK KKRKK AR K KKK KKK

K1784del L1793p E1801K

L1779P L1793del
Hs .MYH7 KAITDAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLOQHRLDEAEQIALKGGKKQLQOKLE 600
Dr.smyhcl KAITDAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLQHRLDEAEQIAMKGGKKQVQKLE 600
Dr.smyhc?2 KAITDAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLQHRLDEAEQIAMKGGKKQVQKLE 600
Dr.smyhc3 KAITDAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLQHRLDEAEQIAMKGGKKQVQKLE 600
Dr.smyhc4 KAITDAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLOHRLDEAEQIAMKGGKKQVQKLE 600
Dr.smyhcb KAITDAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLQHRLDEAEQIAMKGGKKQVQKLE 600
Dr.myh7 KAITDAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLQHRLDEAEQIAMKGGKKQVQKLE 600
Dr.myh71 KAITDAAMMAEELKKEQDTSAHLERMKKNMEQT IKDLOQHRLDEAEQIAMKGGKKQVQKLE 600

**********************I****I********I*******I***-******-****

R1845W E1856K
Hs.MYH7 ARVRELENELEAEQKRNAESVKGMRKSERRIKELTYQTEEDRKNLLRLODLVDKLQLKVK 660
Dr.smyhcl ARVRELENEVELEQRKASESVKGVRKYERRIKELTYQTEEDRKNLARLODLVDKLQLKVK 660
Dr.smyhc2 SRVRELESEVEMEQRKASDSVKGVRKYERRIKELTYQTEEDRKNLARLODLVDKLQLKVK 660
Dr.smyhc3 VRVRELESEVEMEQRKASESVKGVRKYERRIKELTYQTEEDRKNLARLQDLVDKLQLKVK 660
Dr.smyhc4 VRVRELESEVEMEQRKASESVKGVRKYERRIKELTYQTEEDRKNLARLODLVDKLQLKVK 660
Dr.smyhcb ARVRELENEVELEQKKASESVKGIRKYERRIKELTYQTEEDRKNLARLODLVDKLQLKVK 660
Dr.myh7 ARVRELESEVESEQKKSSEAVKGIRKYERRIKELTYQTEEDRKNLARLQDLVDKLQLKVK 660
Dr.myh71 ARVRELECEVEAEQKRSSESVKGIRKYERRIKELTYQTEEDRKNIARLQODLVDKLQLKVK 660
KAKK kX Kok Kkeo e kKK KK *I**********I****: Kok okok ok kkkk kKKK

Figure 4.10. CLUSTALO protein sequence alignment of LMM regions from human MYH7 gene with zebrafish
smyhcl.
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X1936LfsX32

E1883K H1901L E1914L X1936WEsX32
Hs .MYH7 AYKRQAEEAEEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGTKGLNEE- 719
Dr.smyhcl SYKRAAEEAEEQANSNLGKFRKLOHELDEAEERADIAESQVNKMRAKSRDSGPKKGHDEE 720
Dr.smyhc?2 SYKRTAEEAEEQANSNLGKFRKLQHELDEAEERADIAESQVNKLRAKSRDSGSKKGADEE 720
Dr.smyhc3 SYKRAAEEAEEQANSNLGKFRKLQHELDEAEERADIAESQVNKLRAKSRDTGSKKGHDEE 720
Dr.smyhc4 SYKRAAEEAEEQANSNLGKFRKLOHELDEAEERADIAESQVNKLRAKSRDTGSKKGHDEE 720
Dr.smyhcb SYKRAAEEAEEQANSNLTKFRKLQHELDEAEERADIAESQVNKLRAKSRDTGSKKGQEEE 720
Dr.myh7 AYKRAAEEAEEQANTNLSKFRKIQHELDEAEERADIAESQVNKLRAKSRDVSSKKGHDQE 720

Dr.myh71 AYKRAAEESEEQANVHLGKFRKLQHELDEAEERADIAESQVNKLRAKSRDVGPKKAFDEE 720

ok kK *I*-***** .« % ****-*I************I*****.****** *

Figure 4.10. CLUSTALO protein sequence alignment of LMM regions from human MYH7 gene with zebrafish
smyhcl.

Human MYH?7 protein sequence shows high levels of sequence identity in the LMM. Sequence alignment using
CLUSTALO (https://www.ebi.ac.uk/Tools/msa/clustalo/). Abbreviations and colour codes: LDM — Laing distal
myopathy, MSM — myosin storage myopathy, I -100% sequence identity,:| - 75%+ sequence identity, I -<75%
sequence identity.

In this chapter, | look to see which zebrafish gene to target to generate an accurate disease model of
mutations found in human MYH?7. There are several main findings. Firstly, many zebrafish equivalent
genes from my initial BLAST search in 4.2.1, suggested candidates were smyhc1-5, myh7, myh7/ and
myh6. Secondly, in 4.2.2. protein sequence alignment and drawing the phylogenetic tree shows two
main branches for mammalian MYH6 and MYH7 and two main branches for ray-finned fish smyhcl-
5/myh7/myh7| and myh6. Thirdly, there are 4 signature amino acid sequences distinguishing MYH6
from MYH?7. Ray-finned smyhc1-5, myh7 and myh7| show a higher resemblance to mammalian MYH7
and ray-finned myh6 to mammalian MYH6. Fourthly, | identified gene synteny between zebrafish
smyhcl-5, myh7 and myh7l to human MYH7 and zebrafish myh6 to human MYH6. Lastly, CLUSTALO
amino acid alignment between human MYH7 and zebrafish smyhc1-5, myh7 and myh7/ show the

majority of LDM and MSM patient mutations affect highly conserved amino acids.

Mammalian MYH6 and MYH7 are located next to each other on the same chromosome and exist from
a duplication event (Yamauchi-Takihara et al., 1989; Gulick et al., 1991). Consistent with current data,
synteny analysis between human, gorilla and mouse show MYH6 and MYH7 positioned in tandem with
conserved flanking genes (Fig 4.8). However, it was unclear whether the presence of MYH6 and MYH7
seen in mammals were conserved in birds, fish and amphibians (Desjardins et al., 2002). Contradictory
to Desjardins et al. (2002), Ensembl search in tropical claw frogs and coelacanth, Myh6 and Myh7

orthologs exist in tandem with conserved flanking genes to mammals suggesting MYH6/7 are
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conserved in amphibian and lobe-finned fish (Appendix 4.1). However, in chickens, there are three
slow MyHC genes MYH15, MYH7B and MYH7 (Gonzalez-Sanchez and Bader, 1985; Yutzey, Rhee and
Bader, 1994; Chen et al., 1997; Machida et al., 2002) where MYH15 and MYH7B are orthologous to
mammalian MYH15 and MYH7B (Desjardins et al., 2002) but it was unclear whether MYH7 may be
orthologous to mammalian MYH6/7 where an MYH6/7 may have existed ancestral avian lineage and

may have been lost during avian evolution.

Zebrafish smyhc1-5 are orthologous to human MYH6/7 (McGuigan, Phillips and Postlethwait, 2004).
However, it was difficult to identify whether MYH6 and MYH7 exist in the common ancestor of
zebrafish in ray-finned linage or whether there was a unique radiation of ray-finned myh genes from
a single ancestral MYH6/7 gene. CLUSTALO protein alignment between a range of teleost fish to
mammalian MYH6/7 show teleost smyhcl-5, myh7, myh7| cluster together and teleost myh6
clustered together (Fig 4.5). Teleost smyhcl-5, myh7, and myh7| clusters are orthologous to
mammalian MYH6/7 (Fig 4.5) supporting data from McGuigan. (2004) and additionally, the teleost
myh6 cluster are orthologous to mammalian MYH6/7 suggesting MYH6/7 exist in the common
ancestor of both mammals and teleost. Although teleost smyhc1-5, myh7, myh7l and myh6 cluster
with mammalian MYH6/7, teleost smyhc1-5, myh7 and myh7l genes do not exist in tandem with myh6
genes. Synteny analysis show separation of smyhc1-5, myh7 and myh7lfrom myh6 genes in ray-finned
lineage but not in mammals and amphibians (Fig 4.8, Fig 4.9) suggesting ray-finned lineage smyhc1-5,
myh7, myh7l and myh6 genes did not radiate from a single ancestral MYH gene but from an ancestor
with pre-existing MYH6/7. The present finding rejects the hypothesis that zebrafish do not show
conservation of MYH6/7 in Desjardins. (2002) as our findings suggest the common ancestor of both
humans and zebrafish have pre-existing MYH6/7. In conclusion, the presence of MYH6 and MYH7 in
tandem is conserved across mammals, amphibians and lobe-finned fish and in contrast, ray-finned
lineage show conservation of MYH6/7 but a separation of gene location of MYH6 (myh6) from MYH7

(smyhc1-5, myh7, myh7l) genes.

Zebrafish smyhc1-5, myh7, myh7l and myh6 are orthologous to human MYH6/7 however there was
no current data to suggest which of these zebrafish myh genes were orthologous to either MYH6 or
to MYH7. In mammals, MYH6/7 have fewer exons than fast and developmental MYH genes.
Mammalian MYH6 do not have an intron 13 and 37 and MYH7 only lack intron 37 (Liew et al., 1990;
Epp et al., 1993; McGuigan, Phillips and Postlethwait, 2004), teleost do not show the same pattern of
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missing intron seen in mammals to distinguish between MYH6/7. When determining differences
between MYH6/7 amino acids in 4.2.3. there are 4 signature amino acids to distinguish between
MYH6/7 in mammals and ray-finned fish (Fig 4.7). Utilising the 4 signature amino acids, zebrafish
smyhcl-5, myh7 and myh7/ are shown to be orthologous to human MYH7 and zebrafish myh6 to
human MYH6. Present findings complement studies of the expression pattern of human MYH7 and
zebrafish orthologs smyhcl1-3 and myh7. Human MYH7 is expressed both in slow skeletal muscle and
in the heart ventricle and Zebrafish have separate myh orthologs expressing smyhci-3 only in slow
skeletal muscle (Stone Elworthy et al., 2008) and myh?7 is expressed in the heart ventricle (Park et al.,
2009). Human MYH6 is predominantly expressed in the heart atrium and complimenting this
expression pattern, zebrafish myhé is also expressed in the heart atrium (Huang et al., 2005). Thus, |

show zebrafish smyhcl1-5, myh7 and myh?7/ are orthologous to human MYH7 and not to human MYH6.

In teleost fish, including zebrafish, there are many slow MyHC orthologs to the one MYH7 in mammals
(McGuigan, Phillips and Postlethwait, 2004; Watabe and lkeda, 2006; Ikeda et al., 2007) as teleost fish
have undergone an additional round of genome duplication (Amores et al., 1998; Meyer and Schartl,
1999; Taylor et al., 2001). Zebrafish smyhc1-5 share a syntenic relationship to myh7 and myh7I (Fig
4.8) and may have arisen from a teleost duplication event of smyhc to myh7 on another locus has also
been observed in goldfish and platyfish (Fig 4.8). Both zebrafish smyhc and myh7 appear to have
undergone further tandem duplication to form smyhc2-5 and myh?7I, respectively. Platyfish only have
one smyhc gene and two myh7 genes, whereas goldfish have four smyhc genes and one myh7 gene
(Fig 4.8) suggesting either gene duplication occurred independently in zebrafish in comparison to new
teleost fish or gene duplication may have occurred and subsequently lost in new teleost fish. Studies
on smyhc1-5 from McGuigan et al. (2004) show tandemly arrayed genes are either all skeletal myhc
genes or all cardiac. Smyhcl-5 are shown to be paralogs as they have high sequence similarity between
smyhc genes with minimal gene conversion and intergenic region lengths similar to those in fast
skeletal genes (Weiss et al., 1999; McGuigan, Phillips and Postlethwait, 2004). Tandem duplication is
a result of more recent gene conversion as there is a more varied number of tandem gene duplication
events in platyfish, goldfish and zebrafish. The increased number of tandemly duplicated genes makes
it difficult to isolate a single ortholog to human MYH7 but rather a cluster of zebrafish genes reflects
the function of a single gene in humans. Despite the difficulty in isolating one single gene as the

zebrafish equivalent gene, zebrafish smyhc1-3 are only expressed in slow skeletal muscle which may
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prove advantageous in studying developmental defects associated with human MYH7 mutations

affecting slow muscle with no cardiomyopathy.

Smyhcl is predominantly expressed at the early stages of development and subsequently replaced by
smyhc2 and smyhc3 in adulthood (Stone Elworthy et al., 2008), smyhcl may prove advantageous to
target for zebrafish KO to study early developmental defects. Anti-sense morpholino (AMO)
experiments to knock down smyhcl in Danio rerio revealed paralysed embryos with defective myosin
filament organisation (Codina et al., 2010), and defective M-line organisation (Xu et al., 2012)
suggesting a role in slow skeletal muscle at early stages of development. There have been knockdown
experiments on zebrafish targeting smyhc1-4 by co-injection of smyhcl AMO, which targeted the
5’'UTR of smyhc1, and smyhc2-4 AMO targeting highly conserved coding sequence (in smyhc2-4) in the
first exon (Naganawa and Hirata, 2011). Smyhc1-4 knockdown shows no motility following touch at
24 hpf but shows normal burst swimming at 48 hpf (Naganawa and Hirata, 2011). Lack of contraction
at 24 hpf followed by contraction at 48 hpf suggest knockdown show an effect on slow muscle and
not fast (Naganawa and Hirata, 2011). Knockdown of smyhc1-4 shows a role in slow skeletal muscle
as shown in Codina et al. (2010), however, the additional phenotype was not reported. Mutations in
myh?7 producing early stop codons show defects in ventricle contractility respectively (Auman et al.,
2007). As no skeletal muscle phenotype was described in these mutants, they may have little role in
skeletal muscle thus, myh7 is not ideal for studying defects in slow muscle. No known phenotype was
identified with myh7l and smyhc5. Overall, present data suggest knockdown of smyhcl shows a
predominant slow skeletal muscle phenotype and thus, shows a high chance for generating an

observable phenotype when creating disease mutations.

In conclusion, | demonstrate that the common ancestor of humans and zebrafish had a pre-existing
MYH6 and MYH7 and zebrafish smyhc1-5, myh7, myh7| and myh6 are orthologous to this clade.
Signature amino acids were able to distinguish between MYH6 and MYH7 in mammals and teleost fish
where smyhcl-5, myh7 and myh7I are orthologous to mammalian MYH7. | provide evidence for a
whole-genome duplication event and subsequent gene duplications in zebrafish smyhc1-5, myh7 and
myh?7I using gene synteny analysis. Smyhcl show broad localisation of expression in the slow skeletal
muscle at the early stages of development with evidence for early developmental defects in slow
muscle (Codina et al., 2010; Xu et al., 2012). In chapter 5, | target smyhc1 using CRISPR/Cas9 to create
null mutations to identify phenotypes associated with loss of smyhcl function. By studying the
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phenotype associated with smyhcl null mutants, it will aid in identifying possible phenotypes

associated with more subtle LDM and MSM mutations.
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Laing Distal Myopathy (LDM) and Myosin Storage Myopathy (MSM) mutations affecting early stages
of developmental defects are unknown and clinical phenotypes have only been analysed in adults and
children. In the previous chapter, | demonstrated that zebrafish smyhcl was orthologous to human
MYH?7, particularly in the role in sarcomere assembly during early development. In this chapter, |

aimed to assess the role of smyhc1 in early development using loss of function (LOF) experiments.

During development, myosin molecules self-assemble into thick filaments by interlocking at their C-
terminal coiled-coil rod domain (Atkinson and Stewart, 1991; Sohn et al., 1997; lkebe et al., 2001;
Ojima et al., 2015). In mammals, embryonic (MyHC-emb) and neonatal (MyHC-neo) myosin molecules
are predominantly present in thick filaments of fast skeletal muscle during early stages of
development (Whalen et al., 1981) and are later expressed in a specialized subset of muscles such as
the extraocular, masticatory, laryngeal muscles and muscle spindles (Schiaffino et al., 2015). In mice
and rats, MyHC-emb is expressed at E9.5, with expression peaking at E15 (Lyons et al., 1990); MyHC-
neo is then expressed at E10.5 and peak at 5 days post-birth (Lyons et al., 1990; Lu et al., 1999). These
early myosin molecules are later replaced with adult myosin as the animal matures (Lowey, Waller
and Bandman, 1991). Specifically, MyHC-2A and MyHC-2X are expressed during mammalian fetal and
late fetal stages through to adulthood and MyHC-2B is expressed at postnatal stages through to
adulthood (Schiaffino et al., 2015). Thus, embryonic, and neonatal MyHC are predominantly expressed

in fast muscle during early development and is replaced by fast skeletal MyHC in adulthood.

Slow MyHC expression shows a different expression pattern to fast MyHC. Mammalian slow myosin
(MYH?7) is expressed during embryonic and fetal developmental stages through to adulthood in slow
skeletal muscle and heart ventricles (Narusawa et al., 1987; Schiaffino et al., 2015). Chick embryos
express three embryonic MyHCs during early embryonic development and one neonatal MyHC
expressed in neonatal developmental stages and both embryonic and neonatal MyHC genes continue
to express in skeletal muscle in adulthood in contrast to only a subset of muscle seen in mammals
(Bandman and Rosser, 2000). In slow muscle fibres, MYH15 (SM1), MYH7b (SM2) and MYH7 (SM3) are

expressed in skeletal muscle during embryonic development and continue to express in skeletal
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muscle through to adulthood (Tidyman, Moore and Bandman, 1997; Rushbrook et al., 1998),
alongside the single fast MyHC (Merrifield et al., 1989; Tidyman, Moore and Bandman, 1997). Only
pectoral muscles in birds have a complete switch from embryonic MyHC expression to exclusively fast
MyHC (Bandman and Rosser, 2000). In zebrafish, there are six fast MyHC genes clustered on
chromosome 5. Fmyhcl.1, fmyhcl.2, and fmyhcl.3 are predominantly expressed only in fast skeletal
muscles and fmyhc2.1, fmyhc2.2 and fmyhc2.3 are expressed in fast skeletal muscles and head
muscles. In slow skeletal muscle, smyhc1 is predominantly expressed during embryonic development
(Stone Elworthy et al., 2008). Zebrafish smyhc2 and smyhc3 are expressed in a subset of muscle at the
early stages of development but their expression replaces smyhc1 in slow skeletal muscle in adulthood
(Stone Elworthy et al., 2008). Knockdown of zebrafish smyhc1 results in paralysis at 24 hours post
fertilisation (hpf) and slow muscles that show defective thick and thin filament assembly (Codina et
al., 2010; Xu et al., 2012). Zebrafish smyhc1 morphants also show loss of myomesin-3 localisation in
slow muscles (Xu et al., 2012). However, myomesin-3 knockout (KO) show no effect on the sarcomere
assembly of thick and thin filaments (Xu et al., 2012). Knock out of zebrafish smyhcl1 also show
paralysis at 24 hpf and sarcomeres in slow fibres show no thick filament and M-lines (Li et al., 2020).
Zebrafish smyhcl KO mutants show reduced food intake and reduced survival rate of incomplete
penetrance. To reconcile the function of smyhcl, | investigated the phenotype associated with LOF

experiments using CRISPR/Cas9 to knock out smyhc1 in zebrafish.

Invertebrates show differing expression of MyHC genes compared to vertebrates. C. elegans have four
MyHC isoforms encoded by five distinct genes for the formation of the muscle in the body wall
(Waterston and Francis, 1985; Miller, Stockdale and Karn, 1986). Paramyosin, encoded by unc-15 is
expressed at the core of the A-band where Paramyosin is essential for the base of the thick filament
formation (Waterston, Fishpool and Brenner, 1977). MyHC-B, encoded by unc-54 make up most of the
thick filament and positions on the outermost segment of the thick filament (Waterston and Francis,
1985). The middle segment of the thick filament is made up of MyHC-A, encoded by myo-3, in between
Paramyosin and unc-54 layers (Waterston and Francis, 1985). Myo-1 and myo-2 encode MyHC-C and
MyHC-D, respectively and are expressed exclusively in the pharyngeal muscle (Miller, Stockdale and
Karn, 1986). In D.melanogaster, there are at least 14 MyHC isoforms during the embryonic, larval,
pupal to adult stages (Bernstein et al., 1983; George, Ober and Emerson, 1989; Hess et al., 2007). Each
MyHC isoform is distinct through alternative splicing events of multiple alternative exons at 5 positions
of the gene from a single Mhc gene (George, Ober and Emerson, 1989; Zhang and Bernstein, 2001)

and is controlled using transcriptional regulatory sequences (Arredondo et al., 2001; Kelly, Meadows
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and Cripps, 2002; Marin, Rodriguez and Ferras, 2004; Mas, Garcia-Zaragoza and Cervera, 2004). In
early indirect flight muscle (IFM) myogenesis, there is one early MyHC isoform (MyHC-IFM19)
containing all the alternate exons, except exon 18 MyHC-IFM18 (Orfanos and Sparrow, 2013). During
late IFM myogenesis, MyHC-IFM19 expression declines, but remains at the core of the thick filament
(Orfanos and Sparrow, 2013) and the MyHC-IFM18 isoform is predominantly expressed and continue
the same expression pattern through to adulthood. MyHC-IFM18 make up the majority of the exterior
myosin thick filament while MyHC-IFM19 remains at the core of the filament structure (Hastings and

Emerson, 1991; Suggs et al., 2017).

Early developmental phenotypes associated with gene knockout experiments can provide insight into
how mutants change myosin function in vivo. CRISPR/Cas9 genome editing has been used as a tool to
generate null alleles in the zebrafish genome (Chang et al., 2013; Hruscha et al., 2013; Hwang et al.,
2013). CRISPR/Cas9 genome editing is made by creating a double-strand break using Cas9 protein at
the target gene site and activating DNA damage repair including non-homologous end joining (NHEJ)
or homologous recombination (Ran et al., 2013; Chang et al., 2017). Homologous recombination
utilises a template DNA for DNA repair and ensures DNA repair is made without mistakes (Ran et al.,
2013). NHEJ is an error-prone mechanism for DNA repair whereby insertion and/or deletion (INDEL)
mutations are likely to occur (Chang et al., 2017). INDEL mutations can cause frame-shift mutations
with premature stop codons and thus produce a non-functional truncated protein or degradation of
mRNA by triggering nonsense-mediated decay (NMD) (Lykke-andersen and Jensen, 2015; Hug,
Longman and Caceres, 2016). Using CRISPR/Cas9, the generation specific mutations leading to LDM
or MSM in smyhcl gene using HR and the generation of smyhcl KO lines utilising the NHEJ pathway

in the zebrafish genome is possible to investigate the associated phenotype.

Generating LDM and MSM models were tested but not included in this chapter as the methods and
strategies involved were not optimal to generate specific mutations. The first limitation in targeting
the LMM region is the high level of sequence identity between all smyhc genes and myh7/myh7I which
may lead to further off target mutations but also lead to a mixture of HR and NHEJ between all targets.
Prior to injections using short single oligonucleotides (ssoligo), initial tests for cutting using specific
gRNA mostly positive (Appendix 5.1). All three gRNA show high levels of mutagenesis detected by HRM
analysis when injected with gRNA K1617, K1729 and E1856 but not observed in E1508. A second
method to HR to insert point mutations was to use base editing which is a new development of CRISPR-

Cas9 was to retain the ability to target specific DNA loci and convert G-C base pairs to A-T base pairs
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with the optimal site of base change around -17 to -13 upstream of the PAM site (Zhang et al., 2017a).
An expansion of target gene location, a Cas9 variant known as Cas9-VQR recognises 5° NGA as the
PAM sequence. BE have been fused to VQR-Cas9 to have BE features and recognise 5 NGA. Studies
using fusion BE/Cas9-VQR on zebrafish have demonstrated BE in target sequences (Zhang et al.,
2017b). Although utilising HR and base editing were available, screening for the presence of specific
mutations were rare. Mutations identified from HR strategies were mainly INDEL mutations as a result
from NHEJ and ssoligo insertion were never identified. When using base editing tools, no changes in
bases were identified in any of injected embryos. Problems encountered in attempt to create a LDM
and MSM model lead me to generate a smyhcl KO mutant to understand the role of smyhc1 in relation
to human MYH7, but smyhc1 KO mutants can subsequently be inserted with the defective smyhc1 or

human MYH?7 using expression vectors.

In this chapter, | attempted to use CRISPR/Cas9 with homologous recombination to generate disease
mutations for LDM and MSM in smyhcl but strategies used failed to generate such mutants. |
subsequently generated null mutations in smyhcl using CRISPR/Cas9 to examine its role in zebrafish
sarcomere assembly. Guide RNAs were targeted to smyhcl in exon 2 and exon 4, both alleles leading
to frameshift mutations with an early stop codon. Smyhcl mutants were viable and fertile.
Homozygous smyhcl mutants were paralysed from 24 hpf, the time at which pharyngula period begins
(Kimmel et al., 1995). Swimming activity resumes at 48 hpf, coinciding with the onset of fast fibre
formation. Smyhcl mutants show paralysis from 2-20 days post fertilisation (dpf) when treated with
N-benzyl-p-toluene sulphonamide (BTS), a drug to block fast myosin activity, revealing slow myosin
remains inactive in mutants. Slow muscle-mediated swimming activity resumes at 30 dpf in smyhcl
mutants. Immunohistochemistry revealed loss of slow myosin at early stages and is compensated at

30 dpf. Work to generate smyhc1-5 KO mutants is ongoing to knock out all slow myosin function.

To generate smyhcl mutants, CRISPR/Cas9 genome editing with single gRNAs was used to target the
second (gRNA1 KO1) or fourth (gRNA2 KO2) coding exons of zebrafish smyhc1 (Fig 5.1A). Wild type
parents lacking any polymorphisms in the CRISPR target site, crossed together, and their embryos
injected at one-cell stage with sgRNA and Cas9 protein. Survival of injected embryos up to 5 dpf was
high — 72/79 (91%) for gRNAKO1 and 60/65 (92%) for gRNAKO2, compared to 46/50 (92%) and 49/50

(98%) of their respective un-injected siblings. Embryos injected with gRNA KO1 and gRNA KO2 were
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35/72 (49%) and 60/60 (100%) positive for rhodamine dextran, indicating successful delivery of
CRISPR/Cas9 reagents (Fig 5.1B). Ten embryos from each injected group were screened for mutations
using high-resolution melt (HRM) analysis and PCR. Unlike un-injected controls, which displayed a
single melt curve peak, the majority (9/10) of DNA samples extracted from gRNA KO1-injected
embryos showed a shift in their melting curves, indicating mutagenesis presented as a shouldered or
a double peak (Fig 5.1C). All DNA samples extracted from gRNA KO2 injected embryos show a shift in
melting curve (10/10) compared to un-injected controls (5/5) (Fig 5.1C). Thus, HRM analysis revealed
evidence of successful mutagenesis in embryos injected with either gRNA KO1 or gRNA KO2, a finding
that was confirmed by sangar sequencing using primers flanking the smyhc1 CRISPR target site (Fig
5.1D). The remaining FO embryos injected with gRNA KO1 and gRNA KO2 were raised to adulthood
(Fig 5.1.B).

FO adults, mosaic for mutations in smyhcl were outcrossed to wild-type fish to screen for germline
transmission of smyhcl mutations to generate F1 heterozygous mutants (Fig 5.2A). There were eight
putative F1 lays from FO adults injected with gRNAKO1 outcrosses and four putative F1 lays from FO
adults injected with gRNAKO2 outcrosses. F1 lays were screened (n=16 per lay) for mutagenesis using
HRM analysis and subsequent sequencing (Fig 5.2A). There were 3/8 F1 lays from FO gRNAKO1 injected
parents found to show germline transmission of mutations in F1 progeny with a transmission
frequency of 50% (Fig 5.1A). F1 progeny from parents injected with gRNAKO1 show 2 different
mutations in exon 2 of smyhcl, one with a 4-bp deletion and a second allele with 10-bp deletion where
both mutations lead to predicted translation into a truncated protein due to frameshift mutation
leading to an early stop codon (Fig 5.2B). When screening for germline transmission of mutations in
lays obtained from FO gRNAKO?2 injected parents show % F1 progeny with germline transmission with
a transmission frequency of 68.7% (Fig 5.1A). F1 progeny from parents injected with gRNAKO2 show
3 different mutations in exon 4 of smyhcl, one with a 3-bp deletion with 1-bp insertion, a second allele
with 5-bp deletion where both care frameshift mutations leading to an early stop codon and are
predicted to lead to truncated smyhcl protein. A third allele with a 3-bp deletion and 12-bp insertion
shows an in-frame mutation where an early stop codon was not predicted to be present (Fig 5.2B).
Next, both smyhcl mutant lines were outcrossed to wild-type fish to minimise possible background
mutations in the F2 generation. F2 generation was viable and fertile in both smyhc1¥1”? and
smyhc1*9'¥]ines and was obtained at expected Mendelian ratios (Fig 5.2C). F2 heterozygous fish were
bred to homozygosity at F3, mutants were viable and fertile and obtained at an expected Mendelian

ratio of 1:2:1 of wild-type:heterozygous:mutant in both smyhc1%97° and smyhc1*9*% lines (Fig 5.2C).
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Overall, smyhc19'7? and smyhc1*918 were the chosen alleles and bred to homozygosity for LOF

analysis.

Smyhcl was targeted at the earliest exons by CRISPR/Cas9 genome editing and smyhc1%97° and
smyhc1*9183lleles were isolated. Smyhc1*918 contains a 4 bp deletion in exon 2 leading to a frameshift
at amino acid 28 and an early stop codon at amino acid 32 after a 5 amino acid nonsense tail thus,
predicting a loss of function allele lacking all conserved domains. Smyhc1%917? contains a 3 bp deletion
and 1 bp insertion in exon 4 leading to a frameshift at amino acid 134 and an early stop codon at amino
acid 148 after a 15 amino acid nonsense tail thus, predicting a loss of function allele lacking the
majority of conserved motifs (Fig 5.3A). mRNA containing early stop codons are often regulated
through a degradation pathway called nonsense-mediated decay (NMD) (Lykke-andersen and Jensen,
2015; Hug, Longman and Caceres, 2016). NMD involves mRNA to screen non-functional mRNA
transcripts by utilising an RNA binding complex called the exon junction complex (EJC). In the absence
of an early stop codon, the ECJ is displaced by the ribosome during translation and protein is produced.
In the presence of an early stop codon, however, EJCs present downstream of the early stop codon
remain and thus trigger NMD for the degradation of mRNA (Hug, Longman and Caceres, 2016). To
screen for evidence that smyhc1%9'7? and smyhc1%9'8%3lleles are null, homozygous mutants for smyhcl

were screened for NMD.

