
Extraocular muscles (EOMs) are of special interest because
they differ from other skeletal muscles in ontogeny,
innervation and contractile physiology. For these reasons, they
are likely to provide novel insights into the origin