To identify whether NMD of smyhc1 occurs in kg179 and kg180 mutants, whole-mount in situ mRNA
hybridisation (ISH) analysis was performed on mutants and their sibling controls from smyhc1kst79/+
and smyhc1%918%* in-crosses at 24 hpf. Wild-type and heterozygous siblings from both smyhc1ksl79/+
and smyhc1*918%+ in-cross show smyhcl ISH signal in slow skeletal muscle in the trunk, as expected
(Stone Elworthy et al., 2008). Reduction of smyhc1 ISH signal was observed in both smyhc1ke179/ke179
and smyhc1*e189%/180sjp|ings, indicating mRNA is degraded through NMD (Fig 5.3B). Although trace level
of smyhc1 ISH signal can be observed in both smyhc1*9179/k9179 and smyhc1*918%180 mutants (Fig 5.3B) it
was unclear whether smyhc1l protein levels were reduced in homozygous mutants compared to their
siblings. Slow muscle fibres were analysed from embryos obtained from in-crosses of smyhc1ks179/+
and smyhc1*918%+ ysing F59 to specifically label slow MyHC in embryonic slow fibres (Devoto et al.,
1996). Both smyhc1ke179/ka179 gnd smyhc1+918%/180 muytations lead to complete loss of slow fibres

compared to wild type and heterozygous siblings (Fig 5.3C). From these data, | conclude that
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smyhc1¥917? and smyhc1*9'8° are null alleles and are likely to produce a strong loss of function

phenotype.
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Figure 5.1. CRISPR/Cas9 knockout of smyhc1
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A) Schematic diagram describing CRISPR/Cas9 design to target smyhc1 exon 2 and exon 4. CRISPR/Cas9 genome
editing consists of a Cas9 protein with a single guide RNA (sgRNA). sgRNA consists of a target sequence (red text
and underlined) adjacent to a PAM site (pink highlight). Exons are shown in grey boxes with gRNAKO1 targeting
exon 2 and gRNAKO?2 targeting exon 4. B) Schematic workflow for CRISPR/Cas9 to generate smyhcl mutants at
FO. In-cross of wild type to give embryos for injection of CRISPR/Cas9 reagents targeting smyhcl. Survival of
injected and un-injected (controls) embryos described (black text) with the number of embryos from injection
to 5 dpf. Un-injected controls (grey text) underneath CRISPR injected data. C) High-resolution melt (HRM) curves
to screen for mutations in CRISPR/Cas9 injected embryos. Aligned melt curves enabled un-injected embryos (red
curves) as a control to differentiate whether mutagenesis occurred in CRISPR/Cas9-injected embryos (yellow,
green, or blue curves). Examples of derivative melt curves (right) from un-injected vs CRISPR/Cas9 injected
individuals. Un-injected embryo shows melt at approximately 81 °C and injected embryos with gRNAKO1 show
shouldered and double peaks at approximately 77-82 °C. Un-injected embryo shows melt at approximately 81
°C and injected embryos with gRNAKO1 show shouldered and double peaks at approximately 78-82 °C. Both
gRNAKO1 and gRNAKO?2 injected individuals show shouldered and double peaks indicating mutations in smyhcl
led to the formation of heteroduplex amplicons in HRM analysis. D) Example sequencing traces from un-injected
and CRISPR/Cas9-injected individuals. Sequence become unreadable 3 bp upstream of PAM site (pink and
underlined) where Cas9 protein cuts (red arrow) which indicated random mutagenesis in mosaic FOs.
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Figure 5.2. CRISPR/Cas9 mutagenesis in F1 embryos.
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A) Founder fish identified by crossing mosaic mutant FO adults to wild-types and screened for germline
transmission of mutations using HRM and sequencing. B) DNA sequence of mutations identified in F1 adult fin
clips. The sequence presented from 5 to 3’ and predicted outcome described above sequence. Deletion
sequences are shown in red text and insertion sequences are shown in green text. F1 fish with 4 bp deletion in
exon 2 were chosen to generate a mutant line called smyhc1%9280 (orange box) and F1 fish with 3 bp deletion and
1 bp insertion in exon 4 were chosen to generate mutant line smyhck917 (red box). C) Heterozygous F1 adults
crossed with wild-type to generate wild-type and heterozygous F2 generation to out-cross possible background
mutations. F2 heterozygous adults were then in-crossed to generate F3 generation of wild-type, heterozygous
and mutants. All crosses generated genotypes to Mendelian ratios when tested with the Chi-squared test
(p>0.05).
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A) Schematic of smyhcl genes and proteins showing the position of smyhc1917? and smyhc1%918° mutant alleles.
Smyhc1%9179 frameshift mutation produces a truncated protein with the first 144 amino acids followed by a 15
amino acid nonsense tail lacking the majority of conserved domains. The Smyhc1*918 produces a truncated
protein at amino acid 28 followed by a 5 amino acid nonsense tail. B) in situ RNA hybridisation for smyhcl mutant
and wild type siblings from a smyhc1%9179/* and smyhc1k9289/* in-cross reveals nonsense-mediated decay (NMD)
of mutant smyhc1*9179 and smyhc1%9280 mRNA AT 24 hpf. In a randomly selected sample from a smyhc1k9179/+ in-
cross, 4/21 were shown to be mutant, 11/21 were heterozygous and 6/21 normal expressors were wild type
upon sequence genotyping. From a smyhc1%918%/+in-cross, 6/29 embryos were shown to be mutant, 15/29 were
heterozygous and 8/29 normal expressors were wild type upon sequence genotyping. Scale bar: 0.2 mm. C)
Maximum intensity projections of S59 stained 24 hpf embryos showing somites with somite 17 centred and
labelled. Wild-type siblings (left) show slow fibre staining and smyhc1*9179k179 and smyhc1%9180/ka180 mytant
siblings show no slow fibre stain (right). Scale bar: 100um.

Lays from smyhc1k9?79+ and smyhc1k918%+ in-crosses were first examined under a bright-field
microscope at 1 to 5 dpf to identify any morphological and skeletal muscle defects. Mutant larvae
were detected at the expected frequency suggesting null mutations in smyhc1 are not embryonically
lethal (Fig 5.4). In two separate lays of smyhc1%927%+* and one lay from smyhc1*918%*in crosses, no
change in head, somite, tail, yolk sac, fin, pigmentation, or body length was observed (Fig 5.4).
However, consistent with the previous study on antisense morpholino targeting smyhcl (Codina et al.,
2010; Xu et al., 2012) and in studies from smyhc1 KO mutants (Li et al., 2020) homozygous mutants
for both kg179 and kg180 were immotile (Fig 5.5; 21/82 (26%) and 12/52 (23%) immotile embryos,
respectively). Thus, lack of Smyhc1 in kg179 and kg180 mutants leads to fish that appear immotile but

morphologically normal.

Since no obvious morphological defects were observed during the early stages of development, |
looked at adult stages to determine whether lack of smyhc1 affects survival beyond 5 dpf and into
adulthood at 4 months. F3 embryos were generated from smyhc19279* and smyhc1%918%+ in-crosses,
100 randomly selected embryos from each cross and were monitored for 4 months. Growth of all
siblings from crossed fish was divided into tanks of 50 and mixed-sex and genotype to ensure
competition. At 4 mpf, 82% and 94% survival were observed from smyhc1*97%* and smyhc1*9189/+
crossed fish. Any fish that died was fin-clipped and genotyped. Dead fish were a combination of wild
type and heterozygous mutants suggesting death did not correlate with the lack of smyhcl (Appendix
5.1.4). Genotyping of 4 mpf fish revealed that both lays conformed to Mendelian ratios (Fig 5.6A) and
thus, suggested that lack of smyhcl is not lethal for zebrafish development to adulthood. At 4 mpf
adult fish were examined for morphological defects and males and females were categorised by
gender. In both smyhc1%917%* and smyhc1*98%+in-crosses, no change in head, body shape, jaw shape,

eye shape and colour, tail, fin, or pigmentation pattern were observed (Fig 5.6B). Length and weight
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measurements were taken on all fish at 4 mpf; when comparing between siblings, no significant
difference in length or weight was observed between sex-matched wild type, heterozygous or mutant
siblings (Fig 5.6C). Homozygous smyhc1k9179/179 and smyhc1k918/ke180 mytant males and females were

observably fertile. We conclude that wild type smyhc1 is a non-essential gene for life in an aquarium.
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Figure 5.4. Zygotic smyhc1 mutants show no morphological defects.
A) Bright-field images of 1,2,3,4 and 5 dpf larvae from smyhc1*9179+ heterozygous in crosses (wild type n=10, heterozygous n=12, mutant n=2) and B) smyhc1s180/+
heterozygous in crosses (wild type n=2, heterozygous n=18, mutant n=4). Fish are shown anterior towards the left and dorsal upwards with genotyped heterozygotes and
mutants below their respective wild type siblings. Scale bars: 0.5 mm.
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Figure 5.5. Mutation of smyhcl reduces swimming velocity.

Randomly selected larvae were dechorionated at 24 hpf and examined for presence or absence of tail coiling
movement A) in smyhc1%917%+ in-cross (n=82) and B) in smyhc1*918%* in-cross (n=52). The genotype of the fish
was revealed after the examination.
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Figure 5.6. Zygotic smyhcl mutants survive to adulthood.

A) Adults derived from in crosses of smyhc1%917%+ (n=39) and smyhc1%9180/+(n=55) fish were genotyped at 4 mpf
showing the expected Mendelian ratios. Fish numbers above each bar. B) Images of adults derived from in
crosses of smyhc1k9179/+ and smyhc1k9180/+ gt 12 mpf. Scale bars: 1 cm. C) Length and mass of genotyped siblings
from smyhc1*9179* and smyhc1*918%* in crosses at 4 mpf show no significant difference between genotypes.
S.E.M. error bars in C. Large symbol reflect means for each sex and genotype and individual data points plotted
in small. Overall length and weight were less in adult fish from smyhc1*918%* |ay compared to adult fish from
smyhc1ke179/+in-cross, a difference that may reflect an uncontrolled environmental or genetic background effect.
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We next determined whether the defective movement in smyhcl mutants persists beyond 24 hpf.
Previous studies have shown immotility in zebrafish at 24 hpf that were AMO knockdown or
CRISPR/Cas9 KO of smyhcl (Codina et al., 2010; Xu et al., 2012; Li et al., 2020; Whittle et al., 2020).
Smyhc1*9179+ were in-crossed to generate wild type, heterozygous and homozygous mutant embryos.
Chorions were removed at 24 hpf and tail-coiling movement was analysed to categorise motile and
immotile fish. By 48 hpf, fast muscle fibres, which do not express smyhcl, have assembled striated
myofibrils (Stickney, Barresi and Devoto, 2000). At 48 hpf, immotile mutants regained tail muscle
motility and appeared to move similarly to wild-type and heterozygous siblings (Fig 5.7A).
Nevertheless, to determine whether swimming was affected by the loss of Smyhcl, embryos were
examined for swimming velocity upon touch stimulation. Homozygous smyhc1k9179/ka179 mutants
showed significantly reduced swimming velocity compared to their wild type and heterozygous
siblings, with mean velocity reduced from 284.5 to 136.35 mm/s-1 (Fig 5.7B1). At 5 dpf,
smyhc1¥9179ka179 muytants continued to show significantly reduced swimming velocity compared to
their wild-type and heterozygous siblings, with mean velocity 542.8 to 374.8 (Fig 5.7B2). From 17-30
dpf, there was not a statistically significant difference between smyhc1*9179/k9179 and their siblings (Fig.

5.7B3-5). Thus, loss of Smyhc1 results in reduced swimming capacity in young larvae.

To examine motility driven by slow fibres, 48 hpf embryos were treated with 50 uM N-benzyl-p-
toluene sulphonamide (BTS), an inhibitor for fast muscle myosin Il (Cheung et al., 2002; Li and Arner,
2015) and their swimming velocity was recorded (Fig 5.7A). All embryos showed strongly reduced
swimming velocity after treatment with BTS (Fig. 5.7B). However, at 2, 5, 17 and 20 dpf homozygous
smyhc1ke179/k3179 mutants were more affected than their wild-type and heterozygous siblings, showing
very little twitching or no movement (Fig 5.7B1-4). At 30 dpf, there was no significant difference
between homozygous smyhc1*9179/k9179 mutants and their siblings (Fig 5.7B5). Thus, slow fibre motility

remains compromised in young mutant larvae.
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Figure 5.7. Loss of smyhc1 reduces swimming velocity.

A) Schematic describing workflow to test for swimming velocity in fish water and subsequently fish water with
N-benzyl-p-toluene sulphonamide (BTS). B) Zebrafish larvae from smyhc1%9179* in-crosses were recorded for
swimming activity upon touch stimulation using a needle in fish water (blue bar). Fish were treated with 50 uM
BTS for 10 minutes and recorded for swimming activity again (grey bar). Zebrafish larvae tested at B1) 2 dpf, B2)
5 dpf, B3) 17 dpf, B4) 20 dpf, B5) 30 dpf. Plots obtained using at least 3 separate lays from heterozygous
smyhc1k9179+in-crosses average numbers in Appendix 5.2. Log10 scale bar on the Y-axis. Error bars * SD. Statistics

using one way ANOVA on GraphPad PRISM.
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To examine the defects caused by a mutation in smyhcl, we used F59 and S58 antibodies which are
known to detect MyHC in zebrafish slow muscle fibres at 48 hpf (Crow and Stockdale, 1986; Devoto
et al., 1996). At 48 hpf, staining was absent for both antibodies in mutant compared to wild type
confirming their reaction with Smyhcl (Fig 5.8A). Subsequently, however, mutant larvae regained
some slow MyHC immunoreactivity (Fig 5.8A-B). At 72 hpf, wild-type larvae have S58
immunoreactivity in the head and trunk muscles (Fig 5.8B). In smyhc1*97? mutants, S58 positive slow
myofibers continued to be undetectable in either slow or fast somitic trunk and tail muscle, whereas
they were readily detected in superficial slow fibres and slow muscle pioneer fibres of siblings (Fig
5.8B). In contrast, S58 immunoreactivity was detected in the head and cardiac muscle of mutants at a
level similar to that observed in wild-type siblings (Fig 5.8B). Muscle fibres in three somitic regions
continued to show slow MyHC immunoreactivity in mutants, Firstly, low levels of S58
immunoreactivity were presented in thin muscle fibres at the dorsal and ventral somitic extremes.
Secondly, thin fibres with weak S58 stains were sometimes present at the horizontal myoseptum near
the muscle pioneer fibres (Fig 5.8A). Moreover, specific subsets of muscle fibres thought to be
generated from somatically-derived muscle precursor cells (mpcs) also showed S58 immunoreactivity
in mutants. The sternohyoid (sh), posterior hypaxial and supracarinalis anterior (sca), inferior obliquus
(iob), supracarinalis posterior (scp) and infracarinalis posterior (icp) muscles all stained well (Fig 5.8B).
Thus, mutation of smyhcl prevented slow MyHC accumulation in most somitic muscle fibres, but not

in locations where new fibres are produced from matrix metalloproteinases (MMPs).

To examine the defects in other sarcomeric structures caused by a mutation in smyhcl, we used
phalloidin to detect actin and a-actinin antibody known to detect Z-line structures in zebrafish muscle
fibres at 24 hpf. The lack of Smyhcl in slow fibres allowed us to examine the formation of myofibrils
in these cells in the absence of this MyHC. Smyhc1*917%*in-cross lays were examined for actin structure
at 24 hpf with phalloidin-Alexa488. In the absence of Smyhc1l protein, we observed that actin filament
organisation was severely defective (Fig 5.8B). In wild type siblings, F-actin was organised into
sarcomeric thin filament units arrayed at regular intervals along the slow muscle fibre length into
myofibrils. In mutant embryos, by contrast, the overall F-actin signal was reduced and disrupted thin
filament organisation was observed. Filamentous actin was thin and wavy with actin accumulating at
somite borders. Bundles of actin were also observed dotted across the surface of the myotome (Fig
5.8B). Nevertheless, there were a few fibres that showed some regions with organised F-actin filament

along the horizontal myoseptum (Fig 5.8B). Smyhc1*917%* in-cross lays were examined for actin
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structure at 24 hpf with an a-actinin antibody. In the absence of Smyhcl protein, Z-disk structures
were disorganised (Fig 5.8B). In wild type siblings, z-disks were organised in thin arrays at regular
intervals along slow muscle fibres. However, in mutants, the a-actinin signal was overall reduced with
accumulation at somite borders. Thin wispy a-actinin elongated from somite borders but is very faint

in signal. Thus, lack of Smyhc1 resulted in disorganised sarcomeres in slow fibres.
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A| Slow MyHC (F59) I Slow MyHC (S58) |

” sibling

smyhcl

smyhc 1kg179/kg179

a-actinin

sibling

smyhcl

Figure 5.8. Defective sarcomere organisation in smyhc1+9179/k9179 muytants

129



Chapter 5: Studying sarcomere assembly in the absence of smyhcl

A) Slow MyHC immunofluorescence of 48 and 72 hpf larvae from smyhc1%9179* in-crosses using F59 and S58
antibodies. Wild type sibling at top and smyhc1ke179/k9179 mutants below. B) Slow MyHC immunofluorescence 72
hpf larvae from smyhc1%9179*in-crosses using S58 antibodies. Mutants showing S58 signal exclusively in a subset
of muscles: sca, els, iob, sh, scp and icp somite-derived muscles, and dorsal and ventral craniofacial muscles.
Wild type sibling on left and smyhc1ke179/ka179 mutants on right. C) Immunofluorescence of 24hpf larvae from
smyhc1%9179+ in-crosses using F59 to label slow MyHC, phalloidin for filamentous actin and a-actinin to mark z-
disks. Wild type sibling at top and smyhc1*9179/ka179 mytants below. Images of wild type and mutant centred on
somite 17/18. Abbreviations: dm-head dorsal muscles, els-embryonic lateralis superficialis, icp-infracarinalis
posterior, iob- inferior obliquus, sca-supracarinalis anterior, scp-supracarinalis posterior, sh-sternohyoideus;
vm-head ventral muscles. Scale bars = 100 pm.

To examine whether defects in fast or slow fibres are caused by a mutation in smyhcl, we used the
A4.1025 antibody known to detect all MyHC in zebrafish muscle fibres from 24-72 hpf. At 24 and
48 hpf, both wild-type larvae have A4.1025 immunoreactivity in the trunk slow muscle fibres (Fig
5.9A). In smyhc1%917? mutant siblings, A4.1025 shows immunoreactivity exclusively in early developing
fast muscle fibres at 24 hpf and in 48 hpf fast fibres, no slow fibres were detected using A4.1025 (Fig
5.9A). At 72 hpf, wild-type larvae have A4.1025 immunoreactivity in slow trunk muscle fibres (Fig
5.9B). In smyhc1*917? mutant siblings, A4.1025 shows immunoreactivity to fast fibres and a small subset
of slow muscles in the els in the horizontal myoseptum and thin muscle fibres at dorsal and ventral
somatic extremes (Fig 5.9A). To confirm whether the A4.1025 signal is from fast fibres, co-staining
using A4.1025 with F310 on 3 dpf larvae from smyhc1*9179* in-crosses. Wild-type siblings showed
A4.1025 immunoreactivity in slow fibres and F310 showed immunoreactivity exclusively in fast
muscles (Fig 5.9B). In smyhc1*9'7? mutant siblings, both A4.1025 and F310 showed immunoreactivity
exclusively in early developing fast muscle fibres at 24 hpf suggesting mutation in smyhc1*917?
abolished the majority of slow fibres in the trunk and fast fibres were not affected. Thus, mutation of

Smyhc1 abolishes smyhc1 protein but does not affect fast fibre morphology.
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A | sibling || smyhcl”

All MyHC (A4.1025)

C[ AnmyHc (A4.1025) | Fast MyLC (F310) || merge

Figure 5.9. Lack of smyhc1 does not affect fast muscle fibre morphology

A) Total MyHC immunofluorescence of 24, 48 and 72 hpf larvae from smyhc1*917%* in-crosses using A4.1025
antibodies. Wild type sibling on the left and smyhc1ke179/ka179 mytants on the right. Slow fibres at horizontal
myoseptum and somitic extremes (arrowheads) B) Double immunostaining using A4.1025 to label total MyHC
and F310 to label fast specific MyLC. 72 hpf wild type larvae sibling at top and smyhc1k9179/ka179 mytant below.
Images of wild type and mutant centred on somite 17/18. Scale bars = 100 um.
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Since recovery of slow swimming occurred at 20 and 30 dpf, we examined whether slow fibres form
in smyhc1 KO mutants at adult stages (Fig 5.10). To assess whether loss of smyhcl had effect on slow
muscle growth and muscle structure at adult stages, we performed immunostaining of slow muscle
fibres on cross sections of smyhcl”/ adults. At adult stages, we used the A4.1025 antibody known to
detect all MyHC in zebrafish muscle fibres and F59 and BA-D5 antibodies which are known to detect
MyHC in zebrafish slow muscle fibres at 48 hpf (Crow and Stockdale, 1986; Schiaffino et al., 1989;
Devoto et al., 1996). Smyhc1”/- mutants at 20 dpf, overall muscle appear normal from A4.1025 staining
and slow fibres stained by F59 also appear normal, both staining in smyhcl” mutants were
indistinguishable from wild type sibling (Fig 5.10). Smyhc17-mutants at 30 dpf, slow fibres stained by
BA-D5 also appear normal and were indistinguishable from wild type sibling (Fig 5.10). However,
phalloidin staining appear brighter in signal in the mutant compared to heterozygous sibling (Fig 5.10).

Results show full slow fibre recovery in smyhcl7-mutants at adult stages.

Slow MyHC (F59) Phalloid Slow MyHC (BADS)

20dpf

smyhcl”*
sibling

Smyhclkgl 79/kg179
Smyhclkgl 79/kg179

Figure 5.10. Recovery of slow fibres in adult zebrafish stages

Slow MyHC immunofluorescence 20 dpf and 30 dpf zebrafish from smyhc1%917%*in-crosses using F59 (at 20 hpf)
and BADS5 (at 30dpf) antibodies. At 20 dpf, wild type sibling at top and smyhc1%9179/k3179 mutant below. At 30 dpf,
heterozygous sibling at top and smyhc1*9179/k9179 mutant below. Scale bars = 200 um
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To model defects in later developmental stages, targeting smyhcl alone will not describe the role of
slow MyHC in sarcomere assembly and function through to adulthood. Since of smyhc1 is replaced by
the expression of smyhc2 and smyhc3 in mature slow fibres (Stone Elworthy et al., 2008; Li et al.,
2020), targeting the smyhc locus may describe the developmental function of slow MyHC in later

stages of development to adulthood.

CRISPR/Cas9 genome editing was used to target smyhc2 and smyhc5 to ablate the smyhc locus except
for smyhcl. To generate null smyhc2-5 knockout mutants, one gRNA targeted smyhc2 exon 5 and co-
injected with either a second gRNA targeting smyhc5 exon 1 or exon 36 to delete the majority of
smyhc2-5 locus (Fig 5.11A). There have been successful large deletions of 50 kb+ by using a similar
strategy where co-injection of multiple gRNAs in zebrafish led to functionally null mutants (Hoshijima
et al., 2019; Kim and Zhang, 2020). The predicted size of PCR fragment between smyhc2 exon 5 and
smyhc5 exon 1 is from 75.5kb in non-injected embryos to 309bp in injected, the number generated
using deletion at the cut site with no additional INDEL mutations. Co-injection of gRNAs targeting
smyhc2 exon 5 and smyhc5 exon 1 induced large deletion mutations in 1/16 of FO founder embryos
(Fig 5.11B). Sequencing of PCR fragment led to deletion between gRNA cut sites with an additional 14
bp insertion (Fig 5.12A). Mutation removes smyhc3 and smyhc4 and removes the majority of the
smyhc5 coding sequence, the start codon for smyhc2 is removed and thus, predicted to ablate smyhc2-

5.

The predicted size of PCR fragment between smyhc2 exon 5 and smyhc5 exon 36 is from 64.9kb in
non-injected embryos to 390bp in injected, the number generated using deletion at the cut site with
no additional INDEL mutations. Co-injection of gRNAs targeting smyhc2 exon 5 and smyhc5 exon 36
induced large deletion mutations in 2/16 of FO founder embryos (Fig 5.11C). Sequencing of the first
PCR fragment led to deletion between gRNA cut sites with an additional 1bp deletion (Fig 5.12B). The
second PCR fragment led to deletion between gRNA cut sites with additional 14bp deletion and 5bp
insertion (Fig 5.12B). Here, mutation removes smyhc3 and smyhc4 and the smyhc5 coding sequence
connects to smyhc2, predicted to generate a non-functional elongated and frameshifted smyhc2/5
protein. Both mutations are predicted to remove the possibility of smyhc2-5 function and future work
to generate large deletion on smyhcl mutant background to study the role of smyhcl-5 and the role

of smyhc2-5 in sarcomere assembly.
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Exon 5 Exon 36 Exon 1

Ch.24

<smyhcl <smyhc2 <smyhc3 <smyhc4 <smyhc5

B é} Ch.24 @_ 1/16

<smyhcl <smyhc2 <smyhc5

309bp

Ch.24 Ea* <= 2/16

<smyhcl <smyhc2 <smyhc5

Figure 5.11. Genome editing targeting smyhc locus to delete smyhc2-5.

A) Schematic of smyhc locus on chromosome 24. CRISPR/Cas9 gRNA is designed to target smyhc2 exon 5 (yellow
bolt) and smyhc5 exon 1 (red bolt) and smyhc5 exon 36 (blue bolt). Sequencing primers in smyhc2 exon 5 (purple
arrow) and smyhc5 exon 1 (blue arrow) and smyhc5 exon 36 (orange arrow). B) Predicted deletion of smyhc
locus when targeted at smyhc2 exon 5 and smyhc5 exon 36. The distance between sequencing primers smyhc2
exon 5 (purple arrow) and smyhc5 exon 1 (blue arrow) is 75.5kb and the distance in predicted smyhc2-5 deletion
is 390bp. 1/16 injected embryos show successful deletion of smyhc2-5 targeting smyhc2 exon 5 and smyhc5
exon36. C) Predicted deletion of smyhc locus when targeted at smyhc2 exon 5 and smyhc5 exon 1. The distance
between sequencing primers smyhc2 exon 5 (purple arrow) and smyhc5 exon 36 (red arrow) is 64.9kb and the
distance in predicted smyhc2-5 deletion is 309bp. 2/16 injected embryos show successful deletion of smyhc2-5
targeting smyhc2 exon 5 and smyhc5 exonl.
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390bp

A gRNA smyhc2 Exon 5 "
gRNA smyhc5 Exon 1 Sl . 1/16

<smyhcl <smyhc2 <smyhc5

smyhc2 14bp IN smyhc5

GT GAGGAGGAGCTTCAGTCCTCTTCTTTCCTCTGTAAGCAACGACCACICTTCCTG ANATACGG AGC

gRNA smyhc2 Exon 5 309bp
gRNA smyhc5 Exon 36 Ch.24 -_ - — 2/16

<smyhcl <smyhc2 <smyhc5

smyhc2 S smyhcS

GGBG6G6GAACTTCAGTCCTCTTCTTTCCTICTGITCAGGTTAN/IAATTGEGGCCTGTTCCTCCT(

smyhc2 14bp DEL, S5bp IN smyhc5
SATGGAGAAGAT GTGAGGA #AAGAY G‘iT CABEBTTAGAATTEEGCCTGTTCCTCCTE AA
|

Figure 5.12. Sequencing analysis of smyhc2-5 deletion.

A) 1/16 injected embryos show successful deletion of smyhc2-5 targeting smyhc2 exon 5 and smyhc5 exon36.
The DNA sequence of mutations identified in FO injected embryos. Mutation led to predicted cut sites at the
PAM+3 sequence in smyhc2 and smyhc5 with additional 14bp insertion. B) 2/16 injected embryos show
successful deletion of smyhc2-5 targeting smyhc2 exon 5 and smyhc5 exonl. DNA sequence of mutations
identified in FO injected embryos. The sequence presented from 5’ to 3’ and predicted outcome described above
sequence. One mutation led to predicted cut sites at the PAM+3 sequence in smyhc2 and smyhc5 with additional
1bp deletion. The second mutation led to predicted cut sites at the PAM+3 sequence in smyhc2 and smyhc5 with
additional 14bp deletion and 5bp insertion.
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Our findings make five important points regarding the role of smyhcl and MyHC heterogeneity during
skeletal muscle development. First, knockout of smyhcl using CRISPR/Cas9 technology generated
smyhc1*¥917?and smyhc1%9:¥° mutants resulted in immotility at the early stages of development. Second,
despite immotility at early stages, smyhcl mutants show no morphological defects under light
microscope observation and are viable and fertile when developing to adulthood. Third, movement
defects persist in the early stages but not in adults. Fourth, loss of smyhc1 abolishes slow fibres and
leads to disorganised sarcomere assembly in the early stages of development. Finally, loss of smyhcl

does not affect fast fibre development.

Loss of Smyhcl from KO mutants and morphants were shown to have paralysis up to 48 hpf (Codina
et al., 2010; Xu et al., 2012; Li et al., 2020; Whittle et al., 2020). Our findings with smyhc1*9'”° and
smyhc1*918 confirm this conclusion as homozygous smyhc1¥9'7? and smyhc1%9%° mutants were
immotile at 24 hpf. However, at adult stages, smyhcl KO mutants presented spinal curve defects,
reduced food intake and larval lethality (Li et al., 2020; Whittle et al., 2020). Our findings do not show

morphological defects or lethality in larval to adult stages.

Several mutants in the smyhcl locus have now been reported, not all of which may be genetically
simple. Current smyhcl KO studies using CRISPR/Cas9 and TALENS have been used to target exon 5
(Li et al., 2020) and exon 16 (Whittle et al., 2020) of smyhc1 locus, respectively (Fig 5.13). Both smyhc1
KO alleles in the literature introduced frameshift mutations leading to early stop codons and showed
strong smhycl mRNA NMD in mutants. However, the gRNA used by Li et al, 2020 targeted the 3’ end
of exon 4 of the smyhc1 locus but also shows 100% identity to smyhc2-5 sequence (Fig 5.13, Appendix
5.3). Asthe sequence of these linked genes was not analysed in the chromosome carrying the smyhcl
mutant allele, linked off-target mutations in smyhc2-5 cannot be ruled out, particularly as we observed
very efficient mutagenesis in this locus (Fig 5.11). Smyhc2 and smyhc3 are predominantly expressed
inthe head and jaw (S. Elworthy et al., 2008) which such off targets may hinder the ability for zebrafish
larvae produce jaw movement and thus, unable to eat. In our mutants, we have sequenced smyhc2
and smyhc3 in our smyhcl mutants to show that there are no off targets in these genes. Furthermore,
the TALENS employed by Whittle et al, 2020, which caused a frameshift mutation leading to an early

stop codon in exon 16 may also result in off-target effects as exon 16 show 87-89% sequence similarity
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to myh7 and smyhc2. Moreover, an early stop codon in exon 16 may lead to a partially functional
truncated protein as the predicted truncated protein contain ATP binding, actin binding, switch 1,
switch 2 and loop domains (Appendix. 5.4). MyHC genes show high levels of sequence identity and
screening for unique sequences to smyhcl is crucial to avoid possible off target effects in other MyHC
genes. Our CRISPR/Cas9 mutations were optimised to target exclusively to smyhcl and BLAST analysis
of both our gRNAs target only to smyhcl (Appendix 5.3). Since our mutants did not show larval
lethality, spinal curve defects and reduced food intake, may suggest that these are not specific to
smyhcl function. While these unfortunate issues raise questions about previous work, our finding of
a similar phenotype in kg179 and kg180 suggest the previous reports are indeed primarily analysing

the effect of loss of Smyhc1 function.

Our INDEL mutations generated using CRISPR/Cas9 targeted the N-terminal region of smyhc1 and thus
lead to loss of majority of functional protein domains. Both smyhc1%97° and smyhc1%9'8 mutants show
strong nonsense-mediated mRNA decay where ribosomes failed to fully translate mRNA and thus,
little truncated (and no full-length) protein is predicted to be produced. There is no known alternative
splicing or promotor usage observed and phenotype observed at early stages of development suggest
mutant proteins. If spliced variants were produced, they are predicted to be defective and thus, do
not incorporate into functional thick filaments. At 72 hpf, mRNAs expressed from smyhc2 and smyhc3
are localised in specific subsets of muscles (Stone Elworthy et al., 2008). Our smyhc19?7? mutants
show slow MyHC immunoreactivity in the same subsets of slow fibres, suggesting that there were no
off-target effects in smyhc2 and smyhc3. In adult zebrafish, smyhc1 expression is replaced by smyhc2
and smyhc3 (Stone Elworthy et al., 2008). Consistent with this, our finding that smyhc1%97? mutants
recover their swimming motility at 20-30 dpf a stage at which smyhc2 and smyhc3 become the
predominantly expressed slow MyHC genes in slow skeletal muscle (Fig 5.10). Thus, our smyhc1%#17?
and smyhc1%9'8 mutants are likely functionally null with no-off-target effects in smyhc2, smyhc3 or

other genes encoding slow MyHCs.
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Partial AMO (Xu et al, 2012)
Smyhcl =~ mmmm e ATGGGTGACGCCGTT 15
smyhc2 = —ommmmm e ATGGGGGATGCTGTG 15
SMyhC3 oo AAGATGGGGGATGCTGTG 18
smyhcd ~  ——-—--—-—-mm oo ATGGGGGATGCTGTG 15
SMyhc5 e m e ATGGGGGATGCTCTG 15
myh?7 GGTTCTTCTGCCTC-CGCACTTGGTGCACATCAGACAAGGCAATCATGGGGGACGCTCAG 82
myh71 AAACCTGGAGCTTCCTTCTGCTGTGATTAATCGCTTTGGTTGACAATGGGCGATGCTGAR 120

*kxkkk*x kx kx

smyhcl ATGGCAGAGTTTGGGTCTGCTGCTCCCTTCCTGCGCAAGTCTGACAAGGAGCGTCTGGAG 75
smyhc?2 ATGGCAGAGTTTGGGCCTGCGGCTCCGTTCTTACGTAAATCAGATAAGGAGCGTCTGGAG 75
smyhc3 ATGGCGGAGTTTGGAGCTGCGGCTCCGTACCTCAGGAAGT CGGACAGGGAGCGTCTGGAG 78
smyhc4 ATGGCGGAGTTTGGAGCTGCGGCTCCGTACCTTAGGARAT CAGACAAGGAGCGTCTGGAG 75
smyhc5 ATGGAGGAGTTTGGAGCTGCGGCTCCGTATCTCAGGAAGTCGGACCGGGAGCGTCTGGAG 75
myh?7 ATGGCAGAGTTTGGAGCAGCAGCTTCTTACCTGCGAAAGT CAGATCGAGAGCGTCTGGAA 142
myh71 ATGTCTGTTTTTGGGGCCGCAGCGCCTTACCTGCGGAAGTCTGAAAAGGAGCGTCTTGAG 180

* % * * * K Kk k% *  kk k% * * * kx kk Kkx *khkkkhkkkkx kK

gRNAKO1

smyhcl GCCCAAACTCGTATTTTTGACATGAAGAAGGAGTGCTTTGTGCCTGACCCTGAGGTTGAG 135
smyhc2 GCCCAAACTCGTCCTTTTGACATGAAGAAGGAGTGTTTCGTGCCTGATCCCGAGGTTGAG 135
smyhc3 GCCCAAACTCGCCCCTTTGACATGAAGAAAGAGTGTTTTGTTCCTGATGCTGACGAGGAG 138
smyhc4 GCCCAAACTCGCCCCTTTGACATGAAGAAAGAGTGTTTTGTTCCTGATGCTGACGAGGAG 135
smyhc5 GCCCAAACTCGCCCCTTTGACATGAARARAGGAATGTTTCGTCCCGGATACTGATGAAGAG 135
myh?7 GCACAAACCCGTCCCTTTGATATGAAARAGGAGTGTTTTGTGCCTGATCCAGATGAAGAG 202
myh71 GCGCAGACGAAAGCCTTTGACTTAAAGAAGGAATGCTTTGTGCCGGATGCAATAGAGGAG 240

* Kk kK xk * Kk ok kK * kk kk kk kk Ak kkx kk kx * * * % %
__300bp__

gRNAKO2

smyhcl AACCCATACAAGTGGCTGCCAGTIGTACGATTCCTCTGTGGTCAAAGCCTACAGAGGCAAG 435
smyhc2 AACCCATACAAGTGGCTGCCAGTGTACAATCAGGAGGTGGTCGTTGCTTACAGAGGAAAG 435
smyhc3 AACCCCTACAAGTGGCTGCCAGIGTACAATCAGGAGGTGGTCGT TGCTTACAGAGGAAAG 438
smyhc4 AACCCCTACAAGTGGCTGCCAGTGTACAATCAGGAGGTGGTCGTTGCTTACAGAGGAAAG 435
smyhc5 AACCCCTACAAGTGGCTGCCAGTGTACAATCAGGAGGTGGTTCTGGCTTACAGAGGAAAG 435
myh7 AACCCCTACAAGTGGCTGCCGGTGTACAATCAGGAGGTGGTTGTAGCCTATAGAGGGAAA 502
myh71 AACCCCTACAAGTGGCTGCCGGTGTACAATCAGGAGGTTGTTATAGCCTATAGAGGGAAA 540

Kkokk ok kkkkkk ok kk ok Ak Rk KAk kok ko P Kk kk kkk kK ko
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GRNA (Li et al, 2020)
smyhcl AAGAGGACTGAAGCTCCTCCTCACATCTTCTCCATCTCTGACAACGECIACCACTACATE 495
smyhc2 ARGAGGACTGAAGCTCCCCCTCACATCTTCTCCATCTCTGACAACGHGINGNGINTNNE 495
smyhc3 AAGAGGAGTGAAGCTCCTCCTCACATCTTCTCCATCTCTGACAACCHGINGONIINTE 498
smyhc4 AAGAGGAGTGAAGCTCCTCCTCACATCTTCTCCATCTCTGACAACGHGINGONIINSITE 495
smyhc5 AAGAGGAGTGAAGCTCCTCCTCACATCTTCTCCATCTCTGACAACGHGINGONIINSITE 495
myh7 AAGAGGAGTGAAGCTCCTCCCCACATCTTTTCCATCTCTGATAACCHGNATINIINSINTE 562
myh71 AAGAGGACTGAAGCTCCTCCCCACATCTATTCTATCTCTGACAAT GG COR2 XTNTe 600

khkkkhkkhkhkk KkhkkkAkAkAkkhkk *k KAk kkkkkk Kk k kkkkkhkkhkkk kk Kkkkkhkk kk Kk kKkk*k

smyhcl EECTCAGACAGA GAGARCCAGTCCGTCCTCATCACTGGAGAATCTGGTGCTGGARAGACT 555
smyhc2 CIESXIXINE . GAAAACCAGTCTGTCCTGATCACTGGAGAATCCGGTGCTGGARAGACT 555
smyhc3 CHEIONININE . A AAATCAGTCTAT TCTTATCACTGGAGAATCTGGTGCTGGAAAGACT 558
smyhc4 SERINFA TINE~A GAAARCCAGTCCAT TCTGATCACTGGAGAATC TGGTGC TGGAAAGACT 555
smyhc5 CIEIONININE . G2 A AATCAGTCTAT TCTTATCACTGGAGAATCTGGTGCTGGAAAGACT 555
myh7 S A XININEGGAARATCAGTCAATTCTGATCACTGGAGAATCGGGTGCAGGARAGACT 622
myh71 TTAGNININE GAAAACCAGTC TATCCTTATCACT GGAGAATCTGGCGCTGGGAAGACT 660

* kkkKk kk kk Kk Khkkk*k k khk kkkhkAkkAkhkkkhkhkAhkAkAkAk kK kk Ak KAk khkk Kk

__ 1368 bp__
Exon 16 (Whittle et al, 2020)

smyhcl TATTCTGGTGCTGACTCTGECCARCATTCCAAGCCAGCTARR - - - GCCACCTCCARARAAG 1923
smyhc?2 TACGCTGGTGCCGAGTCAGRTGRTTCRGGAGGT A REE NN - - ENeleie cCINVNN~ 1926
smyhc3 W @ @ ——— oo 1666
smyhc4 TATGCTGGTGCTGAGTCAG--———-—-~ caccrgerdecNNccAAACEAGAAGINA G 1917
smyhc5 TATACTGGTGCTGACT TAGEATGCRGGGAGGA BETEECIN N~ CAAAGEAGAAGNACERA 1923
myh7 TATGCAGGGACAGAATCAGATARTGGRAAGGGA ---[CeNNAGG g e~ 2 € TV CINNE 1990
myh71 TACGCTGGTGCAGACTCAGEAACGGGRGATGGTEE------ GAARAAREAGAAGINCEE 2022
smyhcl AAGGETTCTTCTTTCCACACTCTGTCAGCCCTTCATAGEGAGAACTTGAATAAGCTGATG 1983
smyhc?2 AAGGGTTCTTCCTTCCAGACAGTIT CAGCINCTTCATAGCENSINN-VN:VNeleiyel-\e 1986
smyhc3 = @ ———--mm e 1666
smyhc4 AAGGGCTCTTCTTTICAGACIGT GT CIGCIAC TTCASA GCENRVNSINNEVNVVNelei el e 1977
smyhc5 [AAGGGCTCTTCTTTCCAGACHGT GTCGCICTT CABAGCEINS NGNSV V:VXelehier Ve 1983
myh7 AAGGGCTC@T CTTCCAGACHGT GT CIGCIC TECABA GCERvRYXUIN VNV vXehiv V. \e 2050
myh71 AAAGGATCATCANINGNS - Eifelts ~ €6 & T [ INJE G A.GAATCTCAACAAATTAATG 2082

Figure 5.13. Aligned sequencing segments highlighting gRNA used for smyhc1 KO showing potential off target
effects in other smyhc and myh7/myh7I genes.

Each segment sequenced and subsequently aligned using CLUSTALO. Yellow highlight indicates gRNA used in
current thesis. Green highlight indicates morpholino and gRNA used in Xu et al, 2012 and Li et al, 2020,
respectively. Blue highlight indicates whole of exon 16 where Whittle et al, 2020 targeted for TALENS genome
editing, specific cut location is unknown.
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Smyhcl play a key role in sarcomere assembly during the early stages of development as it is the first
MyHC to be expressed in zebrafish slow fibres (Devoto et al., 1996). Studies have been made to model
and describe the sequence of events in sarcomere assembly (Rhee, Sanger and Sanger, 1994; Holtzer
et al., 1997; Ehler et al., 1999; Gregorio et al., 1999; Rui, Bai and Perrimon, 2010; Fenix et al., 2018).
Our findings show that smyhcl1 is essential for thick filament assembly and myofibril organisation in
slow fibres during the early stages of development and are consistent with findings in which lack of
Smyhcl lead to defective sarcomere assembly during early stages of development (Li et al., 2020;

Whittle et al., 2020).

Myofibrils are first anchored and assembled at the cell periphery, close to the membrane at the MTJ
(Kelly and Zacks, 1969; Tokuyasu, 1989). There are integrin adhesion sites known as costameres which
connect thin filaments to the MTJ (Pardo, Siliciano and Craig, 1983; Ervasti, 2003; Quach and Rando,
2006). Integrins, a-actinin, vinculin and talin are present at the early stages of the costameres and are
suggested to be the site for a-actinin to accumulate at the MTJ (Fujita, Nedachi and Kanzaki, 2007; Du,
Sanger and Sanger, 2008). Z-disks are formed initially as aggregates called z-bodies at the
myotendinous junction (MTJ) (Tokuyasu and Maher, 1987). Mice and Drosophila have shown ligands
at the extracellular matrix are essential for z-disk formation as the first step in sarcomere assembly
(Volk, Fessler and Fessler, 1990; Bloor and Brown, 1998). In drosophila, integrins link to a zasp protein
for recruitment of a-actinin for z-disk assembly (Au et al., 2004). Our smyhc1%9?7° mutants show
accumulation of a-actinin and actin filaments at the somite border supporting a model whereby actin
and a-actinin anchor at the MT)J prior to integrating myosin filaments in building and elongating the

muscle fibre.

After initiation of sarcomere at the MTJ, elongation of sarcomere can start to build. One model of
sarcomere assembly describes the independent assembly of I-Z-1 bodies before the integration of
myosin, this is known as the “stitching model” of sarcomere assembly (Rhee, Sanger and Sanger, 1994;
Holtzer et al., 1997; Van Der Ven et al., 1999; Sanger et al., 2005). A second model describes the
formation of stress fibre-like structures utilising non-muscle myosin as a template for sarcomere
proteins to assemble, forming a pre-myofibril and are then later replaced with muscle myosin to form
mature myofibrils (Rhee, Sanger and Sanger, 1994). A third model describes the role of titin recruited
by a-actinin to bind to the Z-disk region and the M-line to act as a template to regulate the alternating

patterning of I-Z-1 bodies and myosin filaments (Kelly and Zacks, 1969; Tokuyasu and Maher, 1987;
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Schwander et al., 2003; Au et al., 2004). Our smyhc1%9?7° mutants show some assembly of actin
filaments and clustering of a-actinin at somite borders to initiate sarcomere assembly. However, in
the absence of smyhcl, the elongation step of the myofibril is absent and thus, myofibrils do not
elongate supporting the studies showing integration of myosin as one of the last steps in

myofibrillogenesis.

On a cellular level, our staining does not show the weather slow fibres are non-existent in our
smyhc1*917? or whether the slow fibres remain present but rather the lack of myosin molecules with
defective sarcomere formation. One test to confirm whether slow fibres exist in our smyhc1k917?
mutants is to cross our smyhc1%97° mutants to a transgenic line Tg(Ola.Actb:Hsa.HRAS-EGFP)vu119 (R-
actin:GFP) which is a construct containing the B-actin promoter and a membrane targeted EGFP. This
line is used to visualise membranes in live larvae (Cooper et al., 2005). Whether slow fibres have
resulted in apoptosis, methods such as labelling activated Caspase-3 as one of the signalling molecules
involved in cell apoptosis (Sorrells et al., 2013). The next test is to identify the defects in sarcomere
assembly at many more timepoints for actin filament formation when there is a lack of smyhcl. To
test how actin filaments form in our smyhc1*9'”? mutants, | would cross my smyhc1917”? mutants to
Tg(actal:lifeact-GFP;actal:mCherryCAAX) which Lifeact-GFP binds to thin filaments through the

Lifeact tag. mCherry is directed by the CAAX tag to the sarcolemma (Berger, Hall and Currie, 2015).

Despite defects in slow fibre sarcomere assembly in smyhc1¢1”? mutants during early development,

there were no defects in the migration of slow muscle precursor into the superficial layer of elongated
slow fibres where juvenile to adult smyhc1%9?7 mutants does not show an obvious phenotype. During
early slow fibre development, smyhcl is predominantly expressed and smyhc2 and smyhc3 are
expressed in a subset of muscles (Stone Elworthy et al., 2008). In the adult stages, the predominant
expression of smyhcl diminishes at 42 dpf and is replaced by smyhc2 and smyhc3 in mature slow fibres
(Stone Elworthy et al., 2008; Li et al., 2020). Our data showing immotility from smyhc1*9'7° mutants at
early stages of development followed by the recovery of phenotype in juvenile and adults correlate to
the predominant expression of smyhc1 in young larvae transitioning to smyhc2 and smyhc3 in juvenile

to adulthood.

During early mouse and human slow fibre development, MyHC-slow and predominantly MyHC-Emb
(MYH3) are expressed in primary fibres. Lack of MyHC-Emb increases the fast myofiber number and
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slow myofiber area (Sharma et al., 2018). Despite early embryonic expression of smyhc1 in zebrafish
slow fibres, our findings suggest that smyhcl does not functionally resemble mammalian MYH3.
Smyhc1%917 mutants show defective primary slow fibres but continued survival to develop into
secondary fibres in juveniles and adults with no observable difference in fast fibre number or
increased slow fibre area. Our smyhc1*91”? mutants do not show secondary fibre defects as zebrafish
smyhcl is not homologous to mammalian MYH3 but rather to mammalian MYH?7. Zebrafish smyhc2
and smyhc3 are also homologous to mammalian MYH7 and knockout of these genes may describe the
juvenile to adult phenotype associated with mutations in human MYH7. Currently, there are no
knockout studies have been made on these genes. Thus, defective sarcomere organisation in slow
fibres from lack of smyhcl at the early stages of development is not essential for sarcomere
organisation in secondary fibres in juveniles to adulthood. Knockout of the smyhc locus will be crucial
to identify the role of MYH7 from early development to adulthood and identify the role of smyhc2-5

in sarcomere assembly and organisation.

Smyhcl has been demonstrated to play a role in sarcomere organisation during the early stages of
development (Codina et al., 2010; Li et al., 2020; Whittle et al., 2020). Present data show lack of
smyhcl results in slow muscle immotility during the early stages of development with recovery at 30
dpf. Smyhc1%9'7° mutants show defective sarcomere organisation at the early stages of development
and give insight into the role of smyhcl in sarcomere assembly after the initiation step whereby Z-
disks anchor to the MTJ and subsequently elongate to form the mature myofiber. Phenotypic data
from smyhcl mutants give insight into the early developmental role of mammalian MYH7 however,
the subsequent transitional role of MYH7 from juvenile to adulthood remains in question. Ongoing
work to generate a large deletion of the smyhc locus will give insight into the role of MYH7 orthologs

smyhcl-5 in zebrafish for sarcomere assembly.
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The two congenital myopathies that | have focused on in the present work, Laing Distal Myopathy
(LDM) and Myosin Storage Myopathy (MSM) are due to sarcomeric gene mutations in MYH7 (Lamont
et al., 2014; Parker and Peckham, 2020). Although there are currently no curative medicines for MYH7-
related congenital myopathies and available treatments simply target the various symptoms (Myosin
storage myopathy, 2016; Topaloglu, 2020). The aim of this thesis was to study the potential underlying
molecular and cellular mechanisms leading to LDM and MSM by identifying primary biophysical
defects in human fibres obtained from affected patients and developing zebrafish models that
investigated developmental defects in the quest for treatment design for MYH7-related diseases. My
main findings were the following: 1) There is no overall alteration in sarcomere organisation in the
presence of defective myosin molecules. 2) Mutations affecting the MYH7 MyBP-C binding domain
destabilise the SRX state. 3) Zebrafish genes smyhcl-5, myh7 and myh7l are orthologous to
mammalian MYH?7. 4) Loss of smyhcl in zebrafish results in defective sarcomere organisation at the
early stages of development, indicating the role of smyhcl in sarcomere assembly to elongate the
myofiber. 5) Transitional role of MYH7 from early developmental stages to adulthood remains in
guestion. Overall, current data give early insight into the mechanism for the role of slow myosin in

sarcomere assembly.

Myosin molecules are formed through the dimerization of individual myosin units and stabilised
through their coiled-coil structure in the light meromyosin (LMM) (McLachlan and Karn, 1982). The
heptad repeats a-g in the coiled-coil describe the functional purpose for myosin dimerization as
described in my introduction. The common amino acids affected in LDM and MSM patients were in
amino acids a and d for the main core of myosin dimerization through the characteristic hydrophobic
and in the charged amino acids on the exterior portion of the myosin LMM at positions b, ¢ and f
(McLachlan and Karn, 1982). The charged amino acids within the heptad sequence form a larger 28
amino acid repeat to enable myosin dimers to form larger myosin filaments in sarcomeres (Squire,
1973; Atkinson and Stewart, 1992; Rahmani et al., 2021). Such mutations in MYH7 affecting either

myosin dimerization or myosin filament assembly were unable to distinguish between LDM and MSM.
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The LMM structure has been described as an intricate coiled-coil structure and its structure is
conserved between vertebrates and invertebrates emphasising the importance of the amino acid
arrangement for myosin molecules packing together (Squire, 1973; Rahmani et al., 2021). Despite such
conserved intricate structure of the coiled-coil LMM, we demonstrated that in the presence of
defective myosin molecules, there was no hindrance for defective myosin molecules to dimerise and
pack into thick filaments and slow myosin is not essential for sarcomere organisation. Actin filaments
have been shown to form independently of myosin (Lin et al., 1994) and initial steps in sarcomere
assembly involve the formation of premyofibrils containing non-muscle myosin Il (Rhee, Sanger and
Sanger, 1994; Swailes et al., 2006). Muscle myosin, in this case, slow myosin replaces non-muscle
myosin as one of the last steps in myofibril formation (Komiyama, Maruyama and Shimada, 1990;
Péault et al., 2007) and argues that slow myosin is not essential for sarcomere organisation in
myofibrils. Due to the subtle nature of dominant mutations in MSM and LDM patients, missense or
single amino acid deletions in defective myosin molecules is intermixed with healthy myosin molecules
with a high level of variability. Variability of healthy and defective myosin may have led to full thick
filament formation with differences in length that are too subtle to detect through our methods with
fluorescence microscopy. Further analysis using more sensitive techniques such as super-resolution
microscopy and electron microscopy may be able to detect such small length changes in the thick

filament.

Although there was no change in myosin filament length and organisation coupled with the presence
of organised actin filaments, our results describing the quality of myosin packing were affected
through observations of a change in myosin head positioning. Mutations affecting the LMM at the
myomesin or MyBP-C binding site destabilise myosin in the super relaxed (SRX) state. The role of
myomesin in the M-band is to regulate and stabilise the packing of myosin filaments into a hexagonal
myosin filament lattice (Agarkova et al., 2003; Hu, Ackermann and Kontrogianni-Konstantopoulos,
2015). Loss of myomesin-1 in human cell lines has shown sarcomere disassembly (Hang et al., 2021).
Our data show myofibres with organised myosin and actin filaments interlaced in regular intervals and
argue that mutation at the myomesin binding site is dispensable for sarcomere organisation. Overall,
| argue that LDM and MSM mutations affecting myosin do not affect sarcomere organisation and
without a clear analysis of subtle changes, defects in thick filament assembly in the presence of

defective myosin molecules remain in question.
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The role of MyBP-C in stabilising myosin molecules in the SRX state has been highly studied. Myosin

”J”

in the conventional “J” motif resembles myosin in a relaxed state whereby myosin heads interact with
each other to form an “interacting heads motif” (IHM) and both myosin heads interact with the S2
region (Alamo et al., 2017; Woodhead and Craig, 2020). The absence of MyBP-C has resulted in a shift
in the proportion of myosin molecules in the SRX state to predominantly in the disordered (DRX) state
(Luther et al., 2008; Zoghbi et al., 2008; McNamara et al., 2016). The MyBP-C and myomesin binding
sites overlap in the LMM and since mutations in this region did not lead to sarcomere disassembly,
there is a higher possibility that LDM and MSM mutations affect the ability of MyBP-C to bind to
myosin molecules at the LMM site. MyBP-C connects to myosin at two sites, the N-terminal MyBP-C
domain connects to the myosin head region and C-terminal MyBP-C connects to myosin LMM (Luther
et al., 2008; Spudich, 2015). There has been a link between hypertrophic cardiomyopathy (HCM)
mutations in MYH7 and the destabilising effects of myosin in the SRX state and thus lead to
hypercontractility in the heart (Alamo et al., 2017; Toepfer et al., 2020). Studies have also shown that
in the absence of MyBP-C or the presence of defective MyBP-C molecules in HCM patients, there were
also destabilising effects on SRX myosin head positioning as seen in the presence of mutations
affecting the MyBP-C binding site on MYH7 (McNamara et al., 2016; Christopher N Toepfer et al., 2019;
Christopher N. Toepfer et al., 2019). We also observed a shift in the proportion of myosin heads in
DRX state in fibres in muscle fibres obtained from patients with mutations at the MyBP-C binding
domain in the LMM of MYH7. Here | argue that the C-terminal MyBP-C binding domain also shows the
same destabilising effect of the SRX state as mutations affecting the N-terminal MyBP-C domain and
MyBP-C. Current data suggest that the role of both MyBP-C sites and MyBP-C itself is to stabilise the
SRX state through the interaction with slow myosin. Mutations affecting this interaction at the MyBP-
C site in the head region and MyBP-C itself have led to hypercontractile muscle in HCM patients.
Skeletal muscle from LDM and MSM patients may have also shown hypercontractility and show poor

ability to relax.

The main clinical phenotype in HCM patients is hypertrophy of the heart ventricle, hypercontractility
and myocardial fibrosis. In mouse HCM models, a small molecule drug Mavacamten has been shown
to suppress and reverse the symptoms of hypertrophy of the heart ventricle, cardiomyocyte disarray
and myocardial fibrosis (Green et al., 2016). Mavacamten have also been shown to reverse the
destabilising effects on the IHM of myosin and restored the balance of myosin molecules in their SRX

and DRX state in HCM cell lines (Toepfer et al., 2020). Subsequently, cell sizes were reduced and
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restored to their original size as wild type cell lines (Toepfer et al., 2020) and are currently used as an
effective treatment for HCM patients with mutations in the MYH7 MyBP-C site and MyBP-C (Hegde
et al., 2021). Our findings describe the destabilising effects on slow myosin SRX state in LDM patients
and may show similar pathological defects in slow skeletal muscle as shown in cardiac muscle from
HCM patients. Treatment with Mavacamten may be a candidate treatment for LDM patients with

mutations in the MyBP-C binding site.

Early developmental defects are unknown in patients affected by LDM and MSM mutations as clinical
phenotypes have only been analysed in adults and children. Zebrafish disease models might prove
advantageous as early time points can be studied. Early developing zebrafish larvae are clear, quick
development to adulthood and breeding of adult fish gives large clutch sizes. It is essential to identify
the zebrafish equivalent of the human MYH7 gene that would be most likely to give a phenotype in

the defined functional muscle.

There have been studies describing zebrafish smyhcl1-5, myh7, myh7l and myh6 genes as orthologs to
human MYH6/7 (McGuigan, Phillips and Postlethwait, 2004) but no current data to distinguish
orthology between zebrafish myh genes to either MYH6 or MYH7 (Liew et al., 1990; Epp et al., 1993;
McGuigan, Phillips and Postlethwait, 2004). Mammalian MYH6 and MYH7 are located next to each
other on the same chromosome and exist from a duplication event (Yamauchi-Takihara et al., 1989;
Gulick et al., 1991). In chapter 4.2.3. | identified 4 signature amino acids to distinguish between
MYH6/7 in mammals and ray-finned fish (Fig 4.7). Additionally, in our analysis of gene synteny
between humans to zebrafish, zebrafish smyhc1-5, myh7 and myh7I were syntenic to human MYH7
and zebrafish myh6 was syntenic to human MYH6. The presence of many slow MyHC orthologs to the
MYH7 in mammals (McGuigan, Phillips and Postlethwait, 2004; Watabe and Ikeda, 2006; Ikeda et al.,
2007) arose from a teleost genome duplication event (Amores et al., 1998; Meyer and Schartl, 1999;
Taylor et al., 2001). Evidence of this duplication event can be seen in zebrafish smyhc1-5 are syntenic
to myh7 and myh7I (Fig 4.8) which have also been observed in goldfish and platyfish (Fig 4.8).
Expression patterns between human MYH7 and zebrafish orthologs smyhc1-3 and myh7 demonstrate
similarity whereby MYH7 is expressed both in slow skeletal muscle and in the heart ventricle and
Zebrafish have separate myh orthologs expressing smyhcl-3 only in slow skeletal muscle (Stone
Elworthy et al., 2008) and myh7 expressed in the heart ventricle (Park et al., 2009). Human MYH6 is

predominantly expressed in the heart atrium and compliments the expression pattern of zebrafish
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myhé6 in the heart atrium (Huang et al., 2005). Thus, | argue that the common ancestor of humans and
zebrafish had a pre-existing MYH6 and MYH7 gene and show zebrafish are orthologous to human

MYH7 and not to human MYH6.

As there is no single ortholog to human MYH7, but rather a cluster of orthologous zebrafish genes, the
segmented expression pattern of smyhcl-5, myh7 and myh7/ prove advantageous in studying
developmental defects exclusively associated with slow skeletal muscle. Since zebrafish smyhc1-3 are
only expressed in slow skeletal muscle (Stone Elworthy et al., 2008) the possibility of generating viable
mutants is higher as myosin affecting the cardiac muscle is not compromised. Smyhcl show broad
localisation of expression in the slow skeletal muscle and smyhc2 and smyhc3 is expressed in a subset
of muscles during the early stages of development. There are knockdown and knockout studies on
smyhcl revealing early developmental defects in slow muscle giving confidence in generating
knockout mutants to study developmental defects associated with mutations in smyhc1, the zebrafish

ortholog to MYH7 (Codina et al., 2010; Xu et al., 2012; Li et al., 2020; Whittle et al., 2020).

Smyhcl has been demonstrated to play a role in sarcomere organisation during the early stages of
development (Codina et al., 2010; Li et al., 2020; Whittle et al., 2020). Consistent with smyhcl
knockdown and knockout studies, present data show lack of smyhc1 results in slow muscle immotility
during the early stages of development (Codina et al., 2010; Li et al., 2020; Whittle et al., 2020) with
full recovery of slow muscle motility at 30 dpf. However, conflicting data is describing smyhcl
knockout (KO) mutant adults with spinal curve defects, reduced food intake and larval lethality (Li et
al., 2020; Whittle et al., 2020). Our findings do not show such morphological defects or lethality in
larval to adult stages. Since zebrafish myosin paralogs share a high degree of sequence identity, there
are high risks of off-target effects when targeting using CRISPR/Cas9 or TALENS genome editing.
Current smyhcl KO studies using CRISPR/Cas9 and TALENS have been used to target exon 5 (Li et al.,
2020) and exon 16 (Whittle et al., 2020) of the smyhcl locus. Both smyhc1 KO alleles in the literature
introduced frameshift mutations leading to early stop codons and showed strong NMD in mutants.
However, gRNA from Li et al, 2020 targeting the 3’ end of exon 4 of the smyhc1 locus may have led to
off-target mutations in smyhc2-5 as gRNA design show 100% identity to smyhc2-5 sequence (Appendix
5.3). Moreover, the TALENS design from Whittle et al, 2020 leading frameshift mutation leading to an
early stop codon in exon 16 may result in off-target effects as exon 16 shows 87-89% sequence

similarity to myh7 and smyhc2 (Appendix 5.3). Ensuring the highest specificity to smyhcl, we
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optimised our CRISPR/Cas9 mutations to exclusively target smyhcl and BLAST analysis of both our
gRNA targets only to smyhcl giving confidence that our mutants show minimal to no off-target effects

(Appendix 5.3).

Smyhcl is predominantly expressed during the early stages of development whilst the expression of
smyhc2 and smyhc3 are localised in a subset of muscles (Stone Elworthy et al., 2008). Our smyhc1+¢17?
mutants show predominant loss of slow MyHC signal in the trunk but show some signal in the subset
of slow fibres expressing smyhc2 and smyhc3 as described by Elworthy et al, 2008. There is a transition
phase of smyhc expression from juvenile to adult zebrafish whereby smyhc1 expression is replaced by
smyhc2 and smyhc3 (Stone Elworthy et al., 2008). In the absence of smyhcl at adult stages, our
smyhc1*917? mutants show full recovery of slow muscle motility and suggest lack of smyhcl does not
play a template role for the integration of smyhc2 and smyhc3. Since our findings show phenotype
during early stages in smyhcl KO mutants and full recovery of phenotype when smyhcl is no longer
required for motility, the lack of phenotype during adult stages reflects the transition from smyhc1 in
early developing larvae to smyhc2 and smyhc3 in adults and the possibility of phenotypes in adult

smyhcl KO mutants are unlikely.

Smyhcl play a key role in sarcomere assembly during the early stages of development as it is the first
MyHC to be expressed in zebrafish slow fibres (Devoto et al., 1996). Studies have been made to model
and describe the sequence of events in sarcomere assembly during muscle fibre growth (Rhee, Sanger
and Sanger, 1994; Holtzer et al., 1997; Ehler et al., 1999; Gregorio et al., 1999; Rui, Bai and Perrimon,
2010; Fenix et al., 2018). During early zebrafish development, smyhcl has been shown as essential for
thick filament assembly and myofibril organisation in slow fibres (Li et al., 2020; Whittle et al., 2020).
The first step for myofibrillogenesis is for the accumulation of integrins, a-actinin, vinculin and talin at
the myotendinous junction (MTJ) which are the somite borders in zebrafish (Kelly and Zacks, 1969;
Tokuyasu, 1989). Z-disks are formed initially as aggregates called z-bodies and are also accumulated
MTIJ (Tokuyasu and Maher, 1987). Mice and drosophila have shown ligands at the extracellular matrix
are essential for the z-disk formation as the first step in sarcomere assembly (Volk, Fessler and Fessler,
1990; Bloor and Brown, 1998). Our smyhc1*9'”? mutants show accumulation of a-actinin and actin
filaments at the somite border supporting the model describing actin and a-actinin anchoring to the

MTJ before integrating myosin filaments in building and elongating the muscle fibre.
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After initiation of sarcomere at the MTJ, elongation of sarcomere can start to build. There are three
main models describing aspects of sarcomere assembly after the initial anchoring at the MTJ: The
stitching model, describing the independent assembly of I-Z-I bodies before myosin integration (Rhee,
Sanger and Sanger, 1994; Holtzer et al., 1997; Van Der Ven et al., 1999; Sanger et al., 2005), A pre
myofibril model describing the formation of stress fibre-like structures utilising non-muscle myosin as
a template for sarcomere proteins to assemble (Rhee, Sanger and Sanger, 1994), the model utilising
titin as a molecular ruler, describing template assembly of sarcomere proteins according to the titin
molecule (Kelly and Zacks, 1969; Tokuyasu and Maher, 1987; Schwander et al., 2003; Au et al., 2004).
All three models suggest the integration of myosin into the sarcomere is the last step in
myofibrillogenesis. In our smyhc1%97° mutants, initiation of sarcomere assembly showing anchoring Z-
bodies to the somite border occurred, but the elongation step of the myofibril remains absent and
thus, myofibrils do not elongate supporting the studies showing the integration of myosin as one of

the last steps in myofibrillogenesis.

Smyhc1%917 mutants show defective sarcomere organisation at the early stages of development and
give insight into the role of one MYH7 ortholog, smyhcl. However, the subsequent transitional role of
MYH?7 from juvenile to adulthood remains in question. Since smyhc2 and smyhc3 replace smyhcl in
adult zebrafish, the defective phenotype at the early stages of development show recovery in adult
stages. Since humans only have one slow myosin gene from development to adulthood, studying all
smyhc orthologs to human MYH7 may describe the transitional role of slow myosin in the developing
muscle. Currently, there are no knockout studies have been made on these genes. Despite defects in
slow fibre sarcomere assembly in smyhc1%91”? mutants during early development, there were no
defects in the migration of slow muscle precursor into the superficial layer of elongated slow fibres
where juvenile to adult smyhc1%917? mutants show does not show an obvious phenotype. During early
slow fibre development, smyhcl is predominantly expressed and smyhc2 and smyhc3 are expressed
in a subset of muscles (Stone Elworthy et al., 2008). In the adult stages, the predominant expression
of smyhcl diminishes at 42 dpf and is replaced by smyhc2 and smyhc3 in mature slow fibres (Stone
Elworthy et al., 2008; Li et al., 2020). Our data showing immotility from smyhc1%9'7? mutants at early
stages of development followed by the recovery of phenotype in juvenile and adults correlate to the
predominant expression of smyhcl in young larvae transitioning to smyhc2 and smyhc3 in juvenile to
adulthood. Thus, defective sarcomere organisation in slow fibres from lack of smyhcl at the early

stages of development is not essential for sarcomere organisation in secondary fibres in juveniles to
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adulthood. Knockout of the smyhc locus will be crucial to identify the role of MYH7 from early
development to adulthood and identify the role of smyhc2-5 in sarcomere assembly and organisation.
Ongoing work to generate a large deletion of the smyhc locus will give insight into the role of MYH7

orthologs smyhc1-5 in zebrafish for sarcomere assembly.

Our results to study the primary biophysical defects in the presence of MYH7 mutations using human
fibres show several limitations when using frozen muscle biopsy specimens from the 19 patients in
our study. Initial sample size calculation for human single fibre analysis were not possible prior to
receiving patient samples. Muscle samples received were ethically approved and come from European
Biobanks (MRC Neuromuscular Centre and Italian Telethon Biobank) and stored in our -80 degrees
Celsius freezer (Ethics approval has already been obtained). Despite calculating sample sizes after
receiving patient samples to be able to find a difference between patients, there was high variability
seen in our results when analysing our muscle fibres. Any differences in the method of obtaining
biopsies, post-processing stages for storage of samples, patient health, ethnicity and activity
background are unknown between samples and may have led to high variability seen in our results
studying our samples. A second factor that may have also led to high variability within our samples
may have been the wide range of age between patients and limited number of MSM patient data as
current patients with LDM or MSM are rare and/or de novo mutations in humans thus, sourcing high
number of samples from many patients are not possible. The third limitation to our muscle fibre
sample data is the small amounts of muscle fibres per patient received. Such small numbers of fibres
per patient limited the number of experiments done and decision to only perform 2 types of

experimental assays (thick filament measurement and myosin head positioning).

There were also limitations in generating our zebrafish disease models and smyhcl KO lines. Firstly,
the generation of smyhcl KO mutants limited to only study developmental defects at the early stages
but not in the later stages as smyhc2 and smyhc3 replace the functional role in adult zebrafish.
Zebrafish development usually take 3 months to reach breeding age and generation of homozygous
mutants require 3 generations of breeding. Generation of large deletion after generating my initial
smyhcl mutants limited the amount of time | would have been able to screen such mutations and also
to breed them to homozygosity. Not only the lack of time in generating deletion of whole smyhc locus,
| was also limited in being able to study the role of each individual smyhc gene to be able to fully

confirm the potential off target results in other smyhc genes seen in Li et al, 2020 and Whittle et al,
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2020. Future work to either continue to generate large deletion in both wild type and smyhcl”
mutants or generate individual smyhc mutants to study the role of each smyhc gene over the course
of muscle development. Secondly, in attempt to generate specific mutations in disease models, using
homologous recombination with short single oligonucleotides are rare events, however not
impossible as there have been many studies shown to generate small and specific mutations with this
method (Hruscha et al., 2013; Hwang et al., 2013; Armstrong et al., 2016). Another method could be
considered in the future is to utilise the recently availability of prime editing (Anzalone et al., 2019),
utilising a dead Cas9 protein nicks at target site and a pegRNA (gRNA with prime editing feature) is
fused to template DNA for homologous recombination of edited gene. Prime editing minimised the
possible INDELS generated by double strand breaks in my previous method utilising the regular Cas9
and subsequent short single oligonucleotide donor and show high success for specific point mutation
gene editing. Another method to generate disease models for LDM and MSM in the future would be
to insert an expression vector to express defective smyhc genes containing LDM or MSM disease
mutations in our smyhcl mutants and further future, the large smyhc locus deletion mutants. The
exact same expression vector method but utilising wild type human MYH?7 to identify whether human

MYH7 would recover defects seen in smyhcl mutants and in the larger smyhc whole locus deletion.

The two congenital myopathies that | have focused on, LDM and MSM currently no curative medicines
and available treatments simply target the various symptoms (Myosin storage myopathy, 2016;
Topaloglu, 2020). | demonstrated that there is no overall alteration in sarcomere organisation in the
presence of defective myosin molecules but rather affect the MYH7 MyBP-C binding domain
destabilise the SRX state. | highlight the possibility of testing the drug Mavacamten or a derivative of
this drug to target LDM mutations through stabilising the SRX state, as a similar method for the
treatment for HCM. Moving to the future disease models can be generated using zebrafish smyhc1 KO
and smyhc1-5 whole locus KO with the addition of defective myosin molecules using an expression
vector. Overall, current data give early insight into the mechanism for the role of slow myosin in
sarcomere assembly in zebrafish and can be used as an accurate disease model to further study the

mechanism behind the two diseases LDM and MSM for targeted drug testing.
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€.230140T Missense point mutation 1846 p R1845W f Heterozygous MM Myosin storage myopat 1 0%] 100%) 100%) 100%| 100% 100%) 100% 100%) 7]Laing etal 2005*
€.240126>A Missense point mutation 1883] p £1883K b MM y: \ge myopa 3 7%  67%) 67%) 100%| 100%| 67%) 100%]  5.67| Tajsharghi et a1 2007**
¢.25596A>T Missense point mutation 1904] p.H1908L f MM yosi ge myopal 10f  100%| 100% 100%] 100% 100%| 0%) 100%] 0% 6| Bohlega et al 200"
¢.5740G>A Missense point mutation 1914]p. £1914K e MM y ge myopal 1] 100 1006 ox] 100%) %) o%) 100%  4ftamont etal 20147
¢ 5807A5T Missense point mutation 1936 p.X193615X32 Heterczygous  [LMM | Myosin storage myopaf 1| 100%| 100¥ 100%) 100% 100%) 0%) 5{8anfaietal 2017
<.5807A>G Missense point mutation 1936]p. MM | Myosin storage myopa 12 100%} 100%) 100%) 3|ortolano et al 2011**
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Appendix 2.1 — Primer design for smyhc1

Seguence: smyhcl primer design.dna (Linear / 3636 bp)
Features: 7 total

Primers:

8 total

E*

37

ACACAGGACAACCCGAGGETAAGAACCAAAGAGCTTCCATGCAGAAAGACTAAGGGAGATCTCCTG

lET GTCCTGETTGGGECTCCATTCTTGGTTTCTCGAAGGTACGTCTTTCTGATTCCCTCTAGAGGAC

GACCTCACAAACACTGCATCCAAAGCCAACACAGAAAGACAAATCCAGTACAAGTTTAGGTATCG

CTGEGAGTGTTTGTGACGTAGGTTTCGGTTGTGTCTTTCTGTTTAGGTCATGTTCAAATCCATAGC

TEATTTTCCTGATAAGTAAATCACTTTAGTGTTCTTAAACGCTCTTTTGTTGTETCCTTAGCATA

ACTAAAAGGACTATTCATTTAGTGAAATCACAAGAATTTGCGAGAAAACAACACAGGAATCGTAT

ACACCAGCTCTGCAGTTACAAGGTACAGAGGTCTGACAAACACAAGQtgagaagttttgcatcta

TETEGTCGAGACGTCAATGTTCCATGTCTCCAGACTGTTTGTGTTCcactecttcaaaacgtagat

cctgaaaaaacaatactaaaatgcatttatttatcatttctgtaactgtgatttcagtgtgttac

ggacttttttgttatgattttacgtaaataaatagtaaagacattgacactaaagtcacacaatyg

smyhcl = exon 2 Seq fwd 5;\
a

acttgtaaatttgectgtgoctgttcctittetcagagaagcacattatatttataagtttgttca

tgaacatttaaacggacacgacaaggaaaagagtctcttcgtgtaatataaatattcaaacaagt

LCtgttttagATTTCAAAATGGEGTGACGCCGTTATGGCAGAGTTTGGEGTCTGCTGCTCCCTTCCT

agacaaaatcTAAAGTTTTACCCACTGCGGCAATACCGTCTCAAACCCAGACGACGAGGGAAGGA

smyhcl = exon 2 HRM fiwd §;

GCGCAAGTCTGACAAGGAGCGTCTGGAGGCCCAAACTCEGTATTTTTGACATGAAGAAGGAGTGET

CGCGTTCAGACTGTTCCTCGCAGACCTCCGGGTTTGAGCATAAAAACTGTACTTCTTCCTCACGA

gRNAKO1

TTGETGCCTGACCCTEGAGGTTGAGTACGTCAAAGCCTCCATCACCAGTAGAGACGGTGACAAAGTC

AACACGGACTGGGACTCCAACTCATGCAGTTTCEGAGETAGTGGTCATCTCTEGCCACTGTTTCAG

smyhcl = exon 2 HRM rev

|

130

155

Printed from SnapGene®: 12 May 2022 12:17
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smyhcl primer design.dna (Linear / 3636 bp)

ACTGETTGACACTGAATATGGAAAGOtaagcagggctcgaaattgeggecttttttgtegecatatg
TGACAACTGTGACTTATACCTTTCcattecgteccgagectttaacgccggaaaaaacagecgtatac
cacccgaaatttaagctatgcgacctcataatatatttgggagcattcgtgecgactgcatataat

gtgggctttaaattcgatacgctggagtattatataaaccctcgtaagcacgctgacgtatatta

ggttotagtgcgacctgtttttttttctttctaaaaacgtggtaaaategagtcttccetgeeget

ccaacatcacgctggacaaaaaaaaagaaagatttttgcaccattttagccagaagggacggcga

atattggttcatattagctgtcaatcactcaagactttotgetgtcagatgacagggaggacttt

tataaccaagtataatcgacagttagtgagttctgaaagacgacagtctactgtccctecccgaaa

tgtgaccgcgoggaatggaaacggctgaagagtgaaaagtacactgactctcgatgcgttgeatyg

acactggcgccccttacctttgeccgacttectcacttttcatgtgactgagagctacgcaacgtac

cactgcgtgttcagccaacacagtctcatggcaattcgtaactttttcatacatttccttgtgag

gtgacgcacaagtcgogttgtgtcagagtaccgttaagcattgaaaaagtatgtaaaggaacacte

gtcga gtgtcagagtacc
smyhcl = exon 2 Seq Rev

atcaggctgcaacagcgcaaatgtccgctacaacaccatcgccaaagaagcttgcctttactgag

tagtccgacgttgtcgcgtttacaggecgatgttgtgotagecggtttcttcgaacggaaatgacte

tttaaactgatgcgggttataacaaagaacagtattgcgccggcggtcatcggpagaatcetget

aaatttgactacgcccaatattgtttcttgtcataacgcggccgccagtagecctcttaggacga

ctgecccccctcatatattgggccggctgactegcatgetttteccgcaaacacagaaagatgtaat

gacggggogagtatataacccggccgactgagecgtacgaaaaggcgtttgtgtectttctacatta

tcagcgcgtatcaaggcagagcattaaaacgacacgaactgaaaccaaaacttttataagtgaga

agtcgcgcatagttccgtctcgtaattttgetgtgettgactttgottttgaaaatattcactet

ctttttttcotttctttcgtccattcattocttgagatgtatattatttttctatttaattactga

gaaaaasaggaaagaaagcaggcaagtaagaactccacatataataaaaagataaattaatgact

tgactgctttgcatctttcagccttgaattgaatgatttattataatctttagtttgttttgtag

actgacgaaacgtagaaagtcggaacttaacttactaaataatattagaaatcaaacaaaacatcec

cagaaatattatttattaaattgacatgcatataaaaacaatagtacaaaataaatatttattac

gtctttataataaataatttaactgtacgtatatttttgttatcatgttttatttataaataatg

7i5

910

875

1040

1105

1170

1235

1300

1365

1430

Frinted from SnapGened: 12 Mav 2022 12:17
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smyhcl primer design.dna (Linear / 3636 bp)

tgcaatgcttcatttgtgtttgatgcaaaccttcaatttatttttettatagtaacagtaggact

acgttacgaagtaaacacaaactacgtttggaagttaaataaaaagaatatcattgtcatcctga

ttatatagcagataacttacattaaagtacattcaaggcagcatgaagatgagaaatagaattca

aatatatcgtctattgaatgtaatttcatgtaagttccgtcgtacttctactctttatcttaagt

ttgttactattattgtcatcattaatatttcataattattcaacattaattttggaattatageca

aacaatgataataacagtagtaattataaagtattaataagttgtaattaaaaccttaatatcgt

caaatattaagtcatcacagcattagttccatagttgtttctggocttttgttagtcctaactgat

gtttataattcagtagtgtcgtaatcaaggtatcaacaaagaccgaaaacaatcaggattgacta

gttgttttcaaatacaataaatcccttaatatacaatttgecagecgttgoctaatttttgttgoaty
» ] ] » 1 M 1 » 1 M

| | | | " | | " n " n " n "
caacaaaagtttatgttatttagggaattatatgttaaacgtcgcaacgattaaaaacaacccac

ctcctaaattttttotgotgoctcctaaattetttetgotgctcctaaatatttcagattggaagc
'] » '] » '] » '] » '] » '] » ']

| | " | | " | | " n " n " n " n
gaggatttaaaaaagaccacgaggatttaaaaaagaccacgaggatttataaagtccaacccteyg

tccgottpataccaagtaagaaagttaattttgagecgtgotaaggatgetatagttatttgaat

aggccaactatggttcattctttcaattaaaactecggecaccattectacgatatcaataaactta

atgataatagtgggcctttgttacatatttetgaaattctggtcacatttatcaaatgtctaaag

tactattatcacccggaaacaatgtataaagactttaagaccagtgtaaatagtttacagattte

tggtgaatggaaattcatagacataagtttccccaaaagtaaaagaaaaagaagaaaaaatacca

accacttacctttaagtatctgtattcasaggogttttcattttetttttettettttttatagt

tgattgtgtttctatgactttctaatacagcaaaacatatacaagtgacaaaatttgtattgtag

actaacacaaagatactgaaagattatgtcgttttgtatatgttcactgttttaaacataacate

ctggtgaaaaactaattaatttgetotgttctacagACTCTTACTTTCAAGGAGTGCGATGTTCA

gaccactttttgattaattaaacgagacaagatgtcTGAGAATGAAAGTTCCTCACGCTACAAGT

TCCTCAGAACCCGCCAAAGTTTGATAAAATTGAGGACATGGCGATGTTCACCTTCCTGCACGAGC

AGGAGTCTTGGGCGGTTTCAAACTATTTTAACTCCTGTACCGCTACAAGTGGAAGGACGTGCTCG

1485

1560

1625

1620

1755

1820

1BBS

1950

2015

20B0

2145

2210

Frinted from SnapGened: 12 Mav 2022 12:17
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smyhcl primer design.dna (Linear / 3636 bp)

smyhcl = exon 4 Seq fwd

[foegraargaacar

CTGCTGTGCTGTTTAACCTCAAAGAGCGTTACGCAGCCTGGATGATCTACgtgagtgatgaacgt

GACGACACGACAAATTGGAGTTTCTCGCAATGCGTCGGACCTACTAGATGCActcactacttgea

smyhcl - exon 4 Seq fwd

!gagcq

tgagccttaatgaagtgactgecagtactgatgtgtacaacteccactaaacctatacatctgtta

actcggaattacttcactgacggtcatgactacacatgttgaggtgatttggatatgtagacaat

smyhcl = exon 4 HRM fiwd 5;

cattacagACCTATTCAGGACTGTTCTGTGTCACTGTCAACCCATACAAGTGGCTGCCAGTGTAC

gtaatgtcTGGATAAGTCCTGACAAGACACAGTGACAGTTGGETATGTTCACCGACGGTCACATG

gRNAKD2

GATTCCTCTGTGGETCAAAGCCTACAGAGGCAAGAAGAGGACTGAAGCTCCTCCTCACATCTTCTC

CTAAGGAGACACCAGTTTCGGATGTCTCCGTTCTTCTCCTGACTTCGAGGAGGAGTGTAGAAGAG

gRNAKD2

CATCTCTGACAACGCCTACCAGTACATGCTGTCAGgtgagaactgtactttacatatatttageca

GTAGAGACTGTTGCGGATGGTCATGTACGACAGTCcactcttgacatgaaatgtatataaatecgt

cactctiga

smyhcl = exon 4 HREM rev

gattttattatgcacaaaactteccctcatttatatctggeccatttcatctaacagACAGAGAGAA

ctaaaataatacgtgttttgaagggagtaaatatagaccggtaaagtagattgteTGTCTCTCTT

acgtg gaaggpgagtaaas
smyhcl = exon 4 Seq rev

CCAGTCCGTCCTCATCACgtaagtcagttctecacaatcatgtgaaatgettaaaaatgetttaaa

GETCAGGCAGGAGTAGTGcattcagtcaagagtgttagtacactttacgaatttttacgaaattt

tgattaaaacgtgtatcctttaaaatacacagTGGAGAATCTEGGTGCTGGAAAGACTETGAACAC

actaattttgcacataggaaattttatgtgtcACCTCTTAGACCACGACCTTTCTGACACTTGTG

2275

2340

2405

2535

2600

2665

2730

Printed from SnapGenea®: 12 Mawv 2022 12:17
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Appendix 3.1 — Mant-ATP Assay Average Data

3.1.1. - SRX and DRX values from slow fibres

P1 P2 DRX SRX n
Controls 63.78 | 36.22 40% 60% 18
T304S 65.00 | 35.00 42% 58% 11
R453H 64.40 | 35.60 41% 59% 10
L594M 62.45 | 37.55 37% 63% 11
A1440del 73.30 | 26.70 56% 45% 10
A1467P 74.00 | 26.00 57% 43% 8
A1492P 75.30 | 24.70 59% 41% 10
E1507del 62.91 | 37.09 38% 62% 11
E1508del 71.71 | 28.29 53% 47% 7

IS R I N G R
E1610K 76.00 | 24.00 60% 40% 10
K1617del 72.40 | 27.60 54% 46% 10
Al1636P 74.73 | 25.36 58% 42% 11
I R E R O G L

E1669del 76.27 | 23.73 60% 40% 11
K1729del 76.75 | 23.25 61% 39% 8
R1845W 74.00 | 26.00 57% 43% 11
A1883E 61.40 | 38.60 36% 64% 10
STOP1936L 76.00 | 23.89 60% 40% 9
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3.1.2. - SRX and DRX values from fast fibres

A P1 P2 DRX SRX n
Controls 60.70 39.30 35% 66% 10
T304S 62.00 38.00 37% 63% 1
R453H 59.67 40.33 33% 67% 3
L594M 68.00 32.00 47% 53% 3
A1440del 68.57 31.43 48% 52% 7
A1467P 65.67 34.33 43% 57% 3
A1492P 65.60 34.40 43% 57% 5
E1507del 65.00 35.00 42% 58% 3
E1508del 69.33 30.67 49% 51% 3
E1610K 59.50 40.50 33% 68%

K1617del 57.00 43.00 28% 72% 2
A1636P 57.50 42.50 29% 71% 2
E1669del 59.00 41.00 32% 68% 1
K1729del 53.00 47.00 22% 78% 1
R1845W 64.00 36.00 40% 60% 3
A1883E 0.00 0.00 0% 0% 0
STOP1936L | 64.00 36.00 40% 60% 1
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3.1.3. - Proportion of DRX increases in patients with LMM mutations.

Percentage Slow and Fast Fibres in Analysis
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3.1.4. - Proportions of fast and slow fibres analysed in Mant-ATP assay

Total N no. slow fibres no. fast fibres | % slow | % fast
Controls 28 18 10 64% 36%
T304S 12 11 1 92% 8%
R453H 13 10 3 77% 23%
L594M 14 11 3 79% 21%
Al1440del 17 10 7 59% 41%
A1467P 11 8 3 73% 27%
A1492P 15 10 5 67% 33%
E1507del 14 11 3 79% 21%
E1508del 10 7 3 70% 30%

16 88% 13%
E1610K 12 10 2 83% 17%
K1617del 12 10 2 83% 17%
A1636P 13 11 2 85% 15%

10 80% 20%
E1669del 12 11 1 92% 8%
K1729del 9 8 1 89% 11%
R1845W 14 11 3 79% 21%
A1883E 10 10 0 100% 0%
STOP1936L | 10 9 1 90% 10%
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Appendix 4.1 — MYH6 and MYH7 signature amino acids

Amino acid 35 282 318/ 1111
MYH Protein/region
Mammals MYH7 K D 1 L
Coelocanth myh7 K D 10 L
Xenopus myh7 K D i L
Rainbow Trout myh7 K D il L
Atlantic Salmon myh7 K D T L
Northern Pike myh7 K D il L
Atlantic Herring myh7 K D T L
Zebrafish smyhcl |[K D T L
Zebrafish smyhc2 |K D T I
Zebrafish smyhc3 |K D il b
Zebrafish smyhcd (K D 1 L
Zebrafish smyhc5 |K D i L
Platyfish smyhcl R D i L
Platyfish smyhc2 R D T L
Tilapia smyhcl |K D T L
Medaka smyhcl  [R D T L
Zebrafish myh7 K D 17 L
Platyfish myh7 K D T i
Zebrafish myhl K D il L
Cod myh7| K D T L
Tilapia myh7I K D 1 -
Amino acid 35/ 282 318 1111
MYH Protein/region

Mammals MYH6 T N Vv N
Coelocanth myh6 K N Vv H
Xenopus myh6 T D Vv H
Rainbow Trout myh6 - D | N
Atlantic Salmon myh6 R D | N
Northern Pike myh6 R D | N
Atlantic Herring myh6 Vv D | -

Zebrafish myh6 T N Vv N
Platyfish myh6 U N Vv N
Tilapia myh6 T N Vv S
Cod myh6 T N Vv N
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Appendix 4.2 — CLUSTALO Human MYH vs Zebrafish MYH proteins

Hs.

Hs

Hs.

Hs

Hs.
Hs.

Hs

Hs.
Hs.

Hs

Hs.
Hs.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.

Dr

MYH7 === MGD----SEMAVFGAAAPYLRKSEKE-—--——-—————-— RLEAQTRPFDLKKD 36

SH3-1like domain
.MYH7  —==—=——= MGD----SEMAVFGAAAPYLRKSEKE--—-—————-———— RLEAQTRPFDLKKD 36
MYH6 ~—  ——————— MTD----AQMADFGAAAQYLRKSEKE-—--——-———=——-— RLEAQTRPFDIRTE 36
.MYH13 === MSSD----AEMAIFGEAAPYLRKPEKE-—-—-———————-— RIEAQNRPEFDSKKA 37
MYH8 ~  —-==== MSASSD----AEMAVFGEAAPYLRKSEKE-——-—————-———— RIEAQNKPFDAKTS 39
MYH4 === MSSD----SEMAIFGEAAPFLRKSEKE---———————-— RIEAQNKPFDAKTS 37
.MYH1 === MSSD----SEMAIFGEAAPFLRKSERE-——-———————-— RIEAQNKPFDAKTS 37
MYH2 = ———==—= MSSD----SELAVFGEAAPFLRKSERE-———————-———— RIEAQNRPFDAKTS 37
MYH3 = === MSSD----TEMEVFGIAAPFLRKSEKE-—--———————-— RIEAQNQPFDAKTY 37
.MYH14 MAAVTMSVPGRKAPPRPGPVPEAAQPFLFTPRGPSAGGGPG-———— SGTSPIVEWTARRL55
MYH15 = ———mmm—mm = MDLSDLGEAAAFLRRSEAE-—-—-——-————=——— LLLLQATALDGKKK 33
MYH16 ~ mm e e e 0
smyhcl = —-——-—-- MGD----AVMAEFGSAAPFLRKSDKE-—-——————-———— RLEAQTRIFDMKKE 36
smyhc2 = —-=-=-—== MGD----AVMAEFGPAAPFLRKSDKE-——-—————-———— RLEAQTRPFDMKKE 36
smyhc3 = @ ——==———- MGD----AVMAEFGAAAPYLRKSDRE-—-—-———————-— RLEAQTRPFDMKKE 36
smyhc4 = —-—-—-—-- MGD----AVMAEFGAAAPYLRKSDKE-—-—-——=———-———— RLEAQITRPFDMKKE 36
smyhc5 ~  —--—==—-- MGD----ALMEEFGAAAPYLRKSDRE-—-—-—————-———— RLEAQTRPFDMKKE 36
myh7 === MGD----AQMAEFGAAASYLRKSDRE-—-———————-— RLEAQTRPFDMKKE 36
.myh71 ——=—=——= MGD----AEMSVFGAAAPYLRKSEKE-—-—-——=—=——-———— RLEAQTKAFDLKKE 36
.myh6 ——=————= MGD----ALMAEFGKAAPFLRKSDKE-——-—————-———— RLEAQTRAFDIKTE 36
.myha = ————-=-= MSTD----AEMAVYGKAAIYLRKPEKE-—--—-——————-— RIEAQNKPFDAKSA 37
.myhb === MSGD----PEMECFGPAAVYLRKPEKE-——-———————-— RIEAQNRPFDAKTA 37
.myhzl1.1 = ——————- MSTD----AEMAVYGKAAIYLRKPEKE-———————-———— RVEAQNKPFDAKTA 37
.myhz1.2 ——————- MSTD----AEMAVYGKAAIYLRKPEKE-—--—-——————-— RIEAQNKPFDAKTA 37
.myhz1.3 ——————- MSTD----AEMAVYGKAAIYLRKPEKE-—-—-———————-— RIEAQNKPFDAKTA 37
.myhz2 = ———=——= MSTD----AEMAIYGKAAIFLRKPEKE-——-—————-———— RIEAQSKPFDAKTA 37
.myhcd = ————--—- MSTD----AEMAVYGKAAIYLRKPEKE-—---——————-— RIEAQNKPFDAKSA 37
.myh7ba = -——=——--- MSRM----LDMKEFGEAAPFLRKSDLE-—————————-— LLAAQ.VAFDGKKR37
.myh7bb ——————- MSRF----MELREFGEAATFLRKTNLE--—-—————-———— QLAAQSHAFDGKKR 37
.myh%a = —mmmmmmm— XAKMSDAEKFLYADRNTI -—====—===—— NDPLADADWATKKL 32
.myh% = - MSDVDKFLYVDRNLV-=-———————-— NNPL. DWATKKL 29
.myhl0 === MPEM----AQRSGQEDPERYLEFVDRAVV-—————=———— YNPTT@ADWTAKKL 38
.myhlla  -———===————————- MTKKGLSDDEKFLFTDKDFI-—=-==—=—===—— NSPVADADWSAKKL 34
.myhllb = === MTMQODNDDSNKFLFLDSEFK-—-———————-— NSGV. DWSTRKM 34
.myhl4 ————= MSRP-——-———— AGGSINDVACFL

.MYH7 VEVPDDKQEFVKAKIVSRE-GGKVTAETEYGK-TVTVKEDQVMQQON P PK F|BlgRHb
SH3-1like domain

.MYH7 VFVPDDKQEFVKAKIVSRE—GGKVTAITEYGK—TVTVKEDQVM INPPKFDKIEDMAMLT 94
.MYH6 CFVPDDKEEFVKAKILSRE-GGKVIAETENGK-TVTVKEDQVLOONPPKFDKIEDMAMET 94
.MYH13 CFVADNKEMYVKGMIQTRE-NDKVIVKTLDDR-MLTLNNDQVFPMNPPKFDKIEDMAMMT 95
.MYHS8 VEFVAEPKESYVKSTIQSKE-GGKVTVKTEGGA-TLTVREDQVFPMNPPKYDKIEDMAMMT 97
.MYH4 VEVVDPKESYVKAIVQSRE-GGKVTAKTEAGA-TVTVKEDQVFSMNPPKYDKIEDMAMMT 95
.MYH1 VEVVDPKESFVKATVQSRE -GGKVTAKTEAGA-TVTVKDDQVFPMNPPKYDKIEDMAMMT 95
.MYH2 VEVAEPKESFVKGTIQSRE-GGKVTVKTEGGA-TLTVKDDQVFPMNPPKYDKIEDMAMMT 95
.MYH3 CFVVDSKEEYAKGKIKSSQ-DGKVTVETEDNR-TLVVKPEDVYAMNPPKFDRIEDMAMET 95
.MYH14 VWVPSELHGFEAAALRDEG-EEEAEV] LAESIRRLRLPRDQIQRMNPPKFSKAEDMAE T114
.MYH15 CWIPDGENAYIEAEVKGSEDDGTVIVETADGE-SLSIKEDKIQQMNPPEFEMIEDMAMET 92
.MYH16 CLVGT — == m———mmmmmm e 5
.smyhcl CFVPDPEVEYVKASITSRD-GDKVTVDTEYGK-TLTFKECDVHPOQNPPKFDKIEDMAMET 94
.smyhc?2 CFVPDPEVEYVKASVTSRD-GDKVTVETEFGK-TVTVKEVDCHPONPPKFDKIEDMAMET 94
.smyhc3 CFVPDADEEYLKATVISRD-GDKATCETSKGT-TVTVKECDVHPONPPKFDKIEDMAMET 94
.smyhc4 CFVPDADEEYLKATVISRD-GDKVTCETSKKT-TVIVKECDVHPONPPKFDKIEDMAMET 94
.smyhcb CFVPDTDEEYVKGSIISRD-GDKVTCETEKGK-TVTVKECDVHPONPPKFDKIEDMAMET 94
.myh7 CFVPDPDEEYVKASIVSRE-GDKVTVQTEKRK-TVIVKEADIHPOQNPPKFDKIEDMAMET 94
.myh71 CFVPDAIEEFVKATVVSRE—GDKVTVITQGGK—TVTVKEADVL INPPKFDKIEDMAMET 94
.myh6 CFVVDEKVEYVKGQIQNKD-GGKVTVKTEDGR-TVTVKDGDVHPONPPKFDKIEDMAMET 94
.myha CYVVDDKELYVKGTIKSRD-GGKVTVITLDTKEERVAKEEDVHPMNPPKFDKIEDMAMMT 96
.myhb YFVSEPKEMYLKGVLKSKE -GGKATVQTLCGKT-LTVKEDE IFPMNPPKFDKIEDMAMMT 95
.myhzl.1 CYVVDDKELYVKGTIKSKD-GGKVTVITLDTKEEKVVKEDDVHPMNPPKFDKIEDMAMMT 96
.myhz1l.2 CYVVDDKELYVKGTIKSRD-GGKVTVITLDTKEERVAKEDDVHPMNPPKFDKIEDMAMMT 96
.myhz1l.3 CYVVDDKELYVKGTIKSRD-GGKVTVITLDTKEERVAKEDDVHPMNPPKFDKIEDMAMMT 96
.myhz2 CYVVDDKELYVKGTIKSKD-GGKVTVVTLDTQTEKVVKEDDVHPMNPPKFDKIEDMAMMT 96
.myhc4 CYVVDDKELYVKGTIKSKD-GGKVTVITLDTKEERVVKEDDVHPMNPPKYDKIEDMAMMT 96
.myh7ba AWIPDDKDAYIEVEIKQID-GDRVEVETKDGK-CLTVKEDDIQQMNPPKFDLIEDMAMEIT 95
.myh7bb VWIPDEKEAYIEVEIKDTD-GDKVMVETKDGR-MLTVKEEDIQQOMNPPKFDLMEDMAMLT 95
.myh9a VWVPSEKLGFEAGSIKEET-GDECLVELADS@KKIKVNKDDIQKMNPPKFSKVEDMAELT 91
.myh9b VWVPSERLGFEAGSLKEEH-GDEVVVELADSEKKIRVNKDDIQKMNPPKFSKVEDMAENLT 88
.myhl10 VWVPSERHGFEAASIREER-GEEVLVELAENGKKAMVNKDDIQKMNPPKFSKVEDMAELT 97
.myhlla VWVPSEKHGFESASIKEEH-GDEVLVELMDNEKKITVNKDDIQKMNPPKFSKVEDMAELT 93
.myhllb VWIPSERDGFQSASIKEET-GNEVVVEL-DNEGQOKVTVSKDDIQKMNPPKFNKVEDMAALT 92

.myhl4 VWVPSEKHGFESASIREER-GDEVEVELTDS@RKLTLLREELQRMNPPRFSKVEDMADET 101
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MYHT FLHEPAVLYNEKDRYGSWNIYTYSGLECVTY | TPEVVARYRGKRRSE
ATP binding P-loop

.MYH7 LHEPAVLYNLKDRYGSWMIYTYSGLFCVTVNPYKWLPVYTPEVVAAYRGKKRSE----— 149
.MYH6 LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNAEVVAAYRGKKRSE-——-— 149
.MYH13 HLHEPAVLYNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYKPEVVAAYRGKKRQE--—--— 150
.MYH8 HLHEPGVLYNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYKPEVVAAYRGKKRQE-——-—— 152
.MYH4 HLHEPAVLYNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNPEVVTAYRGKKRQE————— 150
.MYH1 HLHEPAVLYNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNAEVVTAYRGKKRQE-—-—-—— 150
.MYH2 HLHEPAVLYNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYKPEVVTAYRGKKRQE---~-— 150
.MYH3 HLNEPAVLYNLKDRYTSWMIYTYSGLFCVTVNPYKWLPVYNPEVVEGYRGKKRQE————— 150
.MYH14 ILNEASVLHNLRERYYSGLIYTYSGLFCVVINPYKQLPIYTEAIVEIYRGKKR E————=— 169
.MYH15 HLNEASVLHTLKRRYGOWMIYTYSGLFCVTINPYKWLPVYQKEVMAAYKGKRRSE----~ 147
.MYH16 ———-—-KGSVGTMWTLCLSWHLLKRRGLKP-T-—-—-—————— SPMTLRGPAGSKMRRKASSL 50
.smyhcl LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYDSSVVKAYRGKKRTE - ——-—
.smyhc?2 LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNQEVVVAYRGKKRTE-----
.smyhc3 LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNQEVVVAYRGKKRSE-——-—
.smyhc4 LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNQEVVVAYRGKKRSE----—
.smyhc5 LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNQEVVLAYRGKKRSE----—
.myh7 LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNQEVVVAYRGKKRSE-
.myh71 LHEPAVLFNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYNQEVVIAYRGKKRTE -
.myh6 LHEPAVLFNLKERYTAWMIYTYSGLFCVTVNPYKWLPVYDADVVAAYRGKKRTE - ---—
.myha HLNEPSVLYNLKERYAAWMIYTYSGLFCATVNPYKWLPVYDAEVVAAYRGKKRME —————
.myhb HLNEPTVLYNLKERYAAWMIYTYSGLFCVTVNPYKWLPVYDAVVVSGYRGKKRIE -
.myhzl.1 HLNEPSVLYNLKERYAAWMIYTYSGLFCATVNPYKWLPVYDAEVVAAYRGKKRME -
.myhz1l.2 HLNEPSVLYNLKERYAAWMIYTYSGLFCATVNPYKWLPVYDAEVVAAYRGKKRME —
.myhzl.3 HLNEPSVLYNLKERYAAWMIYTYSGLFCATVNPYKWLPVYDAEVVAAYRGKKRME -
.myhz2 HLNEPSVLYNLKERYAAWMIYTYSGLFCATVNPYKWLPVYDAEVVAAYRGKKRME ——---—
.myhc4 HLNEPSVLYNLKERYAAWMIYTYSGLFCATVNPYKWLPVYDAEVVAAYRGKKRME ——--—
.myh7ba HLNEASVLFNLRRRYSSWMIYTYSGLFCVTVNPYKWLPVYTAPVVAAYKGKRRIE—
.myh7bb HLNEASVLEFNLSRRYSFWMIYTYSGLFCVTVNPYKWLPVYSSEVVAAYKGKRRSD-
.myh9a LNEASVLHNLRERYYSGLIYTYSGLFCVVINPYKYLPIYTEERVEMYKGKKREE -
.myh9b LNEASVLHNLKERYYSGLIYTYSGLFCVVINPYKNLPIYSEE@VDMYKGKKRHEE -
.myhl10 LNEASVLHNLKDRYYSGLIYTYSGLFCVVINPYKNLPIYSENBIEMYRGKKRHEE -
.myhlla LNEASVLHNLRERYYSGLIYTYSGLFCVVVNPYKMLPIYSEKMIEMYKGKKREE -
.myhllb LNEASVLHNLRERYFSGLIYTYSGLFCVVINPYKMLPIYSEKEIEMYKGKKRHEE -
.myhl4 LNEASVLHNLRERYYSGLIYTYSGLFCVVINPYKNLPIYTESHIEMYRGKKRHEE-----

. . . * x . * .
MYRT emeeoeeee RPPRIFSTSONAYQILTORENGSILIT < - VNIKRVIOYEAVIN

ATP binding P-loop
MYH7  —mmm————— APPHIFSISDNAYQIMLTDRENQSILITGESGAGKTVNTKRVIQYFAVIA199

—-APPHIFSISDNAYQ¥YMLTDRENQSILITGESGAGKTVNTKRVIQYFASIA 199

MYH13 - -—-APPHIFSISDNAYQFMLTDRDNQSILITGESGAGKTVNTKRVIQYFATIA 200
MYHS8 - —-APPHIFSISDNAYQFMLTDRENQSILITGESGAGKTVNTKRVIQYFATIA 202
MYH4 - —-APPHIFSISDNAYQFMLTDRENQSILITGESGAGKTVNTKRVIQYFATIA 200
MYH1 - ——-APPHIFSISDNAYQFMLTDRENQSILITGESGAGKTVNTKRVIQYFATIA 200
MYH2 - —-APPHIFSISDNAYQFMLTDRENQSILITGESGAGKTVNTKRVIQYFATIA 200
MYH3 - —-APPHIFSISDNAYQFMLTDRENQSILITGESGAGKTVNTKRVIQYFATIA 200
MYH14 - ——VPPHVYAVTEGAYRSMLIDREDQSILCTGESGAGKTENTKKVIQYLAHVA219
.MYH15  ——m—m————- APPHIFAVANNAFQDMLHNRENQSILFTGESGAGKTVNSKHIIQYFATIA 197
MYH16 GRSSLNRVTKSP-RRSPTRHSL-RRMISSR--———--—-——-—-—-—-—— THPNSTRPVTWQT-PS 93
.smyhcl = —----———--- APPHIFSISDNAYQNMMLSDRENQSVLITGESGAGKTVNTKRVIQYFASIA199
smyhc2 - —-APPHIFSISDNAYQ¥MLSDRENQSVLITGESGAGKTVNTKRVIQYFASIA 199
smyhc3 = ——-------= APPHIFSISDNAYQ¥MLSDRENQSILITGESGAGKTVNTKRVIQYFASIA 199
smyhcd = ———-——-—--= APPHIFSISDNAYQNMMLSDRENQSILITGESGAGKTVNTKRVIQYFASIA199
smyhc5 - ——-APPHIFSISDNAYQ¥MLSDRENQSILITGESGAGKTVNTKRVIQYFASIA 199
myh7 - —-APPHIFSISDNAYQ¥MLTDRENQSILITGESGAGKTVNTKRVIQYFASIA 199
myh71 - ——-APPHIYSISDNAYQ¥MLADRENQSILITGESGAGKTVNTKRVIQYFASIA 199
myh6 - ——-APPHIFSISDNAYQ¥MLTDRENQSVLITGESGAGKTVNTKRVIQYFASIA 199
myha =0 0———-————-- APPHIFSVSDNAYQFMLTDRENQSVLITGESGAGKTVNTKRVIQYFATVA 201
.myhb = === APPHIFSISDNAYQFMLTDRENQSILITGESGAGKTVNTKRVIQYFATIA 200
myhzl.1 - --APPHIFSVSDNAYQFMLTDRENQSVLITGESGAGKTVNTKRVIQYFATVA 201
myhzl.2 - —-APPHIFSVSDNAYQFMLTDRENQSVLITGESGAGKTVNTKRVIQYFATVA 201
.myhz1.3 ~  ——-——————- APPHIFSVSDNAYQFMLTDRENQSVLITGESGAGKTVNTKRVIQYFATVA 201
.myhz2 = —————————- APPHIFSVSDNAYQFMLTDRENQSVLITGESGAGKTVNTKRVIQYFATVA 201
myhcd = @ —————————= APPHIFSVSDNAYQFMLTDRENQSVLITGESGAGKTVNTKRVIQYFATVA 201
.myh7ba = -——=——————- APPHIYSTIADNAYNDMLRNRENQSMLITGESGAGKTVNTKRVIQYFAIVA 200
.myh7bb = = VPPHIYSIADNAYNDMLKNRENQSMLITGESGAGKTVNTKRVIQYFAITIA 200
myh%a = ————————— MPPHIYAITDTAYRSMM@DREDQSILCTGESGAGKTENTKKVIQYLAYVA 196
.myhSp = - MPPHIYAITDTAYRSMM@DREDQSILCTGESGAGKTENTKKVIQYLAHVA 193
.myhl0 = = MPPHIYAISESAYRCMLEDREDQSILCTGESGAGKTENTKKVIQYLAHVA 202
myhlla = —-——--——--- VPPHIYSITDNAYRNMM@DREDQSILCTGESGAGKTENTKKVIQYLAVVA 198
.myhllb = -—————————- VPPHIYSVTDNAYRNMI@-------————-———— GKTENTKKVIQYLAVVA 182
.myhld = - MPPHIYAISEAAYRSML@DREDQSILCTGESGAGKTENTKKVIQYLAHVA 206
Ko e e e . .

* . * .
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Dr.
.myhllb
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A1 GDRS KD

OANPALEAFGNAKTVRNDMICE]

Loop 1 Switch 1
GDRSK-KD-—---- Q--SPGKGTLEDQII-—---———————— QANPALEAFGNAKTVRND 239
GDRGK-KD-——--- N-ANANKGTLEDQII-—---—-——=—-——-— QANPALEAFGNAKTVRND 240

VTGDKK--KE--——-— TQPGKMQGTLEDQII-——-————————— QOANPLLEAFGNAKTVRND 241

VIGEKKK-D-—-——-- ESGKMQGTLEDQII--——-—-—-—-—-—— SANPLLEAFGNAKTVRND 242

VIGEKKK-EE----- PASGKMQGTLEDQII--———-——————— SANPLLEAFGNAKTVRND 242

VIGEKKK-EE----- VTSGKMQGTLEDQII-—=-—=-———=-——— SANPLLEAFGNAKTVRND 242

VIGEKKK-EE----- ITSGKIQGTLEDQII--———-—-———-——— SANPLLEAFGNAKTVRND 242

ATGDLAK-K-—-—-——--— KDSKM.GTLEDQII ———————————— SANPLLEAFGNAKTVRND 240

SIPKGRKEPGV —————————— PGELERQLL--—-————————— QOANPILEAFGNAKTVKND 257

AMIES---—-————————— RKKQGALEDQIM--———-———-—-——— QANTILEAFGNAKTLRND 232

-MRPVS-TIC----- ANATPT-GSIPTRACSA-RSTPTSGCPSTGPVWLTCTRA---RSA 141

AVS-G-K-KD----- A-ASEKKGTLEDQII--————-———-——— QOANPALEAFGNAKTIRND 238

AAPGG-K-KD----- P-SQEKKGTLEDQII--———-—-———-——— QCNPALEAFGNAKTIRND 239

ASP-T-K-K-——-——- E-TTEKKGTLEDQII-—--—-————-——— QCNPALEAFGNAKTIRND 237

AGS-S-K-KD----- S-SSEKKGTLEDQII--———-———=——— QOCNPALEAFGNAKTIRND 238

ASP-T-K-K-—--—- E-TTEKKGTLEDQII-—--—-——————— QCNPALEAFGNAKTIRND 237

AGGS--A-KK- GTLEDQII-- --QANPALEAFGNAKTIRND 238

ASGGK-K---- GTLEDQII-- —--QANPALEAFGNAKTIRND 237

AAGGSAG-K-—-————— GTLEDQII--—-—---——-—-—— QANPALEAFGNAKTLRND 238

VQGGDKK-KE--—-—- QTPGKMQGSLEDQIT-—-—-———=———— AANPLLEAYGNAKTVRND 243

VAGKQK--QE-----PIPGKMQGSLEDQII-— -AANPLLEAYGNAKTVRND 241

VQGPEKK-KE-----QASGKMQGSLEDQII-- ~AANPLLEAYGNAKTVRND 243

VQGPEKK-KE-----QAAGKMQGSLEDQII-- -~AANPLLEAYGNAKTVRND 243

VOGPEKK-KE-----QAAGKMQGSLEDQII-— -AANPLLEAYGNAKTVRND 243

VQGGDKK-KE--—-—-- QAAGKMQGSLEDQII--—-———-=—-——— AANPLLEAYGNAKTVRND 243

VQGGDKK-KE----- QAPGKMQGSLEDQITI-—--———=———— AANPLLEAYGNAKTVRND 243

ALGEA-----— —-AAKKGGTLEDQII-- -EANPAMEAFGNAKTLRND 236
ALGEA--——---— —GGKKGGTLEDQII-- -EANPAMEAFGNAKTLRND 236
SEFKTKKDQSS-— —-IALSHGELEKQLL-- -QANPILEAFGNAKTVKND 238
SPHKTKKDQSS—-—-—-— SVLSHGELEKQLL-- -QANPILEAFGNAKTVKND 235
SBHKGRKDHNIPPESPKAVKLQGELERQLL-- -QANPILESFGNAKTVKND 250
SBHKGKKDMS AGELEKQLL-- -QANPILEAFGNAKTIKND 235
SBHKGKKEAT SGELEKQLL-- -QANPILEAFGNAKTIKND 219
SBHKSGT-LGRPKDTVVQTVQYGELERQLL--————-———-——— QANPILEAFGNAKTVKND 253
* . . * . * .

Switc 1

NSSREFGKFIRIHFGATGKLASADIETYLLEK-————————————————————————————
NSSRFGKFIRIHFGATGKLASADIETYLLEK--
NSSRFGKFIRIHFGATGKLASADIETYLLEK--
NSSRFGKFIRIHFGTTGKLASADIETYLLEK--
NSSRFGKFIRIHFGATGKLASADIETYLLEK--
NSSRFGKFIRIHFGTTGKLASADIETYLLEK--
NSSRFGKFIRIHFGTTGKLASADIETYLLEK--
NSSRFGKFIRIHFGTTGKLASADIETYLLEK--
NSSRFGKFIRINFDVAGYIVGANIETYLLEK--

NSSRFGKFIRIHFGVSGKLSSADIETYLLEK--
NSSRFGKFIRIHFAASGKLASADIETYLLEK----—----—--—-—-————————————————
NSSRFGKFIRIHFAASGKLASADIETYLLEK---—-————-———-————-——————————————
NSSRFGKFIRIHFAANGKLASADIETYLLEK--
NSSRFGKFIRIHFGASGKLASADIETYLLEK--
NSSRFGKFIRIHFDTRGKLASADIETYLLEK--
NSSRFGKFIRIHFGTSGKLSSADIETYLLEK--
NSSRFGKFIRIHFGTTGKLASADIETYLLEK-—-—--=--—————————————————————
NSSRFGKFIRIHFGTTGKLASADIETYLLEK---—-———-—-—-——-——-————————————————
NSSRFGKFIRIHFGTSGKLASADIETYLLEK--—
NSSRFGKFIRIHFGTSGKLASADIETYLLEK--
NSSRFGKFIRIHFGTSGKLASADIETYLLEK---—-————-——-——————————————————
NSSRFGKFIRIHFGTSGKLASADIETYLLEK-————————————————————————————
NSSRFGKFIRIHFGTTGKLASADIETYLLEK-—-=--=-—-—————————————————————
NSSRFGKFIRIHFGPTGKLASADIDIYLLEK---————-—-——--——————————————————
NSSRFGKFIRIHFGPTGKLASADIDIYLLEK-—-———————————————————————————
NSSREFGKFIRINFDVNGYIVGANIETYLLEK-—=-==--=-——-———————————————————
NSSRFGKFIRINFDVNGYIVGANIETYLLEK-----------—--—-—-——————————————
NSSREFGKFIRINFDVTGYIVGANIETYLLEK-—-—-——————————————————————————
NSSRFGKFIRINFDVTGFIVGANIETYLLEK----—--—-—-—---——————————————————
NSSRFGKFIKINFDNTGYIVGANIETYLLEK---—-————-——-———-———————————————
NSSREFGKFIRINFDVAGYIVGANIETYLLEK-————————————————————————————

* . .

* .
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SRVIFQLKAERDYHTFYQILSNKKPELLDMLLITNNPYDYAFTSQGETTVASTDDAEEIM

SRVIFQLKAERDYHIFYQILSNKKPELLDMLLITNNPYDYAFISQGETTVASIDDAEELM 330
SRVIFQLKAERNYHIFYQILSNKKPELLDMLLVTNNPYDYAFVSQGEVSVASIDDSEELM 331
SRVTFQLSSERSYHIFYQIMSNKKPELIDLLLISTNPFDFPFVSQGEVTVASIDDSEELL 332
SRVTFQLKAERSYHIFYQITSNKKPDLIEMLLITTNPYDYAFVSQGEITVPSIDDQEELM 333
SRVTFQLKAERSYHIFYQILSNKKPELIEMLLITTNPYDFAFVSQGEITVPSIDDQEELM 333
SRVTFQLKAERSYHIFYQIMSNKKPDLIEMLLITTNPYDYAFVSQGEITVPSIDDQEELM 333
SRVVFQLKAERSYHIFYQITSNKKPELIEMLLITTNPYDYPFVSQGEISVASIDDQEELM 333
SRVTFQLKAERSYHIFYQILSNKKPELIELLLITTNPYDYPFISQGEILVASIDDAEELL 331
SRAIRQIKDECSFHIFYQLLGGAGEQLKADLLL—EPCSHYRFLTNGPSSSPGQ—ERELFQ346
SRVIFQQAGERNYHIFYQILSGQK-ELHDLLLVSANPSDFHFCSCGAVTVESLDDAEELL 322
RRGLWRIKSSRQTLC-WRPLGTPRPPGTTTPLASASSSESTLEPQGNW-————-——--—— LE249
SRVTYQLKAERDYHIFYQILSQKKPELLEMLLITNNPYDYSYISQGETQVASIDDAEELTI 329
SRVTYQLKAERDYHIFYQILSQRKPELLEMLLITNNPYDYSYISQGETQVASIDDRDELI 330
SRVTFQLKAERDYHIFYQILSQKKPELLEMLLITANPYDYAFISQGETQVASINDADELM 328
SRVTFQLKAERDYHIFYQILSQKKPELLEMLLITANPYDYAFISQGETQVASIDDSDELM 329
SRVTFQLKAERDYHIFYQILSQKKPELLEMLLITANPYDYAFISQGETQVASINDADELM 328
SRVTFQLKAERDYHIFYQILSQRKPELLEMLLITNNPYDYAYISQGETTVASINDGEELL 329
SRVTFQLKAERDYHIFYQILSNKKPEILEMLLVTSNPYDYAFISQGETTVPSIDDSDELM 328
SRVTFQLKSERNYHIFFQILSNEKPELLDMLLITNNPYDYSYISQGEVTVSSINDNEELI 329
SRVTFQLPDERGYHIFYQMMTNHKPELIEMTLITTNPYDFPMCSQGQITVASIDDKEELV 334
SRVTFQLSAERSYHIFYQLCTGHKPELLEALLITTNPYDYPMISQGEITVKSINDVEEFTI 332
SRVTFQLPDERGYHIFYQMMTNHKPELIEMTLITTNPYDFPMCSQGQITVASIDDKEELV 334
SRVTFQLPDERGYHIFYQMMTNHKPELIEMTLITTNPYDFPMCSQGQITVASIDDKEELV 334
SRVTFQLPDERGYHIFYQMMTNHKPELIEMTLITTNPYDFPMCSQGQITVASIDDKEELV 334
SRVTFQLPDERGYHIFYQMMTNHKPELIEMTLITTNPYDFPMCSQGQITVASIDDKEELV 334
SRVTFQLPDERGYHIFYQMMTNHKPELIEMTLITTNPYDFPMCSQGQITVASIDDKEELM 334
SRVIFQOPGERSYHIYYQIMSQKKPELLDMLLVSSNPYDYHFCSQGVTTVENMDDGQELM 327
SRVIFQQTGERSYHIYYQILSHRKPELQDMLLVSSNPFDYHFCSQGVITVDNMDDGDELL 327
SRAIRQAKDERAFHIFYYLLTGAGDKLRSELCL-EDYNKYRFLSNGNVTIPGQQDRELFA 328
SRAIRQAKEERTFHMFYYMLTGVGDKLRSELCL-EGYNKYRFLSNGNVTIPGQQDRDMYV 325
SRAIRQBKDERTFHVFYQLLAGAGEHLRSDLLL-EGFNSYRFLSNGNIPIPGQQDKDNFEFQ 340
SRCIRQAKTERAFHIFYYMVAGTKDKLREELLL-ENFNNYRFLSAGHVQIPGNQDDEMYD 325
SRCIRQAKIERSFHIFYYMVAGAKDKMREELLL-EDFANYRFLVAGHVQVQONQQODDEMLE 309
SRAIRQBKDERTFHIFYQLLSGATEAMRKELLL-GGADQYRFLCGGSLPVPGQSDSENFET 343
* . . *

N, < - < - L.<OREE0AE DG T N
oop 4

ATDNAFDVLGFTSEEKNSMYKLTGAIMHFGNMKFK-LKQREEQAEPDGTEEADKSAYLMG 389
ATDSAFDVLGFTSEEKAGVYKLTGAIMHYGNMKFK-QKQREEQAEPDGTEDADKSAYLMG 390
ATDNAIDILGFSSEEKVGIYKLTGAVMHYGNMKFK-QKQREEQAEPDGTEVADKAGYLMG 391
ATDSAIDILGFTPEEKVSIYKLTGAVMHYGNMKFK-QKQREEQAEPDGTEVADKAAYLQS 392
ATDSAVDILGFTADEKVAIYKLTGAVMHYGNMKFK-QKQREEQAEPDGTEVADKAAYLTS 392
ATDSAIEILGFTSDERVSIYKLTGAVMHYGNMKFK-QKQREEQAEPDGTEVADKAAYLQON 392
ATDSAIDILGFTNEEKVSIYKLTGAVMHYGNLKFK-QKQREEQAEPDGTEVADKAAYLQS 392
ATDSAIDILGFTPEEKSGLYKLTGAVMHYGNMKFK-QKQREEQAEPDGTEVADKTAYLMG 390
ETLESLRVLGFSHEEIISMLRMVSAV] FGNIALKRERNTDQATMPD—NTIA.KLCRLLG405
ATEQAMDILGFLPDEKYGCYKLTGAIMHFGNMKFK-QKPREEQLEADGTENADKAAFLMG 381
PT-RAIS--—-—--———————————————— RNLVSSHSKQPR--—---—— EATTSSTRFSQ278
ATDDAFDVLGFTQDEKSGIYKLTGAIMHFGNMKFK-QKQREEQAEADGTEDADKVAYLMG 388
ATDEAFDVLGEFTQEEKNSIYKLTGAIMHYGNMKFK-QKQREEQAEADGTEDADKVAYLMG 389
ATDEAFDVLGFTQEEKNSIYKLTGAIMHYGNMKFK-QKQREEQAEADGTEDADKSAYLMG 387
ATDEAFDVLGFTQEEKNSIYKLIGAIMHYGNMKFK-QKQREEQAEADGTEDADKSAYLMG 388
ATDEAFDVLGFTQEEKNSIYKLIGAIMHYGNMKFK-QKQREEQAEADGTEDADKSAYLMG 387
ATDEAFDVLGFTQEEKNGIYKLIGAIMHFGNMKFK-QKQREEQAEADGTEDGDKVAYLMG 388
ATDSAFDILGFTQEEKNSVYKLTGAIMHYGNMKFK-QKQREEQAEADGTEDADKSAYLMG 387
ATDKAFDVLGFTSEEKMGVYKLTGAIMHYGNMKFK-QKQREEQAEPDGTEDADKAAYLMG 388
ATDTAIDILGFTGEEKMGIYKFTGAVLHHGNMKFK-QKQREEQAEPDGTEEADKISYLLG 393
ATDTAIDILGFNAEEKVGIYKLTGAVMHHGNMKFK-QKQREEQAEPDGTEVADKIAYLLG 391
ATDTAIDILGFNNEEKMGIYKFTGAVLHHGNMKFK-QKQREEQAEPDGTEEADKIGYLLG 393
ATDTAIDILGENNEEKMGIYKFTGAVLHHGNMKFK-QKQREEQAEPDGTEEADKIGYLLG 393
ATDTAIDILGFNAEEKMGIYKFTGAVLHHGNMKFK-QKQREEQAEPDGTEEADKIAYLLG 393
ATDTAIDILGFTGEEKMGIYKFTGAVLHHGNMKFK-QKQREEQAEPDGTEEADKIAYLLG 393
ATDSAIDILGFTGEEKMGIYKFTGAVLHHGNMKFK-QKQREEQAEPDGTEEADKISYLLG 393
ATDHAMDILGFTPEEKYGCYKIVGAIMHFGNMKFK-QKQREEQAEADGTESADKASYLMG 386
ATDHAMDTLGFTPEEKYGCYKIVGGIMHFGNMKFK-VKQREEQAEADGTESADKASYLMG 386
ETIDAFRIMGIPEDEQTGLLKVVSA LGNMSFKKERNSDQASMPD-DT] KVSHLLG 387
ETVEAMRIMGFSEEEHVGLLRVISSVE@LGNMSFKKERHSDQASMPD-DT] [KVCHLMG 384
ETMEAMHIMSEFNHEEILSMLKVVSAVE@FGNIVEKKERNTDQASMPE-NT] [KLCHLLG 399
ETMEAMEIMGFSVEERADVLKVVST LGNIEFKKERNQEQATMPD-NT] [KVCHLQG 384
ETLEAMEVLGFNEEERIGMFKICSTVE@LGNIEFKAEKNQEQASMPD-NT] KVCHLQG 368
QTMDSMTIMGEFTQEESTSMLKVISSVE@FGNITFHKEKNTDQASMPD-DT] KLCHLLG 402
* . . .

* .
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N

N

RO PRVKVEN - ——— ——————— EYVIKG----——-------————————— o416
HCM loop

LNSADLLKGLCHPRVKVGN----—==-=-— EYVTKG—---——===—===————————— QN 416
LNSADLLKGLCHPRVKVGN---==-=-==— EYVTKG--—=—=====————=——————— Q5417
LNSAEMLKGLCCPRVKVGN----------— EYVTKG-———=————————————————— ON418
LNSADLLKALCYPRVKVGN----------— EYVTKG—---——===—=—=————————— QT419
LNSADLLKSLCYPRVKVGN---====-=-— EFVTKG--————=—=————————————— QT419
LNSADLLKALCYPRVKVGN-——-=-----— EYVTKG-—————=—————=—————=——— Qr419
LNSADLLKALCYPRVKVGN----—==---— EYVTKG—-—-——===—===————————— QT419
LNSSDLLKALCFPRVKVGN---====-==— EYVTKG--—=—======——————————— Qra17
LGVTDESRALLT PREKVCE----------- DYVQKA-—=——————————————————— QT 432
INSSELVKCLIHPRIKVGN----—-—-=-— EYVTRG----——=====—=————————— QT 408
TRSLNLLRVCCWSPTLRNTTG-AKASPLWTTWMTRRSCRSQMKPLTYWASAPRRRWPCIS 337
LNSADLIKGLCHPRVKVGN----=---=-— EWVTKG--————-==————————————— QN415
LNSADLIKGLCHPRVKVGN------=-=-— EWVTKG——-=——=—==———————————— QN 416
LNSADLIKALCHPRVKVGN---==-====— EWVTKG—-————=—===——————————— oN4l4
LNSADLIKALCHPRVKVGN----=---=-— EWVTKG-—————===————————————— QN415

MNVTDETRAILSP
MNVTDETRAILSP
MNVMEBTRAILSP
INVTDETRAILTP.
INVTDETKAMLTPK]
ISVLEESRAILTP

VOQVIYATGALAKA--VYERM MVTRINATLET-KQPRQYFIGVLD----IAGFEIFD 469
VOQQVYYSIGALAKA--VYEKM MVTRINATLET-KQPRQYFIGVLD----IAGFEIFD470
VQQVTNSVGALAKA--VYEKMFLWMVTRINQQLDT-KQPRQYFIGVLD----IAGFEIFD471
VQQVYNAVGALAKA--VYEKMFLWMVTRINQQLDT-KQPRQYFIGVLD----IAGFEIFD472
VQQVYNAVGALAKA--IYEKMFLWMVTRINQQLDT-KQPRQYFIGVLD----IAGFEIFD472
VQQVYNAVGALAKA--VYDKMFLWMVTRINQQLDT-KQPRQYFIGVLD----IAGFEIFD472
VEQVSNAVGALAKA--VYEKMFLWMVARINQQLDT-KQPRQYFIGVLD----IAGFEIFD472
VDQVHHAVNALSKS --VYEKLFLWMVTRINQQLDT-KLPRQHFIGVLD----IAGFEIFE 470
KEQIDFALEALAKA——TYERLFRWLVLRLNRALDRSPRQGASFLGILD————IAGFEIFQ486
IEQVTCAVGALSKS--MYERMFKWLVARINRALDA-KLSRQFFIGILD----ITGFEILE 461
-REVSCTLGT-SSSRSPETSKLKWTPLRWL----T-KSPISWVSTLVNCRKALPGPES-- 388
VQQVYYSIGALAKS--VYEKMFLWMVVRINQSLDT-KQPRQYFIGVLD----IAGFEIFD468
VOQVYYSIGALAKS--VYEKMFLWMVVRINQSLDT-KQPRQYFIGVLD----IAGFEIFD469
VQQVYYAIGALSKS--VYEKMFLWMVVRINQSLDT-KQPRQYFIGVLD----IAGFEIFD467
VQQVYYAIGALSKS--VYEKMFLWMVVRINQSLDT-KQPRQYFIGVLD----IAGFEIFD 468
VOQVYYAVGALSKS--VYEKMFLWMVVRINQSLDT-RQPRQYFIGVLD----IAGFEIFD467
VQQVYYAIGALAKS--VYEKMFLWMVVRINQSLDT-KQPRQYFIGVLD----IAGFEIFD 468
VQQVNYAIGALSKA——VYEKMFLWMVVRINQSLIT—KQPRQYFIGVLD————IAGFEIFD467
VDQVYYSIGALAKS——VYEKMF.WMVVRINQSLDT—KQHRQYFIGVLD————IAGFEIFD468
VPQVYNSVSALSKS--IYERMFLWMVIRINQMLDT-KQQRNFFIGVLD----IAGFEIFD473
VPQVNNATMALCKS --VYEKMFLWMVVRINEMLDT-KQPRQFFIGVLD----IAGFEIFD471
VPQVYNSVSALSKS--IYERMFLWMVVRINQMLDT-KQQRNFFIGVLD----IAGFEIFD473
VPQVYNSVSALSKS --IYERMFLWMVVRINQMLDT-KQQRNFFIGVLD----IAGFEIFD473
VPQVYNSVSALSKS--IYERMFLWMVIRINQMLDT-KQQRNFFIGVLD----IAGFEIFD473
VPQVYNSVSALSKS--IYERMFLWMVIRINQMLDT-KQQRNFFIGVLD----IAGFEIFD473
VPQVYNSVSALSKS --IYEKMFLWMVIRINQMLDT-KQQRNFFIGVLD----IAGFEIFD473
VEQVNYAVGALAKA--TYDRMFKWLVGRINRTLYT-ALPRQFFIGVLD----IAGFEIFE 466
VEQVTYAVGALAKA--TYDRMFKWLVGRINKTLYT-AIPRQFFIGVLD----IAGFEIFE 466
QEQBEFAVEALAKA--TYERLFRWLVMRINKALDKTKRQGASFIGILD----IAGFEIFE 468
QEQAEFAVEALAKA--TYERMFRWLVMRINKALDKTKRQGASFIGILD----IAGFEIFE 465
KEQADFAVEALAKA--TYERLFRWLVHRINKALDRTKRQGASFIGILD----IAGFEIFQ480
KEQBDFAIEALAKA--MYERLFRWILLRVNKALDKTKRQGASFLGILD----IAGFEIFE 465
KEQADFAVEALAKA--MYDRLFRWILGRVNKALDKTKRQGASFIGILD----IAGFEIFE 449
KOQADFAVEALAKA--TYERLFRWLVHRINRALDRRQRQGASFIGILD----IAGFEIFQ483
. . . . . * ok

* * .
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N

ENSFEQLCINE NEXLoorFNHAMEVLEQEE YK KE [ -

Relay
FNSEEQLCINF----— TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLQACIDLI 524
FNSEEQLCINEF---—— TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLQACIDLI 525
FNSLEQLCINF-—---- TNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLAACIELI 526
FNSLEQLCINF----- TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLAACIELI 527
FNSLEQLCINF----— TNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLAACIELI 527
FNSLEQLCINF-—---- TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLAACIELI 527
FNSLEQLCINF----- TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLAACIELI 527
YNSLEQLCINF-—--- TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLAACIELI 525
LNSFEQLCINY-—---- TNEKLQQLFNHTMFVLEQEEYQREGIPWTFLDFGLDLQPCIBDLI 541
YNSLEQLCINF-—---- TNEKLQQFFNWHMFVLEQEEYKKESIEWVSIGFGLDLQACIBLIS516
~KLAMSLCKKARTWNSAKTPLGLWARLSMTRCSSGWWPGLTRPWTPRCRGSSSLECWTSL 447
FNTEEQLCINF-—---- TNEKLQQFFNHHMFVLEQEEYKKEGIDWEFIDFGMDLQACIELI 523

FNTEEQLCINF- -TNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLQACIELI 524
FNTEEQLCINF- -TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLOQACIDLI 522
FNTEEQLCINF-—---- TNEKLQQFFNHHMFVLEQEEYKKEGIDWEFIDFGMDLQACIBLI 523
FNTEEQLCINF----— TNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLQACIDLI 522
FNTEEQLCINFEF- -TNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLOACIBLI 523
FNTEEQLCINF- ~TNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLQACIBLI 522
FNTEEQLCINF- ~-TNEKLQQFFNHHMFVLEQEEYKKEGIDWEFIDFGMDLQSCIBLI 523

FNSMEQLCINF- -TNEKLQQFFNHHMFVLEQEEYKKEGIVWEFIDFGMDLAACIELI 528
FNSLEQLCINF- —-TNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLAACIELI 526
FNSMEQLCINF- ~-TNEKLQQFFNHHMFVLEQEEYKKEGIVWEFIDFGMDLAACIELI 528
FNSMEQLCINF- -TNEKLQQFFNHHMFVLEQEEYKKEGIVWEFIDFGMDLAACIELI 528
FNSMEQLCINF- -TNEKLQQFFNHHMFVLEQEEYKKEGIVWEFIDFGMDLAACIELI 528
FNSMEQLCINF----- TNEKLQQFFNHHMFVLEQEEYKKEGIVWEFIDFGMDLAACIELI 528
FNSMEQLCINF----— TNEKLQQFFNHHMFVLEQEEYKKEGIVWEFIDFGMDLAACIELI 528

LNSEEQLCINF-
FNNEEQMCINF-
LNSEEQLCINY-
LNSEEQLCINY-
LNSEEQLCINY-
NNSEEQLCINY-
DNSEEQLCINY-

-TNEKLQQFFNHHMFILEQEEYKREGIEWTFIDFGLDLQACIBLI 521
~-TNEKLQQFFNHHMFILEQEEYKTEGIEWTFIDFGLDLQACIBPLI 521
-TNEKLQQLFNHTMFILEQEEYQREGIEWSFIDFGLDLOPCIELI 523
~TNEKLQQLFNHTMFILEQEEYQREGIEWSFIDFGLDLEPCIBLI 520
~-TNEKLQQLFNHTMFILEQEEYQREGIEWSFIDFGLDLEPCIBLI 535
-TNEKLQQLFNHTMFILEQEEYQREGIEWNFIDFGLDLOPCIELI 520
~TNEKLQQLFNHTMFILEQEEYKKEGIEWSFIDFGLDLEPCIELI 504

LNSEEQLCINY-—---- TNEKLQQLFNHTMFVLEQEEYQREGIEWNFIDFGLDL PCIILI538
. .k . .. * * . * * .

*

B-EoE

SILEEECMF--
SILEEECMF—-——-—=-———————————————————
SILEEECMF-—————--——————————————————
SILEEECMF--
SILEEECMF--
SILEEECMF--
SILEEECMF--

-I- —--FSILEEECMF--

-I- --FSILEEECMF--

T-———m - FSILEEECMF-—————————————————————————

IT-——————————- FSILEEECMF-—————————————mm - ————

I-———— = BHSILEEECMF —==—=======m————— e ————— e
E-KPLG----- T-——————— == MSTLEEECMF ———— === === —mmmmmm e
E-KPLG----- I-———— = LSILEEECMF ————————m e
E-KPNGPPG--I--—-—-—-—-——-— LALLBEECWF--——— -
E-KPASPPG--I----——-—-————— LALLEMEECWF————————— e
E-RPANPPG--V-=—————————— LALLBEECWF ——————— e
E-RPNNPPG--I---—=——-——=——— LALLPEECHF ——————— e
E-RPNNPPG--I----——-—————— LALLBEECWF ——————————— e

v

E-RPAHPPG--V--=—======—~ TALLBEECHE — === == === == — ==
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O [ CUREE I
Loop 3
---PKATDMTFKAKLFD---—-————————— HLGKSANFQKPRNIK-GKPEAHFSLIHY 582
--—-PKAT DIFKIKLYD —————————————— IHLGKSNNFQKPINIK—GKQEAHFSLIHY 583
—--—-PKATDTSFKNKLYD---—-———-—————— QHLGKSNNFQKPKPAK-GKAEAHFSLVHY 584
---PKATDTSFKNKLYD---—--—-———-——— QHLGKSANFQKPKVVK-GKAEAHFSLIHY 585
--—-PKATDTSFKNKLYE---—-————————— QHLGKSNNFQKPKPAK-GKPEAHFSLVHY 585
--—-PKATDTSFKNKLYE---—-—-—-——-—-——— QHLGKSNNFQKPKPAK-GKPEAHFSLIHY 585
---PKATDTSFKNKLYD---—--——-—————— QHLGKSANFQKPKVVK-GKAEAHFALIHY 585
--—-PKATDTSFKNKLYD---—-——=——=——— QHLGKSNNFQKPKVVK-GRAEAHFSLIHY 583
—-——-PKATDKSFVEKVAQ--—-—-—————————— EQGGHPKFQRP.HLR———DQADFSVLHY599
———PKATDLIFKTKLFD —————————————— IHFGKSVHLQKPKPDK—KKFEAHFELVHY574

WKSPWASSPSWRNSASSPKPPMPRSRQPCTTTTWASPATS-SPRGARARGP--RSTSSWE 564

-—-PKASDQ HLGKNPTFQKPRIVK-GRPEAHFALVHY 581
——-—-PKASDA HLGKNPNFQKPRIVK-GRPEAHFALVHY 582
——-—-PKASDA HLGKSNNFQKPRIVK-GKPEAHFSLVHY 580
———-PKASDA HLGKSNNFQKPRIVK-GKPEAHFSLVHY 581
——-—-PKASDA HLGKSNNFQKPRIVK-GKPEAHFSLVHY 580
-—-PKASDS| HLGKSNNFQKPRAIK-GKPESHFSLVHY 581
——-PKASDA HLGKSNNFQKPRLVK-GKPEAHFALVHY 580
—-—-PKASDQ HLGKTNIFQKPRAVK-GKAEAHFALSHY 581
—-—-PKATDTSFKNKLYD- -QHLGKCNAFQKPRPQK-GKAEAHFSLVHY 586
———PKATDTIFKNKLHD— -~QHLGKTNCFQKPKPAK-GKAEAHFSLVHY 584
—-—--PKATDTSFKNKLYD- -QHLGKCNAFQKPKPAK-GKAEAHFSLVHY 586
—-—-PKATDTSFKNKLYD- -QHLGKCNAFQKPKPAK-GKAEAHFSLVHY 586
-—--PKATDTSFKNKLYD- -QHLGKCNAFQKPKPAK-GKAEAHFSLVHY 586
-—--PKATDTSFKNKLYD---—-——-—-————-—— QHLGKCNAFQKPKPAK-GKAEAHFSLVHY 586
—--PKATDVSFKNKLYD-----——-==———-—— QHLGKCNAFQKPRPQOK-GKAEAHFSLVHY 586
—-—--PKATDNSFKAKLFD- -NHLGKSANFQKPRPDKKRKYEAHFELVHY 580
—--—-PKATESSFKAKLYD- LLGKSPNFLKPRPDKKRKYDTHFELVHY 580
—--PKATDKSFVEKVVQ- —ELGNNPKFQKPKKLK---DDADFCIIHY 581
—-—--PKATDKSFVEKVLQ- --EQGTHPKFHKPKKLK---DEADFCIIHY 578
———PKATDKIFVDKLVQ— ——EQGTHGKFQKP.QLK———DKADFCIIHY593
—--PKATDVSFVEKLCN- --THANHTKFAKPKQLK---DKTEFSVQHY 578
-—--PKATDVSFVEKLTN- --THSSHCKFSKPKNLK---EKTFFTVQHY 562
—-—-PRATDRSFVDKLSA---—-————————-— EQGSHSKFMRP.QLK———EEADFSIIHY596
.. * . . .

*okrL

Loop 2
AGIVDYNI---IGWLQKNKDPLNETVVGLYQKSSLKLLSTLFANYAGADAP-I-—-—--— 631

AGTVDYNI---LGWLEKNKDPLNETVVALYQKSSLKLMATLFSSYATADTGDS —-— -633
AGTVDYNI---AGWLDKNKDPLNETVVGLYQKSSLKLLSFLFSNYAGAET-GDSG-----635
AGTVDYNI---TGWLDKNKDPLNDTVVGLYQKSAMKTLASLFSTYASAEA---DS-----634
AGTVDYNI---AGWLDKNKDPLNETVVGLYQKSAMKTLAFLFSGAQTAEAE--GG-----635
AGTVDYNI---AGWLDKNKDPLNETVVGLYQKSAMKTLALLFVGATGAEAE--AG-----635
AGVVDYNI---TGWLEKNKDPLNETVVGLYQKSAMKTLAQLFSGAQTAEGEGAGG----- 637

—~SGWLEKNKDPLNETVVGLYQKSSNRLLAHLYATFATADA---DS----— 632
—NEWLMKNIDPLNDIVAALLHQSTDRLTAEIWKDVEGIVILEQVSSLGDG656
AGVVPYNI---SGWLEKNKDLLNETVVAVEQKSSNRLLASLFENYMSTDSAIPF-—---—

TTQAPWDITSQAGWRRTKTP-MK-—---QWWACSRNRVWQSW--PFSSKKRRLOP-—
AGTVDYNI---SNWLVKNKDPLNETVVGLFQKSTVKLLSFLFAGYSGADSAQDSK-
AGTVDYNI---SNWLVKNKDPLNETVVGLFQKSTLKLLGTLFANYAGAESADSGG--
AGTVDYNI---NNWLVKNKDPLNETVVGLYQKSTMKMLSILFANYAGAESAAEGG—-—--—
AGTVDYNI---NNWLVKNKDPLNETVVGLYQKSTMKLLSNLFAGYAGAE ---SGG—-—--—
AGTVDYNI---NNWLVKNKDPLNETVVGLYQKSTMKLLSNLFANYTGADLAMEGG—-
AGTVDYNI---NNWLVKNKDPLNETVVGLFQKSTVKLLSMLFANYAGTESD-NGK--
AGTVDYNI---NNWLVKNKDPLNETVVGLYQKSSLKLLSNLFANYAGADSATGDG--
AGTVDYNI---AGWLVKNKDPLNETVVGLYQKSSLKLLSLLFSSYAGSDGGEKSG—
AGTVDYNV---SGWLDKNKDPLNESVVQLYQKSSVKLLATLYPPV--VED---T--—---—
AGTVDYNI---SGWLDKNKDPLNDSVVQLYQKSSVKLLCHLYAAHASTEA---ES—---—
AGTVDYNI---SGWLDKNKDPLNESVVQLYQKSSVKLLATLYPPV--VEE---TG--
AGTVDYNI---SGWLDKNKDPLNESVVQLYQKSSVKLLATLYPPV--VEE---TG--
AGTVDYNI---SGWLDKNKDPLNESVVQLYQKSSVKLLATLYPPV--VEE---TG-----
AGTVDYNI---SGWLDKNKDPLNESVVQLYQKSSVKLLATLYPPV--VEE---TG----—
AGTVDYNV---NGWLDKNKDPLNESVVQLYQKSSVKLLATLYPPV--VEE---TG--—-—
AGVVPYNI---IGWLDKNKDPLNETVVICFQKSSNKLLASLYEKYVSSDSASDPK--—--—
AGVVPYNI---NGWLDKNRDPLNETVVGIFQRSSNKLMSSLFENFISLDSGSEAK—--—-—

AGKVDYK@---NEWLMKNMDPLNDNVATLLNQSVDKFVSELWKDVDRIV@LDKVAGMGE- 637
AGKVDYK@---DEWLMKNMDPLNDNVATLLNQSTDRFVSELWKDVDRIV@LDKVAGMSE- 634
AGRVDYKA---DEWLMKNMDPLNDNVATLLHQSTDKFVAELWKDVDRIVELDQVAGMNE- 649
AGRVDYNA---VAWLTKNMDPLNDNVTALLNNSSNPFVQDLWKDADRVV@LETIAKMSD- 634
AGKVDYNA---MSWLTKNMDPLNDNVTALLSNSSSAFIQDIWKDVDRVVELETMAKMAKS 619
AGKVDYK@---KEWLVKNMDPLNDNVASLLHQSSDPFISELWREVERIV@LDQVSSGENS 653
. . * . .. *
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———--GKSKGGKKKGSSFQTVSAL|

P 687
Actin binding domain

RENLNKLMTNLRTTHPHFVRCIIPNERKAPGVMDNP 689

Converter

————EKGRGKAKKGSSFQTVSALIRENLNKLMTNLRSTHPHFVRCIIPNETKSPGVMDNP687

——--GSKKGGKKKGSSFQTVSAVFRENLNKLMTNLRSTHPHFVRCLIPNETKTPGVMDHY 691
—---SAKKGAKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMEHE 690
———-GGKKGGKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMEHE 691
—---GGKKGGKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMEHE 691
—---GAKKGGKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMEHE 693
——--GKKKVAKKKGSSFQTVSALFRENLNKLMSNLRTTHPHFVRCIIPNETKTPGAMEHS 688

—————— PPGGRPRRGIFRTVGOLYKESLSRLMATLSNTNPSFVRCIVPNHEKRAGKLEPR 710
—————— GEKKRKKGASFQTVASLHKENLNKLMTNLKSTAPHFVRCINPNVNKIPGILDPY 679
————— EARSRREAPPS-Q--SPISTGSS-TS--PPSTAAPHFVRCTIPNEFKQSGVIDAH 660

——-GGKGGG-KKKGSSFQTVSAL|
——-—-KGKGGA-KKKGSSFQTVSAL)|
——-GGKGKEKKKKGSSFQTVSAL|
——-GGKGKEKKKKGSSFQTVSAL|
———-GGKTKEKKKKGSSFQTVSAL
—-—-GGKGGGSKKKGSSFQTVSAL)
—-—-G--KKEKKKKGSSFQTVSAL|
—--GKGAKKKGSSFQTVSAL

RENLNKLMTNLRSTHPHFVRCLIPNETKTPGAMENP 689
RENLNKLMTNLRSTHPHFVRCLIPNETKTPGAMENP 690
RENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMENP 689
RENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMENP 687
RENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMENP 689
RENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMENP 689
RENLNKLMTNLRSTHPHFVRCLIPNETKTPGAMENP 687
RENLNKLMTNLKTTHPHFVRCLIPNESKIPGIMDNC 687

—-SKKGGKKKGGSMQTVSSQFRENLGKLMTNLRSTHPHFVRCLIPNESKTPGLMENF 687
—-—-GGKKGGKKKGGSFQTVSALFRENLGKLMTNLRSTHPHFVRCLIPNESKTPGLMENF 689
—---GGKKGGKKKGGSMQTVSSQFRENLGKLMTNLRSTHPHFVRCLIPNESKTPGLMENF 689
———-GGKKGGKKKGGSMQTVSSQFRENLGKLMTNLRSTHPHFVRCLIPNESKTPGLMENF 689
———--GGKKGGKKKGGSMQTVSSQFRENLGKLMTNLRSTHPHFVRCLIPNESKTPGLMENF 689
—---GGKKGGKKKGGSMQTVSSQFRENLGKLMTNLRSTHPHFVRCLIPNESKTPGLMENF 689
——-—-GGKKGGKKKGGSMQTVSSQFRENLGKLMTNLRSTHPHFVRCLIPNESKTPGLMENF 689
—--—--TGGKEKRKKAASFQTVSQLHKENLNKLMTNLRSTQPHFVRCIIPNETKTPGIMDSF 688
—---PGSKEKRKKGASFQTVSQLHKENLNKLMTNLRSTQPHFVRCIIPNEAKNPGMMEPF 688
——-SLHG-AVKTRKGMFRTVGQLMKEQLMNLMTTLRNTNPNFVRCIIPNHEKKAGKLAHH 693
—----LPG-AFKTRKGMFRTVGQLYKEQLSKLMATLRNTNPNFVRCIIPNHEKKAGKLDPH 689
---TAFGAAYKTKKGMFRTVGQLYKESLTKLMATLRNTNPNFVRCIIPNHEKRAGKLEPH 706
-—-SLAPSASKTKKGMFRTVGQLMKESLAKLMTTLHNTQPNFVRCIIPNHEKRAGKLDAH 691
D--SSAPAASKSKKGMFRTVGQLYKESLGKLMTTLHNTQPNFVRCIIPNHEKRAGKIDAH 677
GPVSFGAAGLKTKKGMFRTVGQLYKESLTKLMATLRNTNPNFLRCIIPNHEKRAGKLSPH 713

K ke kke kK * *

LVMHQLRCNGVLEGIRICRKGFPNRILYGDFRQRYRILNPAAIPEGQFIDSRKGAEKLLS 747
Converter

LVMHQLRCNGVLEGIRICRKGFPNRILYGDFRQRYRILNPAAIPEGQFIDSRKGAEKLLS 747
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFRQRYRILNPVAIPEGQFIDSRKGTEKLLS 749
LVMHQLRCNGVLEGIRICRKGFPSRILYADFKQRYRILNASAIPEGQFIDSKNASEKLLN 751
LVLHQLRCNGVLEGIRICRKGFPSRILYGDFKQRYKVLNASAIPEGQFIDSKKASEKLLA 750
LVLHQLRCNGVLEGIRICRKGFPSRILYADFKQRYKVLNASAIPEGQFIDSKKASEKLLG 751
LVLHQLRCNGVLEGIRICRKGFPSRILYADFKQRYKVLNASAIPEGQFIDSKKASEKLLG 751
LVLHQLRCNGVLEGIRICRKGFPSRILYADFKQRYKVLNASAIPEGQFIDSKKASEKLLA 753
LVLHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRVLNASAIPEGQFIDSKKACEKLLA 748
LVLDQLRCNGVLEGIRICRQGFPNRILFQEFROQRYEILT NAIPKG—FIDIKQACEK.IQ769
LVLQQLRCNGVLEGTRICREGFPNRLQYADFKQRYCILNPRTFPKSKFVSSRKAAEELLG 739
LIMHQLACNGVLEGIRICRKGFPNRLQYPEFKQRYQVLNPNVIPQG-FVDNKKASELLLA 719
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNPSANPEGQFIDNKKAAEKLLG 749
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNBSAIPEGQFIDNKKGAEKLLG 750
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNPAAIPEGQFIDSRKGAEKLLG 749
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNPAAIPEGQFIDSRKGAEKLLG 747
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNPAATIPDGQFIDSRKGAEKLLG 749
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNPAAIPEGQFIDSRKGAEKLLG 749
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNPAAIPEGQFIDSKKGAEKLLG 747
LVMHQLRCNGVLEGIRICRKGFPNRILYGDFKQRYRILNASAIPEGQFIENKKSAEKLLG 747
LVIHQLRCNGVLEGIRICRKGFPSRILYADFKQRYKVLNASVIPEGQFIDNKKASEKLLG 747
LVIHQLRCNGVLEGIRICRKGFPSRILYGDFKQRYKVLNASVIPEGQFIDNKKASEKLLG 749
LVIHQLRCNGVLEGIRICRKGFPSRILYADFKQRYKVLNASVIPEGQFIDNKKASEKLLG 749
LVIHQLRCNGVLEGIRICRKGFPSRILYADFKQRYKVLNASVIPEGQFIDNKKASEKLLG 749
LVIHQLRCNGVLEGIRICRKGFPSRILYGDFKQRYKVLNASVIPEGQFIDNKKASEKLLG 749
LVIHQLRCNGVLEGIRICRKGFPSRILYGDFKQRYKVLNASVIPEGQFIDNKKASEKLLG 749
LVIHQLRCNGVLEGIRICRKGFPSRILYGDFKQRYKVLNASVIPEGQFIDNKKASEKLLG 749
MVLHQLRCNGVLEGIRICRKGFPNRMLYAEFKQRYRILNPHAIPDDKFVDSRKAAEKLLA 748

LVLHQLRCNGVLEGIRICRKGEP
LVLDQLRCNGVLEGIRICRQGFP
LVLDQLRCNGVLEGIRICRQGEP!
LVLDQLRCNGVLEGIRICRQGFP
LVLEQLRCNGVLEGIRICRQGFP
LVLDQLSCNGVLEGIRICRQGFEP
LVLDQLRCNGVLEGIRICRQGFP

kk kkkkkkk Kkkk o okkk

RILYAEFKQRYRILNPLAIPEDTYVDSRKAVEKLLG 748
RIVFQEFRQRYEILTPNAIPKG-FMDEKQACVLMVK 752
RIVFQEFRQRYEILTPNSIPKG-FMDEKQACMLMIR 748
RIVFQEFRQRYEILTPNAIPKG-FMDEKOACERMIR 765
RIVFQEFRQRYEILAANAIPKG-FMDEKQACCLMIK 750
RIVFHEFROQRYEVLAAGSIPKG-FMDEKQSCTLMIK 736
RIPFQEFRQRYEILTINAIPRT—F DEKHASELMIS 772
*eo. * . .. ..
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SLDIDHNQYKEGHTRVEFRAGLLGL LEEMRDHNNGS MEYKKLLERE]M]

Actin binding domain MYPBC binding site

SEDIDHNQYKFGHTKVFFKAGLLGLLEEMRDERLSRIITRIQAQSRGVLARMEYKKLLER 807
SEDIDHNQYKFGHTKVFFKAGLLGLLEEMRDERLSRIITRMOAQARGQLMRIEFKKIVER 809
SIDVDREQFRFGNTKVFFKAGLLGLLEEMRDEKLVTLMTSTQAVCRGY LMRVEFKKMMER 811
SIDIDHTQYKFGHTKVFFKAGLLGLLEEMRDEKLAQIITRTQAVCRGFLMRVEYQKMLOR 810
SIEIDHTQYKFGHTKVFFKAGLLGTLEEMRDEKLAQLI TRTQAICRGFLMRVEFRKMMER 811
SIDIDHTQYKFGHTKVFFKAGLLGLLEEMRDEKLAQLI TRTQAMCRGFLARVEYQKMVER 811
SIDIDHTQYKFGHTKVFFKAGLLGLLEEMRDDKLAQLITRTQARCRGFLARVEYQRMVER 813
SIDIDHTQYKFGHTKVFFKAGLLGTLEEMRDDRLAKLITRTQAVCRGFLMRVEFQKMVOR 808
AIELDP.YRVGQSKIFFRAG.LIQLEEERDLKVTDIIVSFQAAARGYLARRZ—\FQKRIQI 829
SLEIDHTQYRFGITKVFFKAGFLGQLEATRDERLSKVFTLFQARAQGKLMRIKFQKILEE 799
AIDLDVNEYKIGHTKVFFRAGILARLEDMRDERLAK IMTMEQCRLRGFLMRVEFKKMLER 779
SEDIDHNQYKIGHTKVFFKAGLLGTLEEMRDDRLALIITGIQARARGILSRLEFQKIVER 809
DIDHNQYKLGHTKVFFKAGLLGTLEEMRDDRLALIITGIQARARGILSRIEFQKIVER 810
DIDHENQYKFGHTKVEFFKAGLLGTLEEMRDDRLALIITNIQARARGLLSRVEFQKIVDR 809
DIDENQYRFGHTKVFFKAGLLGTLEEMRDDRLALIITGIQARARGILSRIEFQKIVDR 807
DIDHNQYKFGHTKVFFKAGLLGTLEEMRDDRLALIITNIQARSRGLLSRIEFQKLVDR 809
DIDHENQYKFGHTKVEFKAGLLGQLEEMRDDRLSLIISGIQARSRGLLARVEFQKIVER 809
SEDIDHQQYRFGHTKVFFKAGLLGQLEEMRDERLSKIITGIQAKSRGLLSRAEY IKMVER 807
SLDIDHTQYKFGHTKVFFKAGLLGTLEEMRDDQLARILTGIQAFARGLLMRVEYQKLVER 807
SIDVNHDEYRFGHTKVFFKAGLLGTLEEMRDEKLASLVTMTQALCRAYLMRREFVKMMER 807
SIDVDHTQYKFGHTKVFFKAGLLGTLEEMRDEKLYVILVTMTQAVCRGYVMRKEFVKMMAR 809
SIDVNHDEYRFGHTKVFFKAGLLGTLEEMRDEKLASLVTMTQALCRAYLMRREFVKMMER 809
SIDVNHDEYRFGHTKVFFKAGLLGTLEEMRDEKLASLVTMT QALCRAYLMRREFVKMTER 809
SIDVNHDEYRFGHTKVFFKAGLLGTLEEMRDEKLASLVTMTQALCRAY LMRREFVKMMER 809
SIDVNHDEYRFGHTKVFFKAGLLGTLEEMRDEKLATLVTMTQALCRAY LMRREFVKMMER 809
SIDVNHDEYRFGHTKVFFKAGLLGTLEEMRDEKLATLVTMTQALCRAY LMRREF VKMMER 809
SEDIDHNQYRFGHTKVFFKAGLLGQLEEMRDERLAKILTLEQAASRGKIMRMELNKMTOR 808
SLDIDHTQYKFGHSKVFFKAGLLGQLEDMRDERLSKVLTLLQAFCRGKLMRMERKRMMKE 808
ELDSHBYRIGOSKVFFRAGHLEHLEEERDMKITDVI INFOAWCRGYVARRAFAKRBOf 812
ELDPNEBYRIGOSKVFFRAGMLEHLEEERDMKITDVI INFQAWCRGY VARKAFAKREO
ELDPNBYRIGQSKIFFRTGMLAHLEEERDLKITDIIIYFQSVCRGYLARKAFAKKQQ
HLDIDPNEYRIGOSKIFFRTGHYLBOLEEERDLKITVII IAFQSQARGFLARKAFAKREOE 810
L K
L Q
*

0 n n nn

HEDLDPNBYRIGLSKIFFRTG| QLEEERDLKLTDIIIAFQAQARGFLGRKAFSNK]
ELD FRVGQSKVEFFRAG HLEEERDLKITDTIIRFQSAARGYLARKAFHKK]

K ek ekk e oKk * Kk .. * . . x

N T

MyHC binding site

RDSLENIOWNIRAFMEVKNWPWMKLYFKIKPLLKSAEREKEMASMKEEF TRLKEALEKSE 867
RDALLVIOQWNIRAFMGVKNWPWMKLYFKIKPLLKSAETEKEMATMKEEFGRIKETLEKSE 869
RDSIFCIQYNIRSFMNVKHWPWMNLEFKIKPLLKSAEAEKEMATMKEDFERTKEELARSE 871
REALFCIQYNVRAFMNVKHWPWMKLEFKIKPLLKSAETEKEMATMKEEFQKTKDELAKSE 870
RESIFCIQYNIRAFMNVKHWPWMKLYFKIKPLLKSAETEKEMANMKEEFEKTKEELAKTE 871
RESIFCIQYNVRAFMNVKHWPWMKLYFKIKPLLKSAETEKEMANMKEEFEKTKEELAKTE 871
REAIFCIQYNIRSFMNVKHWPWMKLEFKIKPLLKSAETEKEMATMKEEFQKIKDELAKSE 873
RESIFCIQYNIRSFMNVKHWPWMKLEFKIKPLLKSAETEKEMATMKEEFQKTKDELAKSE 868
0sALRVMOENEEA vlx L Brv@r il Frxfix pL LB ODEVLOARAQE LOKVQELQQQSA 889
RDALILIQWNIRAFMAVKNWPWMRLFFKIKPLVKSSEVGEEVAGLKEECAQLQKALEKSE 859
RMGLKffI QONVHKFLOLRFWGWWKLYNKVKPLLNVARQEEEMKAKEEELRKAMAQTQELV 839
RDSLEVIORNVRAFMEVKNWPWMKLY FKIKPLLKTAETEKEMANMKEEFTKLKEAYAKSE 869
RDSLEVIQWNVRAFMGVKNWPWMKLYFKIKPLLKTAETEKEMANMKEEF TKLKEAYAKSE 870
RDALLVIOQWNVRAFMGVKNWPWMKLYFKIKPLLRSAEAEKEMANMKEEFLKLKEA YAKSE 869
RDALLVIOQWNVRAFMGVKNWPWMKLYFKIKPLLRSAEAEKEMANMKEEFLKLKEAYAKSE 867
RDALLVIQWNVRAFMGVKNWPWMKLYFKIKPLLRSAEAEKEMANMKEEFLKLKEAYAKSE 869
RDALLVIOQWNVRAFMGVKNWPWMKLEFKIKPLLKSAEAEKEMANMKDEFAKLKEAYAKSE 869
RDALLVIOQWNVRAFMAVKNWPWMKLEFKIKPLLRSAEAEKEMANMKEEFLKLKEAYAKSE 867
RDALMYVOWNLRS FLEVKNWPWMKLFFKIKPLLKSAESEKEMANMKDEFNKLKEALEKSD 867
RESIYTIQYNIRSFMNVKHWPWMKVYYKIKPLLKSAETEKELANMKEDFVKCKEDLVKAE 867
RESIYSIQYNIRSFMNVKHWPWMKLYFKIKPLLKSAETEKEMAAMKENFEKMKEDLAKAL 869
RDAIYTIQYNVRSFMNVKHWPWMKVYYKIKPLLKSAETEKELATMKEDFVKCKEDLAKAE 869
RDAIYTIQYNVRSFMNVKHWPWMKVYYKIKPLLKSAETEKELATMKEDFVKCKEDLAKAE 869
RESIYTIQYNIRSFMNVKHWPWMKVYYKIKPLLKSAETEKELATMKEDFVKCKEALAKAE 869
RESIYTIQYNIRSFMNVKHWPWMKVYYKIKPLLKSAETEKELATMKEDFVKCKEALAKAE 869
RESIYTIQYNIRSFMNVKHWPWMKVYYKIKPLLKSAETEKELATMKEDFVKCKEDLVKAE 869
KEALMIIQWNIRAFNIVKNWPWMKLEFKIKPLLRSAATEKELAALKEEFLKLKEALEKSE 868
KEALMWIQWNIRAFYAVKNWPWMCLFFKIKPLLRSAATEKELATLKEEFQKLKEALERSE 868
LTAMRVIQRNGHAY| LETK@KPLL OEEEMVAKEEELVKMKERQQQAE 872
LTAMRVIORN LETKMKPLL QEEEMQAKEEELSKVREKQQVAE 868
LSALKVLQ LETKMKPLL QEEEMQAKDEELIKVKERQVKVE 885
LTAMKVIQ LETKMKPLL QEEEMSLKEEELQKAKESAQKFE 870
LTAMKVLQ LETKMKPLL QEEEMNQIEEELQKAKEIAQKSE 856
LSALRVMQ) LETKMKPLL ODEEIQAREAQLOKAKDKLSKLE 892

* . * . . . .
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ARRKELEEKHVSLLOEKNDLQLOVOREQDNLADAEERCDQLIKNK IQLEAKVKEMNERLE -~

ARRKELEEKMVSLLQEKNDLQLQVQAEQDNLADAEERCDQLIKNKIQLEAKVKEMNERLE 927
ARRKELEEKMVSLLQEKNDLQLQVQAEQDNLNDAEERCDQLIKNKIQLEAKVKEMNERLE 929
ARRKELEEKMVSLLQEKNDLQLQVQSETENLMDAEERCEGLIKSKILLEAKVKELTERLE 931
AKRKELEEKMVTLLKEKNDLQLQVQSEADSLADAEERCEQLIKNKIQLEAKIKEVTERAE 930
AKRKELEEKMVTLMQEKNDLQLQVQAEADALADAEERCDQLIKTKIQLEAKIKEVTERAE 931
AKRKELEEKMVTLMQEKNDLQLQVQAEADSLADAEERCDQLIKTKIQLEAKIKEVTERAE 931
AKRKELEEKMVTLLKEKNDLQLQVQAEAEGLADAEERCDQLIKTKIQLEAKIKEVTERAE 933
AKRKELEEKLVTLVQEKNDLQLQVQAESENLLDAEERCDQLIKAKFQLEAKIKEVTERAE 928
REVGELQGRVAQLEEERARLAEQLRAEAELCAEAEETRGRLAARKQILELVVSELIARVG949
FOREELKAKQVSLTQEKNDLILQLQAEQETLANVEEQCEWLIKSKIQLEARVKELSERVE 919
NKVKELEEKTATLSQEKNDLTIQLQAEQENLMDAEERLTWMMKTKMDLESQISDMRERLE 899
ARKKELEEKMVSLLQEKNDLQLAVQSEQDNLVDAEERCEGLIKSKIQLEAKAKELTERLE 929
ARKKELEEKMVSLLQEKNDLQLAVQSEQDNLADAEERCEGLIKSKIQFEAKVKELTERLE 930
ARRKELEEKMVSLLQEKNDLQLAVQAEQDNLCDAEERCEGLIKNKIQLEAKAKELTERLE 929
ARRKELEEKMVSLLQEKNDLQLAVQSEQDNLCDAEERCEGLIKNKIQLEAKAKELTERLE 927
ARRKELEEKMVSLLQEKNDLQLAVQAEQDNLCDAEERCEGLIKNKIQLEAKAKELTERLE 929
ARRKELEEKMVSLLQEKNDLQLQVQAEQDNLCDAEERCDQLIKNKIQLEAKAKELTERLE 929
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EQEVTLLKRATEDESRVHEAQVQEMROKHTQALEELTEQLEQSKRVKVNLEKAKQALEKE 1230
EQEVAMLKKL IEDEGRSHEAQVHELKOKHAQAVDELSQQLDQSKRAKATLEKAKQALEKE 1216
EAELGELQRCLEEETRRHEAQLSELRIKHTAAIDSLOEQLDNAKRSROSLEKAKAVLEEE 1252
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LDDVISNMEQTTKAKANLEKMCRTLEDQMNEHRSKAEETORSVNDLTSQRAKLOTENGE L]

LDDVTSNMEQIZKAKANLEKMCRTLEDQMNEHRSKAEETQ NDLTSQRAKLQTENGEL 1287
LDDVTSNMEQITKAKANLEKVSRTLEDQANEYRVKLEEAQRSLNDFTTQRAKLQTENGEL 1289
IDDMASNIEALSKSKSNIERTCRTVEDQFSEIKAKDEQQTQLIHDLNMOKARLQTONGEL 1291
TDDLSSNAEAISKAKGNLEKMCRSLEDQVSELKTKEEEQQRLINDLTAQRARLQTEAGEY 1290
INDLASNMETVSKAKANFEKMCRTLEDQLSEIKTKEEEQQRLINELSAQKARLHTESGEF 1291
IDDLASNMETVSKAKGNLEKMCRALEDQLSEIKTKEEEQQRLINDLTAQRARLQTESGEY 1291
IDDLASNVETVSKAKGNLEKMCRTLEDQLSELKSKEEEQQRLINDLTAQRGRLQTESGEF 1293
IDDLSSSMESVSKSKANLEKICRTLEDQLSEA.GKNEEIQRSLSELTTQKSRLQTEAGEL1288
VSELRAELSSLQTARQEGEQRRRRLELQLQEVQGRAGDGERARAEAAEKLQRAQAELENV 1309
VDDLLTRVEQMTRAKANAEKLCTLYEERLHEATAKLDKVTQLANDLAAQKTKLWSESGEF 1279
IDDLNASMETIQKSKMNAEAHVRKLEDSLSEANAKVAELERNQAEINAIRTRLQAENSEL 1259
LDDVVSNMEQIVKSKSNLEKMCRTLEDOMSEYRTKAEEGQRTINDFTMQKAKLQTENGEL 1289
LDDVVSNMEQIVKAKANLEKMCRTLEDQMSEYRTKAEEGQRTINDFTMQKAKLQTENGEL 1290
LDDVVSNMEQIAKAKANLEKMCRTLEDQMSEYRTKYEEGQRSINDFTMKKAKLQTENGEL 1289
LDDVVSNMEQIVKAKANLEKMCRTLEDQMSEYRTKYEEAQRSINDFTMOKAKLQTENGEL 1287
LDDVVSNMEQLAKAKANLEKICRTLEDQMSEYRTKYEEGQRSINDFTMOKARLQTENGEL 1289
LDDVVSNMEHVVKTKANLEKMTRSLEDQMNE YKTKYEEGQRCINDFTMQKSKLQSENGEL 1289
LDDVASSMEHIVKSKTNMEKVNRTLEDQMNE NKCEEYQRILNDFTTQKAKLQAENDEF1287
LDDLASNMESIVKAKVNLEKMCRSLEDQMNEHRSKAEEAQRALNDVSTQKAKLLTENGEL 1287
IDDLSSNMEAVAKAKANLEKMCRTLEDQLSEIKSKSDENLRQINDLSAQRARLQTENGEF 1287
VDDVSSSMEAVAKSKTNLEKMCRTLEDQLSEFKSKHDEHVRHINDLSAQKARLQTENGEM 1289
IDDLSSNMEAVAKAKANLEKMCRTLEDQLSEIKSKNDENLRQINDLSAQRARLQTENGEF 1289
IDDLSSNMEAVAKAKANLEKMCRTLEDQLSEIKSKNDENLRQLNDLSAQRARLQTENGEF 1289
IDDLSSNMEAVAKAKANLEKMCRTLEDQLSEIKSKNDENIRQINDLSAQRARLQTENGEF 1289
IDDLSSNMEAVAKAKANLEKMCRTVEDQLSEIKSKNDENLRQINDLSAQRARLQTENGEF 1289
IDDLSSNMEAVAKAKANLEKMCRTVEDQLSEIKSKNDENLRQINDLSAQRARLQTENGEF 1289
ADDLTSNLEQLAKGKATAEKTCRLYEDQMNE SKAKVEELQRQLSDTNTQRARAQAESAEL 1288
CEDLASNVEHLSRAKTTTEKMCRMYEDQLNESKTKIEELQRQLMDVTSQKARAQTESAEV 1288
RNELQIELKSLSQSKNDSENRRKKAESQLQELQVKHTESERQKHELLDKVSKMQAELESL 1292
RNELQIELQTLMQGKGESEHRRKKAEAQLQELQVKHTESERQRIELAERLTKMQAELDNV 1288
NKELTNEVKSLQQAKSESEHKRKKLEAQLQEVMARFSEGEKVKGELADRTHKIQTELDNV 1305
TSELHVELRSLTQGKQDVEHKKKKLEGQLADLQSRFNDSERHKAELGDRVSKITVELESV 1290
VGDLNGNLRSLGNAKQDLEQKKKKVETQLADLQTRFNESERKREELGDAVSKLNTEYNNV 1276
RLNLSAELKTLQGGKME SERGRKRAEGQLQELNARLSQAEREREEREERLGKLQSELESL 1312
.. . . * * . . . . . .

SROLDEKEALISQLTRGKLTYTQQLEDLKROLEEEVKAKNALAHALOSARHDCDLLREQY

SRQLDEKEALISQLTRGKETYTQQLEBLKRQLEEEVKAKNALAHALQSARHDCDLLREQY 1347
ARQLEEKEALISQLTRGKESYTQQOMEPLKRQLEEEGKAKNALAHALQSARHDCDLLREQY 1349
SHRVEEKESLISQLTKSKQALTQQLEELKRQMEEETKAKNAMAHALQSSRHDCDLLREQY 1351
SRQLDEKDALVSQLSRSKQASTQQIEELKHQLEEETKAKNALAHALQSSRHDCDLLREQY 1350
SRQLDEKDAMVSQLSRGKQAFTQQIEELKRQLEEETKAKSTLAHALQSARHDCDLLREQY 1351
SRQLDEKDTLVSQLSRGKQAFTQQIEELKRQLEEEIKAKSALAHALQSSRHDCDLLREQY 1351
SRQLDEKEALVSQLSRGKQAFTQQIEELKRQLEEEIKAKNALAHALQSSRHDCDLLREQY 1353
SRQLEEKESIVSQLSRSKQAFTQQTEELKRQLEEENKAKNALAHALQSSRHDCDLLREQY 1348
SGALNEAESKTIRLSKELSSTEAQLHPAQELLQEETRAKLALGSRVRAMEAEAAGLREQL 1369
LRRLEEKEALINQLSREKSNFTRQIEBDLRGQLEKETKSQSALAHALQKAQRDCDLLREQY 1339
SREYEESQSRLNQILRIKTSLTSQVDBYKRQLDEESKSRSTAVVSLANTKHDLDLVKEQL 1319
SRQLEEKDSLVSQLTRGKQSYTQQIEBLKRQLEEEVKAKNALAHAVQSARHDSDLLREQF 1349
SRQLEEKDSLVSQLTRGKQSYTQQIEBLKRQLEEEVKAKNALAHAVQSARHDAELLREQY 1350
SRQLEEKDSLVSQLTRGKQSYTQQIEDLKRQLEEEVKAKNALAHAVQSARHDAELLREQY 1349
SRQLEEKDSLVSQLTRGKQSYTQQIEBLRRQLEEEVKAKNALAHAVQSARHDAELLREQY 1347
TRQLEEKDSLVSQLTRSKQSYTQQIEBLKRQLEEEVKAKNALAHAVQSARHDSDLLREQY 1349
SRQLEEKDSLVSQLTRSKMSYTQQIEDLKRQLEEETKAKSALAHAVQSARHDTDLLREQY 1349
SRQLEEKESLVSQLTRGKNSFSQQLEBLKRQLDEEIKAKNALAHALQSARHDTDLLREQY 1347
GRQLEEKECLISQLTRGKTSYTQQLEBLRRQLEEEVKAKNALAHAVQSARHDCDLLREQF 1347
GRQLEEKEALVSQLTRGKQAFTQQIEELKRQIEEEVKAKNALAHAVQSARHDCDLLREQF 1347
GRQLEEKESLVSQLTRSKQAYTQQIEELKRQIEEEVKAKNSLAHAVQSSRHDCDLLREQY 1349
GRQLEEKEALVSQLTRGKQAFTQQIEELKRQIEEEVKAKNALAHAVQSARHDCDLLREQF 1349
GRQLEEKEALVSQLTRGKQAFTQQIEELKRQIEEEVKAKNALAHAVQSARHDCDLLREQF 1349
GRQLEEKEALVSQLTRGKQAFTQQIEELKRQIEEEVKAKNALAHAVQSARHDCDLLREQF 1349
GRQLEEKEALVSQLTRGKQAFTQQIEELKRQIEEEVKAKNALAHAVQSARHDCDLLREQF 1349
GRQLEEKEALVSQLTRGKQAFTQQIEELKRQIEEEVKAKNALAHAVQSARHDCDLLREQF 1349
GRKLEEREALVSQLQORSKNTFSQONIEELKKQLEEESKSKNALTHALQSSRHDCDLLREQY 1348
SRRLEEKEVLVMQLQRTKIAFSQTVEELKKQLEEESKAKNSLAHAVQSSRHDCDLLREQF 1348
QGTVTKVESKSIKAAKDCSAVESQLKPAQALLEEETRQKLAISTRLRQLEDEQNNLKEML 1352
NTLLSDAEGKSIKASKDCSTVESQLQBVQOEVLOEETRQKLALNTRLRQLEDEQHSLREQL 1348
SCLLEDAEKKGIKLTKDVSSLESQLQOBTQELLQEETRQKLNLSSRIRQLEEEKNNLLEQQ 1365
TNLLNEAEGKNIKLSKDVASLSSQVQBTQELLAEETRQKLQLSTKLRQIEDDRNALQEQL 1350
NSILNEAESKNIKLSKDVVSLNSQLQPAQELLAEETRQKLNFSTRLROMEDERNGLLEQI 1336
SSSLSSSDSKSHRLHKEVSSLESQLHBVQELLQEETRQKLALGSRVRALEEEKAGLMERL 1372
. . . .. ek .. . . .
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EEETEAKAELORVLSKANSEVAQURTKYETDAIORTE]LEEAKKKLAORLOEAEEAVERY
Skip 2
EEETEAKAELQRVLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQEAEEAVEAV 1407
EEEQEAKAELQRVLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEAVEAV 1409
EEEQEAKAELQRALSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQEAEENTETA 1411
EEEQEGKAELQRALSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQEAEEHVEAV 1410
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEHVEAV 1411
EEEQEAKAELQRAMSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEHVEAV 1411
EEEQESKAELQRALSKANTEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQAAEEHVEAV 1413
EEEQEGKAELQRALSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDSEEQVEAV 1408
EEEAAARERAGRELQTAQI—\.SEWRRRQEEEA— GALEAGEEARRRAAREAEALTQRLAEK 1428
EEEQEVKAELHRTLSKVNAEMVQWRMKYENNVIQRTEDLEDAKKELAIRLQEAAEAMGVA 1399
EEEQGGKSELQRLVSKLNTEVTTWRTKYETDAIQRTEELEETKRKLAARLQEAEEAAETA 1379
EEEQEAKAELQRSLSKTNSEVAQWRTKYETDAIQRTEELEDAKKKLAQRLQEAEEAVEAV 1409
EEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEAVEAV 1410
EEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELEDAKKKLAQRLQDAEEAVEAV 1409
EEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELEDAKKKLAQRLQDAEEAVEAV 1407
EEEQEAKAELQRSLSKANSEVAQWRTKYETDAIQRTEELEDAKKKLAQRLQDAEEAVEAV 1409
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQETEEAVEAV 1409
EEEQEAKAELQRSMSKANTEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQEAEEAVEAV 1407
EEEQEAKAELQRALSKANTEVATWRARYETDGIQRTEELEDAKKKLVQKLQEAEEAVEAV 1407
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEESKKKLAQRLQEAEEQIEAV 1407
EEEQEAKAELQRSMSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEESIEAV 1409
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEESKKKLAQRLQEAEEQIEAV 1409
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEESKKKLAQRLQEAEEQIEAV 1409
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEESKKKLAQRLQEAEEQIEAV 1409
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEESKKKLAQRLQEAEEQIEAV 1409
EEEQEAKAELQRGMSKANSEVAQWRTKYETDAIQRTEELEESKKKLAQRLQEAEEQIEAV 1409
DEEQEGKSELQRALSKANAEVAQWRTKYETDAIQKTEELEEAKKKLATRLQESEEQVEAS 1408
EEEQEAKSELQRALSKANIEIAQWRTKYETDAIQRTDELEDAKKKLVARLQGSEEAVEAS 1408
EEEEESKKNVEKQLHTAQAQBAEMKKKIEQEA-QSLESMEDGKKKLQREVESVLQQLEER 1411
EEEEEAKRNLEKQIGTMQA@EVDMKKKMEQES-GSLECAEESRKRVQRDLEAVSQRLDER 1407
EEEEESRKNLEKQLATLQAQEBVETKKKLEDDV-GALEGLEEVKRKLQKDMEVTSQKLEEK 1424
DEEAEAKRNVERHVSTLNI SDFKKKLEEMT-GNVELLEEGKKRLQRDLEAANTQFEEK 1409
DEEIEARRNVERHVSSLNT SEAKKRLDEYS-SNFOMLEESKKRLORDLEATKGELEEK 1395
EEEEEKTRELTRQIQNHTQ@BADLKRQTEEVN-SAVEAGEETRRKMQRDLENAVQREKSK 1431

Lxk . oo, H

NAKCSSLEKTKHRLONETEDLMVDVERSNAAAAALDKKORNFDKILAEWKQKYEESQSEL

NAKCSSLEKTKHRLONETIEDLMVDVERSNA. ALDKKQRNFDKILAEWKQKYEESQSEL 1467
NAKCSSLEKTKHRLONEIEDLMVDVERSNAAAAALDKKQRNFDKILAEWKQKYEESQSEL 1469
NSKCASLEKTKQRLQGEVEDLMRDLERSHTACATLDKKQRNFDKVLAEWKQKLDESQAEL 1471
NAKCASLEKTKQRLONEVEDLMLDVERSNAACAALDKKQRNFDKVLSEWKQKYEETQAEL 1470
NSKCASLEKTKQRLONEVEDLMIDVERSNAACIALDKKQRNFDKVLAEWKQKYEETQAEL 1471
NAKCASLEKTKQRLONEVEDLMIDVERTNAACAALDKKQRNFDKILAEWKQKCEETHAEL 1471
NAKCASLEKTKQRLONEVEDLMLDVERTNAACAALDKKQRNFDKILAEWKQKCEETHAEL 1473
NAKCASLEKTKQRLQGEVEDLMVDVERANSLIAALDKKQRNFDKVLAEWKTKCEESQAEL1468
TETVDRLERGRRRLQQELDDATMDLEQQRQLVSTLEKKQRKFDQLLAEEKAAVLRAVEE.1488
NARNASLERARHQLQLELGDALSDLGKVRSAAARLDQKQLQSGKALADWKQKHEESQALL 1459
QARAASLEKNKQRLQAEVEDLTIDLEKANAAAAALDKKQRLFDKMLAEWQQKCEELQVEV 1439
NAKCSSLEKTKHRLONEIEDLMVDVERSNA. ALDKKQRNFDKVLAEWKQKYEESQTEL 1469
NAKCSSLEKTKHRLONEIEDLMVDVERSNA. ALDKKQRNFDKVLAEWKQKYEESQTEL 1470
NAKCSSLEKTKHRLONEIEDLMVDVERSNAAAAALDKKQRNFDKVLAEWKQKYEESQSEL 1469
NAKCSSLEKTKHRLONEIEDLMVDVERSNA. ALDKKQRNFDKVLAEWKQKYEESQSEL 1467
NAKCSSLEKTKHRLONEIEDLMVDVERSNA, ALDKKQRNFDKVLAEWKQKYEESQSEL 1469
NAKCSSLEKTKHRLONEIEDLMVDLERSNAAAAALDKKQRNFDKVLSEWKQKFEESQAEL 1469
NAKCSSLEKTKHRLONEIEDLMVDVERSNT SLDKKQRHFDKIISEWKQKYEESQCEL 1467
NAKCSSLEKTKHRLONEZEDLMLDLERSNAASAALDKKQRSFDKVMAEWKQKYEESQCEL 1467

NSKCASLEKTKQRLQGEVEDLMIDVERANSL
NAKCASLEKTKQRLONEVEDLMIDVERANAL
NSKCASLEKTKQRLQGEVEDLMIDVERANAL
NSKCASLEKTKQRLQGEVEDLMIDVERANAL,
NSKCASLEKTKQRLQGEVEDLMIDVERANAL
NSKCASLEKTKQRLQGEVEDLMIDVERANAL
NSKCASLEKTKQRLQGEVEDLMIDVERANAL,

NAKCASLEKT EDLMVDLERSNA!

NLDKKQRNFDKVLAEWKQKYEEGQAEL 1467
NLDKKQRNFDKVLAEWKQKYEETQAEL 1469
NLDKKQRNFDKVLAEWKQKYEEGQAEL 1469
NLDKKQRNFDKVLAEWKQKYEEGQAEL 1469
NLDKKQRNFDKVLAEWKQKYEEGQAEL 1469
NLDKKQRNFDKVLAEWKQKYEEGQAEL 1469
NLDKKQRNFDKVLAEWKQKYEEGQAEL 1469

EL1468

NAKCISLEKTEIRLQSEIEDLVLDLERSNA TALDKKQRQFDKILAEWRHKYEECQIEL1468

RLOTE

IALDKKQRNEFDKVLSEWRQKFEETQ

NASYDKLDKTKTRLQRELDDVLVDQGHLRQTVQELERKQKKFDQMLAEEKSISTKYAEER 1471

NAAFDKLDKTKTRLQQELDDMLVDQDHLRQIVSNLEKKQKKFDOMLAEEKSISARYAEER 1467

AIAFDKLEKTKNRLQQOELDDLMVDLDHQRQIVSNLEKKQKKFDOMLAEEKTISARYAEER 1484

AAAYDKLEKTKNRLQQELEDTLMDLDNQRQLVSNLEKKQKKFDQMLAEEKSISSKYADER 1469

TASYDKSEKTKNHLQQELDDVLLDLDNQRQLVSNMEKKQRKFDOMLADEKTLSSKYSQER 1455

EEEKERIERQKERLREEIEDMTIALQRERQNCTALEKRQKKFDQCLAEEKAVSARLQEE 1491
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1527
Myomesin binding site

ESSQKEARSLSTELFKLKNAYEESLEHLETEKRENKNLQEEISDLTEQEESSGKTIHELE 1527
ESSOKEARSLSTELFKLKNAYEESTLEHLETEKRENKNLOEE ISDLTEQLGEGGKNVHELE 1529
EAAQKESRSLSTELFKMRNAYEEVVDQLETLRRENKNLQEEISDLTEQIAETGKNLQEAE 1531
EASQKESRSLSTELFKVKNVYEESLDQLETLRRENKNLQQEISDLTEQIAEGGKQIHELE 1530
EASOKESRSLSTELFKVKNAYEESTLDHLETLKRENKNLQQEISDLTEQTIAEGGKHTHELE 1531
EASQKESRSLSTELFKIKNAYEESLDQLETLKRENKNLQQEISDLTEQIAEGGKRIHELE 1531
EASQKEARSLGTELFKIKNAYEESLDQLETLKRENKNLQQEISDLTEQIAEGGKRIHELE 1533
EASLKESRSLSTELFKLKNAYEEALDQLETVKRENKNLEQETADLTEQIAENGKT THELE 1528
ERABBEGREREARAL ST TRALEEEQEAREE LERONRALRAELEAL LS SKDDVGKSVHELE 1548
DASQKEVQALSTELLKLKNTYEESIVGQETLRRENKNLQEEISNLTNQVREGTKNLTEME 1519
SQKECRMYMTESFKIKTAYEESLEHLESVKKENKTLQEETKDL T DQEGEGGRSVHELQ 1499
QKESRSLSTELFKLKNSYEEVLDQLETMKRENKNLQEEISDLTEQHGETGKSIHELE 1529
QKESRSLSTELFKLKNSYEESLDHLESMKRENKNLQEEISDLTEQHGESGKNIHELE 1530
SQKEARSLSTELFKLKNSYEESLDHLESMKRENKNLQEETADLTEQTGESGKNTHELE 1529
SQKEARSLSTELFKLKNSYEESLDHLESMKRENKNLQEEIADLTEQIGESGKNIHELE 1527
SQKEARSLSTELFKLKNSYEESLDHLESMKRENKNLQEETADLTEQIGESGKNTHELE 1529
SQKEARCLSTELFKLKNSYEEALDHLETMKRENKNLQEEISDLTEQIGEGGKSIHELE1529

lclololololcle)

SQKEARSLSTELFKLKNSYEESMDHLETMKRENKILQEEISDLTEQHGEGGKTIHELE 1527
EGAQKEARSLSTELFKLKNSYEETLDHLETIKRENKNLQEEISDLTDQVSEGRKSVHELE 1527
EGAQKEARSLSTELFKMKNSYEETLDQLETLKRENKNLQQOEISDLTEQIGETGKSIHELE 1527
EGAQKEARSLSTELFKMKNSYEETLDHLETLKRENKNLQQEITDLTEQEGETGKTIHELE 1529
EGAQKEARSLSTELFKMKNSYEETLDQLETLKRENKNLQQEISDLTEQEGETGKSIHELE 1529
EGAQKEARSLSTELFKMKNSYEETLDQLETLKRENKNLQQOEISDLTEQIGETGKSIHELE 1529
EGAQKEARSLSTELFKMKNSYEETLDQLETLKRENKNLQQEISDLTEQRGETGKSIHELE 1529
EGAQKEARSLSTELFKMKNSYEETLDQLETLKRENKNLQQEISDLTEQEGETGKSIHELE 1529
EGAQKEARSLSTELFKMKNSYEETLDQLETLKRENKNLQQEISDLTEQIGETGKSIHELE 1529
ESSQKESRNLSTELFKLKNSYEEALDHLESIKRESKNLQEEISDLNDQISQGGKTIHELE 1528
EGSQKESRSLSTELFKLKNSYEEALDQLETIKRENKNLQEEITDLTDQISQGNKTIHELE 1528
D EARBKETKSLTLARELEAMTDLKNELERVNKQLKTEMEDLVSSKDDAGKSVHELE 1531
DRABAFEARBKETRMLALARELETLTDMKEELDRTNKLLRAEMEDLVSSKDDVGKSVHDLE 1527
DRAEAFAREBKDTKALSMARALDEALEAKEEFERLNKQLRAEMEDLISSKDDVGKNVHELE 1544
D EARBKETKALSL. LEEAQEAREEEERANKALRAEMEDLVSSKDDVGKNVHELE 1529
DCABAEARBKETKCLALTRALEECQGSLRELEKLNKTLRTDMEDLISSKDN--KNAHELE 1513
DRAEAESREKETRFLSLS LQEATIQRDELERTNKQLRLEMEQLVNAQDDVGKNVHELE1551
. . . . . . . . . * .. * . . .

1587
Myomesin binding site MYBP-C binding site
KVRKQLEAEKMELQSALEEAEASLEHEEGKILRAQLEENOEKARIERKLAEKDEEMEQAK 1587
KVRKQLEVEKLELQSALEEAEASLEHEEGKILRAQLEENQIKAETIERKLAEKDEEMEQAK 1589
KTKKLVEQEKSDLQVALEEVEGSLEHEESKILRVQLELSQVKSELDRKVIEKDEEIEQLK 1591
KIKKQVEQEKCEIQAALEEAEASLEHEEGKILRIQLELNQVKSEVDRKIAEKDEEIDQLK 1590
KVKKQLDHEKSELQTSLEEAEASLEHEEGKILRIQLELNQVKSEIDRKIAEKDEELDQLK 1591
KIKKQVEQEKSELQAALEEAEASLEHEEGKILRIQLELNQVKSEVDRKIAEKDEEIDQMK 1591
KIKKQVEQEKCELQAALEEAEASLEHEEGKILRIQLELNQVKSEVDRKIAEKDEEIDQLK 1593
KSRKQIELEKADIQLALEEAEAALEHEEAKILRIQLELTQVKSEIDRKIAEKDEEIEQLK 1588
RACRVAEQAANDLRAQVTEMEDELTAAEDAKLREEM TV@ALKTOHERDLOGRDEAGEERR 1608
KVKKLIEEEKTEVQVTLEETEGALERNESKILHFQLELLEAKEELERKLSEKDEEIENFR 1579
KLKKKLEMEKEELQVALEEAESSLEVEESKVIRIQLELAQVKADIDRRIHEKEEEFEATR 1559
KIRKQLEQEKAEIQTALEEAEGSLEHEEGKILRAQLEENQVKADIERKLSEKDEEMEQAK 1589
KVRKQLEQEKQEIQTALEEAEGSLEHEEGKILRAQLEENQVKADIERKLSEKDEEMEQAK 1590
KMRKQLEQEKAEIQTALEEAEGSLEHEEGKILRAQLEENQVKADIERKLAEKDEEMEQAK 1589
KIRKQLEQEKAEIQTALEEAEGSLEHEEGKILRAQLEENQVKADIERKLSEKDEEMEQAK 1587
KMRKQLEQEKAEIQAALEEAEGSLEHEEGKILRAQLEESQEKADIERKLSEKDEEMEQAK 1589
KMRKQLEQEKSEIQSALEEAEASLEHEEGKILRAQLEESOIKADIERKLAEKDEEMEQSK 1589
KVRKQLEQEKAEIQAALEEAEGSLEHEEGKILRTQLEENQIKADIERKLSEKDEEMEQVK 1587
KLRKQLEQEKTELQSALEEADASVEHEEGKILRAQLEENQLKADFERKMSEKDEEMEQAR 1587
KAKKTVETEKAEIQTALEEAEGTLEHEESKILRVQLELNQVKGEIDRKLAEKDEEIEQIK 1587
KGKKTAEIEKSEIQAALEEAEATLEHEESKILRVQLELNQVKGEIDRKLAEKDEEIEQIK 1589
KSKKAVETEKAEIQTALEEAEGTLEHEESKILRVQLELNQVKSEIDRKLAEKDEEIEQIK 1589
KSKKAVETEKAEIQTALEEAEGT LEHEESKILRVQLELNQVKSEIDRKLAEKDEEIEQIK 1589
KSKKAVETEKAEIQTALEEAEGTLEHEESKILRVQLELNQVKSEIDRKLAEKDEEIEQIK 1589
KAKKTVETEKAEIQTALEEAEGTLEHEESKILRVQLELNQVKGEIDRKLAEKDEEMEQIK 1589
KAKKTVETEKAEIQTALEEAEGTLEHEESKILRVQLELNQVKGEIDRKLAEKDEEIEQIK 1589
KIKKGLDLEKTEIQAALEEAEGTLEHEESKTLRIQLELNQEKADTDRKLAEKDEEIDNLR 1588
OMKKVLDHEKCDIQAALEEAEGTLEHEESKTLRVQLELSQTKTEVEKKLAERDEEIDNLR 1588
RAKRGMEQQLEEMKTQLEEMEDELQLTEDAKLR] ALKAQFERDLOSRDEQGEMKR 1591
KSKRAMEQQLEEMKTQLEEMEDELQATEDAKLR] MKAQYERDLOGRDELGEEKK 1587
KSKRTLEQQVEEMRTQLEEMEDELQATEDAKLR] MKAQFDRDLOARDEQNEEKK 1604
KSKRGLEAQVEEMKTQLEEMEDELQAAEDAKLR] ALKAOFERDLQGRDEQGEEKK 1589
KTKRALEAQVEEMT IQMEEMEDELQAAEDAKLH LKVQIQRDIQGREEQSEMKR 1573
RSRRALETEAQSLKEQTQEHEDELGEAENARLREBMTLOAT REOFERE T STKEEKGEfKR 1611
.o . .. L. S i aax s s
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1647
Myomesin binding site
RNHLRVVDSLQOESLDAETRSRNEALRVKKKMEGDLNEME IQLSHANRMAAEAQKQVKSLQ 1647
RNHQRVVDSLQOTSLDAETRSRNEVLRVKKKMEGDLNEMEIQLSHANRMAAEAQKQVKSLQ 1649
RNSQRAAEALQSVLDAEIRSRNDALRLKKKMEGDLNEME IQLGHSNROQMAETQKHLRTVQ 1651
RNHTRVVETMQSTLDAEIRSRNDALRVKKKMEGDLNEME IQLNHANRLAAESLRNYRNTQ 1650
RNHLRVVESMQSTLDAEIRSRNDALRIKKKMEGDLNEME IQLNHANRQAAEALRNLRNTQ 1651
RNHIRIVESMQSTLDAEIRSRNDAIRLKKKMEGDLNEME IQLNHANRMAAEALRNYRNTQ 1651
RNHIRIVESMQSTLDAEIRSRNDAIRLKKKMEGDLNEME IQLNHANRMAAEALRNYRNTQ 1653
RNYQRTVETMQSALDAEVRSRNEATRLKKKMEGDLNEIEIQLSHANRQAAETLKHLRSVQ 1648
RQIAKIL DAEVERDEERKQRTLAVAARKKLEGELEELKAQMASAGQGKEEAVKQLRKMQ 1668
RKQQCTIDSLOSSLDSEAKSRIEVTRLKKKMEEDLNEMELQLSCANRQVSEATKSLGQLQ 1639
KNHORATESLQASLEAEAKGRAEALRLKKKMETDLNEMEIQLDHANKNNSELVKTLKRLQ 1619
RNQORVVDTLQOSSLESETRSRNEALRLKKKMEGDLNEME IQLSQANRQASEAQKQLKGLH 1649
RNQQRVVDTLQOSSLESETRSRNEALRLKKKMEGDLNEME IQLSQANRQASEAQKQLKGLH 1650
RNQORMIDTLQSSLESETRSRNEALRLKKKMEGDLNEMEIQLSQANRQASEAQKQLKGLH 1649
RNQORMIDTLQSSLESETRSRNEALRLKKKMEGDLNEMEIQLSQANRQASEAQKQLKGLH 1647
RNQORMIDTLQOSSLESETRSRNEALRLKKKMEGDLNEME IQLSQANRQASEAQKQLKSLO 1649
RNLORTIDTLQSSLESETRSRNEALRIKKKMEGDLNEMEIQLSQANRQAAEAQKQLKSVH 1649
RNQORTIDTLQOSALESETRSRNEALRIKKKMEGDLNEME IQLSQANRQAAEAQKQLKSVQ 1647
RNYQRMIESLQASLEAETRSRNEALRVKKKMEGDLNEME IQLSQANRQAADAQKQLEMVQ 1647
RNSQRVTEAMQSTLDSEVRSRNDALRIKKKMEGDLNEME IQLSHANRQAAEAQKQLRNVQ 1647
RNSQRIIDSMQSTLDAEVRSRNDALRIKKKMEGDLNEME IQLSHANRQAAEAQKQLRNVQ 1649
RNSQRITDSMQOSTLDSEVRSRNDALRIKKKMEGDLNEME IQLSHANRQAAEAQKQLRNVQ 1649
RNSQRITDSMQSTLDSEVRSRNDALRIKKKMEGDLNEMEIQLSHANRQAAEAQKQLRNVQ 1649
RNSQRVTESMQSTLDSEVRSRNDALRIKKKMEGDLNEME IQLSHANRQAAEAQKQLRNVQ 1649
RNSQRVTEAMQSTLDSEVRSRNDALRIKKKMEGDLNEME IQLSHANRQAAEAQKQLRNVQ 1649
RNSQRVTEAMQSTLDSEVRSRNDALRIKKKMEGDLNEMEIQLSHANRQAAEAQKQLRNVQ 1649
RNHORALESMQATLDAEAKSRSEAIRVKKKMENDLNEMEVQLNHANWLATESQKMVRNLQ 1648
RNHQRTLEGMQTTLDAETRARNEAIRVKKKMENDMNEME THLNHANRQAVESQKMVRNLQ 1648
KOEBVK| EMEMELEDERKQRAQAVSVRKKLELDLSELAAQIDLANKARDEALKQLIKLQ1651
ROBLK] EMEME LEDERKQRTLAMAARKKMELDLKELEAAIDQANKNRDEALKQLKKVQ 1647
RABVK| EMEAELEDERKQRALAVAAKKKLEMDLKDVEAQIEAANKARDEAIKQLRKLQ 1664
ROBVK| ELETELEDERKQRTALAASKKKLEGDLKDLEGQIETSNKGRDEAIKQLRKLQ 1649
KOELK] ELEAELEDEQKMRTSLAAAKKKLEGDLQDLEDQVDVNSRARDEAVKQLRKIQ 1633
RABNK ELETMLEEEKTQRAQALTVKKQLETELQEAEAQVEAANRGREEAFRQMIRLQ1671

* * ek ek .

BLLKDTOTOLDDAVRANDDLKENTATVERRNNLLOAELEELRAVVEQTERSR KLAEQEL
Myomesin binding site

SLLKDTQIQLDDAVRANDDLKENIAIVERRNNLLQAELEELRAVVEQTERSR-KLAEQEL 1706
SLLKDTQIQLDDAVRANDDLKENTIAIVERRNNLLQAELEELRAVVEQTERSR-KLAEQEL 1708
GQLKDSQLHLDDALRSNEDLKEQLAIVERRNGLLLEELEEMKVALEQTERTR-RLSEQEL 1710
GILKETQLHLDDALRGQEDLKEQLAIVERRANLLQAEIEELWATLEQTERSR-KIAEQEL 1709
GILKDTQLHLDDAIRGQDDLKEQLAMVERRANLMQAEVEELRASLERTERGR-KMAEQEL 1710
AILKDTQLHLDDALRSQEDLKEQLAMVERRANLLQAEIEELRATLEQTERSR-KIAEQEL 1710
GILKDTQIHLDDALRSQEDLKEQLAMVERRANLLQAEIEELRATLEQTERSR-KIAEQEL 1712
GQLKDTQLHLDDALRGQEDLKEQLAIVERRANLLQAEVEELRATLEQTERAR-KLAEQEL 1707
AQIKELWIEVEETRTSREEIFSQNRESEKRLKGLEAEVLRLQEELAASDRAR—RQAQQDR1727
IQIKDLOMQLDDSTQLNSDLKEQVAVAERRNSLLQSELEDLRSLOQEQTERGR-RLSEEEL 1698
QQIKDLQVQMDEDARQHEELRKQYNLQERRLSLLQTELEEVRSALEGSERSR-KLLEQEV 1678
GHLKDAQLQLDDALRGNDDLKENIAIVERRNNLLQAELDELRSLVEQTERGR-KLAEQEL 1708
GHLKDAQLQLDDALRGNDDLKENTIAIVERRNNLLQAELDELRSLVEQTERGR-KLAEQEL 1709
GHLKDAQLQLDDALRGNDDLKENTIAIVERRNNLLQAELDELRSLVEQTERGR-KLAEQEL 1708
GHLKDAQLQLDDALRGNDDLKENIAIVERRNNLLQAELDELRSLVEQTERGR-KLAEQEL 1706
GHLKDAQMQLDDALRANDDLKENIAIVERRNNLLQAELDELRSLVEQTERGR-KLAEQEL 1708
AHMKDAQLQLDDSLRTNEDLKENTAIVERRNNLLQAELEELRAALEQTERGR-KLAEQEL 1708
AHLKDSQLQLDDSLRSNDDLKENTAIVERRNALLQAELEELRAVLEQTERGR-KLAEQEL 1706
SCLKETQLOMDDTLHSNDDLKENITLLERRNNLMOQTELEELRGILEQTERVR-KLAEQEL 1706
SQLKDAQLHLDDAVRAQEDMKEQVAMVERRNTLMQSEIEELRAALEQTERGR-KVAEQEL 1706
GQLKDAQLHLDEALRAQEDMKEQVAMVERRNNLMQAEIEELRVALEQTERGR-KVAEQEL 1708
AQLKDAQLHLDDAVRGQEDMKEQVAMVERRNTLMQSEIEELRAALEQTERGR-KVAEQEL 1708
AQLKDAQLHLDDAVRGQEDMKEQVAMVERRNTLMQSEIEELRAALEQTERGR-KVAEQEL 1708
AQLKDAQLHLDDAVRGQEDMKEQVAMVERRNTLMQSEIEELRAALEQTERGR-KVAEQEL 1708
AQLKDAQLHLDDAVRGQEDMKEQVAMVERRNTLMQSEIEELRAALEQTERGR-KVAEQEL 1708
AQLKDAQLHLDDAVRGQEDMKEQVAMVERRNTLMQSEIEELRAALEQTERGR-KVAEQEL 1708
TQIKDLOMELDETVHONEELKEQSAVTERRNNLLTAEVEELRCQLEQNDRAR-KLAEFEL 1707
LOIKDLOVELDESMHHCEELKEQVAVTERRNTLLSAELEELRGVAEQTDRMR-KVAEHEL 1707
AQMKEQMREFEDLRLSRDESLNQAKENERKIKSMEAEIMQLHEDLAAADRAK-RQIQQER 1710
AQMKDLLRELEDTRLSREEILAQSKENEKKVKSMEAEMIQMQOEGKLAAVDSLHSNLHMH- 1706
AQMKDYQORELEEARTSRDEIFTQSKENEKKLKSLEAEILQLQEDLASSERAR-RHAEQER 1723
AQMKDFORELDDAHAAREEVLSSAKENERKAKTLEAELLQLQEDLAAAERAK-KQVEAER 1708
TOMKDYQRELEDARASHKEVLSDARESERKARAMEAEILHLHEELASAEKAR-KHAERER 1692
TOMKELIRELDETKLARDEIVAQSKDSEKRLQTLEAELLQLTEDLSVSERQK-RQAQQER 1730
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TETSERVOLLHSONTSLINQKKKMDADLSQLOTEVEEAVOECRNAEEKAKKATTDAAMMA

TSERVQLLHSQNTSLINQKKKMDADLSQLQTEVEEAVQECRNAEEKAKKAITDAAMMA 1766

TSERVQLLHSONTSLINQKKKMESDLTQLQOSEVEEAVQECRNAEEKAKKAITDAAMMA 1768
LDASDRVQLLHSQNTSLINTKKKLEADIAQCQAEVENSIQESRNAEEKAKKAITDAAMMA 1770
LDASERVQLLHTQNTSLINTKKKLENDVSQLQSEVEEVIQESRNAEEKAKKAITDAAMMA 1769
LDASERVQLLHTONTSLINTKKKLETDISQIQGEMEDIVQEARNAEEKAKKAITDAAMMA 1770
LDASERVQLLHTQONTSLINTKKKLETDISQIQGEMEDIIQEARNAEEKAKKAITDAAMMA 1770
LDASERVQLLHTQONTSLINTKKKLETDISQMQGEMEDI LQEARNAEEKAKKAITDAAMMA 1772
LDSNERVQLLHTONTSLIHTKKKLETDLMQLQSEVEDASRDARNAEEKAKKAITDAAMMA 1767
DEMADEVANGNLSKAAILEEKRQLEGRLGQLEEELEEEQSNSELLNDRYRKLLLQVESLT 1787

TERINLFYTQNTSLLSIKKKLEADVARMQKEAEEVVQECQNAEEKAKKAAIEAANLS1758

ITEWHNEINIQNQSLLVVKRKLESDVQRISNEHEELISEFRLTEERAKKAMMDAARMA 1738
MDVSERVQLLHSQNTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAKKAITDAAMMA 1768
MDVSERVQLLHSQONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAKKAITDAAMMA 1769
MDVSERVQLLHSQONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAKKAITDAAMMA 1768
MDVSERVQLLHSQONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAKKAITDAAMMA 1766
MDVSERVQLLHSQONTSLLNQKKKLEGDNTQLQTEVEEAVQECRNAEEKAKKAITDAAMMA 1768
LDTSERVQLLHSQNTSLLNQKKKLETDISQLQTEVEEAVQECRNAEEKAKKAITDAAMMA 1768
LDVTERVQLLHSQNTSLINQKKKLETDLSQFQTEVEEAVQECRNAEEKAKKAITDAAMMA 1766
TDATERMQLLHSQNTGLINQKKKQESDLLQLONELEELVQENRNAEEKAKKAITDAAMMA 1766
VDASERVGLLHSQNTSLLNTKKKLESDLVQIQSEVEDTVQEARNAEEKAKKAITDAAMMA 1766
VDASERVTLLHSQNTSLINTKKKLEADLVQIQGEMEDVVQEARNAEEKAKKAITDAAMMA 1768
VDASERVGLLHSQNTSLLNTKKKLEADLVQIQSEVEDTVQEARNAEDKAKKAITDAAMMA 1768
VDASERVGLLHSQNTSLLNTKKKLEADLVQIQSEVEDTVQEARNAEDKAKKAITDAAMMA 1768
VDASERVGLLHSQNTSLLNTKKKLEADLVQIQSEVEDTVQEARNAEEKAKKAITDAAMMA 1768
VDASERVGLLHSQNTSLLNTKKKLETDLVQIQSEVEDTVQEARNAEEKAKKAITDAAMMA 1768
VDASERVGLLHSONTSLLNTKKKLESDLVQIQGEVEDTVQEARNAEEKAKKAITDAAMMA 1768

TERVNLLHSQNTSMLNQKKKLENDLATLSSEVDDAVQECRNAEEKAKKAITDAAMMA 1767

SSERVNLLHAQNTVMLNQKKKLESDLSMLSGEVDDAQQECRNAEEKAKKAITDAAMMA 1767
DELQDEINSQONAKNSLSSDERRRLEARIAQLEEELEEEHLSVELVNDRLKKASLQAEQVT 1770
LLVQLCIH----- TSI--EGLRELIILIRDHPNTVSPFTRWKTLVHNAVK----—-—-—-— 1749
DELADEISNSASGKAALLDEKRRLEARIAQLEEELEEEQSNMELLNDRFRKTTMQVDTLN 1783
DELADELASNASGKSALSDEKRRLEAKIQQLEEELEEEQGNMEMLNDRLRKSAQQVDQLT 1768
DEIAGEMASGSFGKSGTSDEKRRLESKIQHLEEELDDEQATTETLNERLRRSVQEVDQLT 1752
DEMADEI INNATGKSALFDEKRRLETRITQMEEELEEAQSNAELLAERQRKSTLQIETLT 1790

EELKKEQDTSAHLERMKKNMEQT TKDLOHRLDEAEQTALJJGGKKOLOKLEARVRELENEL ' - .
Skip 4
EELKKEQDTSAHLERMKKNMEQT K DLOHRLDEAEQEATLKGGKKOHOKLEARVRELENEL 1826
EELKKEQDTSAHLERMKKNMEQT [KDLOHRLDEAEQIALKGGKKONOKLEARVRELEGEL 1828
EELKKEQDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQIQOKLENRVRELENEL 1830
EELKKEQDTSAHLERMKKNLEQTVKDLOHRLDEAEQLALKGGKKQTIOKLEARVRELEGEV 1829
EELKKEQDTSAHLERMKKNMEQTVKDLOLRLDEAEQLALKGGKKQIOKLEARVRELESEV 1830
EELKKEQDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQIQKLEARVRELEGEV 1830
EELKKEQDTSAHLERMKKNMEQTVKDLQLRLDEAEQLALKGGKKQIOKLEARVRELEGEV 1832
EELKKEQDTSAHLERMKKNLEQTVKDLOHRLDEAEQLALKGGKKQIQKLETRIRELEFEL 1827
TELSAERSFSAKAESGROOLEROEQELRGRLGEEDAGARARHKMT IAALESKLAQAEEQL 1847
EELKKKQDTIAHLERTRENMEQT I TDLOKRLAEAEQMALMGSRKQIOKLESRVRELEGEL 1818
EELRQEQDHCMHLEKTKKNYEVTIKDLOAKMEEAEQLALKGGKRTIMKLEARTKELETEL 1798
EELKKEQDTSAHLERMKKNMEQT K DLQHRLDEAEQEAMKGGKKQVOKLEARVRELENEV 1828
EELKKEQDTSAHLERMKKNMEQT K DLOHRLDEAEQTAMKGGKKQVOKLESRVRELESEV 1829
EELKKEQDTSAHLERMKKNMEQT [KDLOHRLDEAEQTAMKGGKKQVOKLEVRVRELESEV 1828
EELKKEQDTSAHLERMKKNMEQT K DLQHRLDEAEQIAMKGGKKQVOKLESRVRELESEV 1826
EELKKEQDTSAHLERMKKNMEQT IKDLOHRLDEAEQIAMKGGKKQVOKLEARVRELENEV 1828
EELKKEQDTSAHLERMKKNMEQT IKDLOHRLDEAEQTAMKGGKKQVOKLEARVRELESEV 1828
EELKKEQDTSAHLERMKKNMEQT K DLOHRLDEAEQIAMKGGKKQVOKLEARVRELECEV 1826
EELKKEQDTSAHLERMKKNMEQT K DLOHRLDEAEQVAMKGGKKOHOKMEARIRELENEL 1826
EELKKEQDTSAHLERMKKNLEITVKDLOHRLDEAENLAMKGGKKOIUOKLESRVRELESET 1826
EELKKEQDTSAHLERMKKNLEVTVKDLQHRLDEAESLAMKGGKKQIUOKLEARVRELESEV 1828
EELKKEQDTSAHLERMKKNLEVTVKDLOHRLDEAENLAMKGGKKQHOKLESRVRELESEV 1828
EELKKEQDTSAHLERMKKNLEVTVKDLOHRLDEAENLAMKGGKKOIUOKLESRVRELESEV 1828
EELKKEQDTSAHLERMKKNLEITVKDLQHRLDEAENLAMKGGKKQIUOKLESRVRELETET 1828
EELKKEQDTSAHLERMKKNLEVTVKDLQHRLDEAENLAMKGGKKOLOKLESRVRELESEV 1828
EELKKEQDTSAHLERMKKNLEITVKDLOHRLDEAENLAMKGGKKOIUOKLESRVRELESEV 1828
EELKKEQDTSAHLERMKKNMEQTKDLOLRLDEAEQEALKGGKKQIQKLESKVRDLESEL 1827
EELKKEQDTSSHLERMKRNMEQTIKDLONRLDEAEQIALKGGKKQIOKME IRVRELETEL 1827
VELTAERSNSORLEGLRSQLDRONKDMKQKLOELEGAVKSKYKST ITALETKIQOLEEQL 1830
———————————————————————————————————————————————————————————— 1749
TELAGERSAAQKSENARQOLERONKDLKSKLOELEGSVKSKFKAS TAALEAKILQLEEQL 1843
NELQAERTTSQKNESARQLMERQNKELKAKLOEMENQVKSKFKSS TSALEAKVAQLEEQL 1828
NELHTERSNAQRMESGWQOMERQNKELRAKLLEMEGQVKSKQRSTVAALESKLQQTEDQL 1812
VOLSGERTLAQKSESARETLERQNKELKTRLSEMEGAVKGKHRLSVAALEAKIESMEEQV 1850
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EAEQKRNAESVKGMRKSERRIKELTYQTEEDRKNLLRLODLVDKLQLKVKAYKROAEEAE
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Appendix 4.3 — Tropical Clawed

BLASTBLAT | VEP | Tools | BioMart | Downicads | Help & Docs | Bieg

[ Tropicai clawed frog (xenopus. ropicalis va.1)

Location: 1:127,085 346-128,052,512 ¥

Frog and Coelocanth MYH6/7 neighbour genes
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Appendix 5.1 HRM derivative melt curves results showing non-injected siblings vs

CRISPR/Cas9 injected embryos
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melting temperature peak of injected embryos B) smyhcl gRNAK1617del uninjected controls show single peak
with melting temperature at 80 °C, injected embryos show derivative melt curve show shifted double peak C)
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embryos show derivative melt curve show shifted double peak D) smyhc1 gRNAE1856K uninjected controls show
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Appendix 5.1 — smyhc1 F3 generation genotyping, length, and weight measurements

5.1.1. - Smyhc1kel”®

|Fish no. |Gender ll.ength (mm) |Mass(mg) lGenotype (By HRM) IGenotype by Seq

1m 26 370 Wild Type Wild Type
25 25 390 Wild Type Wild Type
5m 24 340 Wild Type

8 m 26 310 Wild Type Wild Type
12 m 26 320 ? Wild Type
13 m 25 400 Wild Type

17 m 23 230 Wild Type

19 m 26 340 Wild Type

20 m 25 310 Wild Type

25 m 27 370 Wild Type

29 m 27 340 Wild Type

30 m 25 340 Wild Type
40 m 26 310 Wild Type

3 m 25 360 Heterozygote Heterozygote
4 f 26 420 Heterozygote Heterozygote
7 m 28 440 Heterozygote

9 m 25 290 Heterozygote

10 m 27 330 Heterozygote

11 m 25 280 Heterozygote

15 m 26 280 Heterozygote

16 m 26 280 Heterozygote

21 m 25 240 Heterozygote

22 m 27 310 Heterozygote

24 m 29 440 Heterozygote

27 f 26 360 Heterozygote

28 f 25 340 Heterozygote

33 m 25 250 Heterozygote

34 m 28 340 Heterozygote

35 m 26 340 Heterozygote

37 m 25 360 Heterozygote

38 m 29 410 Heterozygote

39 m 28 360 Heterozygote

6 m 23 370 Mutant Mutant
14 m 26 340 Mutant Mutant
18 m 29 390 Mutant

23 m 26 360 Mutant

26 m 28 340 Mutant

31 m 26 310 Mutant

32 m 29 390 Mutant

36 m 23 240 Mutant

205



Appendix

5.1.2. - Smyhc1ke180

206

IFish no. IGender Il.ength (mm) |Mass(mg) [Genotype (By HRM) |Genotype by Seq
13 m 22 160 Wild Type
15 m 23 250 Wild Type
16 f 22 220 Wild Type
18 m 24 210 Wild Type
24 mm 23 220 Wild Type
25 m 22 200 Wild Type
28 m 23 180 Wild Type
29 m 22 180 Wild Type
30 f 21 180 Wild Type
32 m 24 240 Wild Type
33 m 23 220 Wild Type
36 m 20 200 Wild Type
43 f Wild Type Wild Type
48 f Wild Type Wild Type
51 m Wild Type
54 m Wild Type
56 m Wild Type
3m 24 220 Heterozygote Heterozygote
6 m 24 210 Heterozygote Heterozygote
8 m 21 210 Heterozygote
9 f 23 180 Heterozygote
10 m 24 240 Heterozygote
11 m 24 240 Heterozygote
14 m 22 200 Heterozygote
17f 21 180 Heterozygote
31 m 21 160 Heterozygote
34 f 23 230 Heterozygote
37 f 22, 210 Heterozygote
39 f 25 250 Heterozygote
41 f Heterozygote Heterozygote
42 f Heterozygote Heterozygote
44 f Heterozygote
45 f Heterozygote
47 ff Heterozygote
49 m Heterozygote
52 m Heterozygote
53 m Heterozygote
55 m Heterozygote
1m 23 220 Mutant Mutant
2:f 25 270 Mutant Mutant
4 m 24 220 Mutant Mutant
5. 22 180 Mutant Mutant
744 21 170 Mutant Mutant
12 m 24 290 Mutant Mutant
19 m 22 200 Mutant Mutant
20 f 25 280 Mutant Mutant
21 f 22 220 Mutant Mutant
22 m 25 210 Mutant Mutant
23 m 22 250 Mutant Mutant
26 m 19 100 Mutant Mutant
27 m 23 200 Mutant Mutant
38 f 22 210 Mutant Mutant
40 m 22 190 Mutant Mutant
6 f Mutant Mutant
10 m Mutant Mutant
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5.1.3. - Summary of smyhc1%97? and smyhc1*9'8° mendalian ratio and Chi squared test

smyhc1*'”?

Summary of fish numbers |expected |observed Ichi squared
wt 10 13 33%[/0.53661755
het 20 19 48%

mut 10 8 20%

total no. 40 40

smyhc1*%0

Summary of fish numbers |expected |observed Ichi squared
wt 13.75 17 31%[0.196464031
het 27.5 21 38%

mut 13.75 17 31%

total no. 55 55

5.1.4. - Genotype of dead fish from F3 generation of smyhcl heterozygous in-crosses from 5 dpf to 4

mpf

Fish death from F3 smyhc1*'** and smyhc1*¢'*”* in-cross

smyhc1*”®

IFIsh no. IGenotype by Seq I

Heterozygote
Heterozygote
Wild Type
Heterozygote
Mutant
Heterozygote
Heterozygote
Wild Type
Heterozygote
Mutant
Heterozygote
Mutant
Heterozygote
Heterozygote
Heterozygote
Mutant
Heterozygote
Wild Type
Heterozygote
Wild Type
Heterozygote
Heterozygote
Heterozygote
Mutant
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IFish no. IGenotype by Seq ]
1 Heterozygote
2 Heterozygote
3 Wild Type
4 Heterozygote
5 Mutant
6 Heterozygote
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Appendix 5.2 — Zebrafish swimming velocity 2-30 dpf

2 dpf Lay Date/Info Genotype Swimming Velocity count
BTS-(mm/s) SD BTS+(mm/s) SD
1 29/09/2019 Wild Type 327.08 86.11 8.99 4.25 4
Heterozygote 259.06 99.80 8.20 3.73 8
Mutant 102.24 32.06 0.49 0.28 5
2 11/03/2020 Wild Type 278.47 134.59 7.17 3.17 6
Heterozygote 238.93 174.56 6.66 4.84 10
Mutant 131.72 21.61 0.66 0.21 5
3 11/03/2020 Wild Type 311.32 184.05 6.17 3.99 6
Heterozygote 258.96 119.74 7.12 6.08 10
Mutant 130.50 27:23 0.41 0.33 6
4 11/03/2020 Wild Type 369.12 297.27 11.38 7.51 5
Heterozygote 233.24 141.47 12.69 8.02 11
Mutant 180.93 99.43 0.75 0.79 5
Average (1-4) Wild Type 321.50 175.51 8.43 4.73
Heterozygote 247.55 133.89 8.66 5.67
Mutant 136.35 45.08 0.58 0.40
5 dpf Lay Date/Info Genotype Swimming Velocity count
BTS-(mm/s) SD BTS+(mm/s) SD
1 29/09/2019 Wild Type 573.06 125.65 58.58 24.47 6
Heterozygote 544.61 219.44 55.25 19.24 9
Mutant 453.88 153.73 3.29 2.39 5
2 11/03/2020 Wild Type 579.10 291.34 93.96 19.32 6
Heterozygote 620.23 333.73 55.63 28.71 10
Mutant 377.15 442.20 1.36 0.68 5
3 11/03/2020 Wild Type 548.59 390.91 44.38 60.51 5
Heterozygote 690.93 366.66 30.28 16.17 11
Mutant 293.42 160.62 0.77 0.55 5
Average (1-3) Wild Type 566.92 269.30 65.64 34.77
Heterozygote 618.59 306.61 47.05 21.37
Mutant 374.82 252.18 1.81 1.21
17 dpf Lay Date/Info Genotype Swimming Velocity count
BTS-(mm/s) SD BTS+(mm/s) SD
1 11/12/2020 Wild Type 15.97 7.68 3.93 2.06 7
Heterozygote 15.25 4.93 3.39 0.81 7
Mutant 23.82 20.01 0.35 0.31 5
2 11/12/2020 Wild Type 12.80 1.71 4.09 0.66 4
Heterozygote 15.46 7.33 4.10 1.47 7
Mutant 10.10 4.84 0.62 0.32 4
3 11/12/2020 Wild Type 11.74 2.69 4.02 0.34 5
Heterozygote 12.42 5.39 3.93 1.01 9
Mutant 14.66 5.05 0.18 0.06 4
Average (1-3) Wild Type 13.50 4.02 4.01 1.02
Heterozygote 14.38 5.88 3.80 1.09
Mutant 16.19 9.97 0.38 0.23
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20 dpf Lay Date/Info Genotype Swimming Velocity count
BTS-(mm/s) SD BTS+(mm/s) SD

1 11/12/2020 Wild Type 25.46 6.91 4.67 1.61 6
Heterozygote 22.85 8.90 4.21 2.65 8
Mutant 24.11 6.27 0.46 0.21 4
2 11/12/2020 Wild Type 34.24 19.19 491 107 6
Heterozygote 40.95 17.35 4.93 1.78 13
Mutant 33.26 7.73 0.42 0.00 3
3 11/12/2020 Wild Type 36.35 29.32 3.64 0.63 3
Heterozygote 24.72 20.73 5.90 2.40 8
Mutant 37.38 28.80 0.34 0.16 4

Average (1-3) wild Type 32.02 18.48 4.41 1.34

Heterozygote 29.51 15.66 5.01 2.28

Mutant 31.59 14.27 0.41 0.12

30 dpf Lay Date/Info Genotype Swimming Velocity count
BTS-(mm/s) SD BTS+(mm/s) SD

1 11/12/2020 Wild Type 50.65 26.85 4.12 2.77 5
Heterozygote 59.89 40.38 6.49 2.63 7
Mutant 75.45 7.71 6.17 251 3
2 11/12/2020 Wild Type 60.56 27.75 6.15 1.09 4
Heterozygote 41.56 21.25 5.67 1.09 &
Mutant 32.53 17.45 5.60 0.78 4
3 11/12/2020 Wild Type 33.72 15.71 5.86 0.60 4
Heterozygote 38.38 8.45 5.28 1.74 7
Mutant 51.37 14.16 6.16 2.13 4

Average (1-3) Wild Type 48.31 23.44 5.38 1.49

Heterozygote 46.61 23.36 5.81 1.82

Mutant 53.12 13.11 5.97 1.81
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Appendix 5.3 — BLAST search of gRNA to zebrafish genome

smyhcl gRNAKO1

5'-CATGTCAAAAATACGAGTTTGGG-3'

G ol + Overlapping G

24:40667704-40667724 smyhct

smyhcl gRNAKO2

(s Ori i Query name Query start Query end

Reverse Query_1 1

5'-ACCACAGAGGAATCGTACACTGG-3'

— " =
1 Overlapping

24:40665790-40665812 smyhct

smyhcl gRNA - (Li et al, 2020)

21

(s, Ori: i Query name Query start Query end

Forward Query_1 1

5'-GGCTGACAGCATGTACTGGTAGG-3"'

G el + Overlapping G

23

(s, Orientati Query name Query start Query end

24:40665704-40665724 smyhct Forward Query_1 3 23
24:40698260-40698280 smyhc2 Forward Query_1 3 23
24:40723771-40723791 smyhc3 Forward Query_1 3 23
24:40744293-40744313 CU633479.1 Forward Query_1 3 23
24:40772959-40772979 CU633479.2 Forward Query_1 3 23
smyhcl exon 16 (Whittle et al, 2020)

Genomic Location Overlapping Gene(s) Orientation Query name Query start Query end
24:40662386-40662462 smyhct Reverse Query_1 1 77
2:24264943-24264998 myh7 Reverse Query_1 12 64
24:40688153-40688209 smyhc?2 Reverse Query_1 21 77

Query ori
Forward

Query ori
Forward

Query ori
Forward
Forward
Forward
Forward
Forward

Query ori
Forward
Forward
Forward

Length Score
21

Length Score
23

Length Score
21
21
21
21
21

Length Score

42

46

42
42
42
42
42

152
61.8
57.8

E-val %ID
0.024 100

E-val %ID
0.002 100

E-val %ID
0.035 100
0.035 100
0.035 100
0.035 100
0.035 100

E-val %ID
3.00E-34 100
7.00E-07  89.29
1.00E-05  87.72

Appendix 5.4 — early STOP codon in exon 16 of smyhcl from Whittle et al, 2020

Early Stop Codon

Myosin motor S1

J

Myosin N-terminal SH3-like

1100 B0

ATP binding P-loop | ] loop 4
loop 1 Switch 1

210

(Subfragment of myosin)

In [ BN =

Relay loop 2 | | lever
Actin binding domain converter

MyBPC S2 binding site
Actin binding domain

Q

1Q motif

MAP Zebrafish smyhcl Protein - Annotated

1938 aa

S2 (Subfragment of myosin)

Skip 1

LMM (Light meromyosin)

Skip 2 Myomesin binding  Hinge region

MyBPC LMM binding site

Skip 4
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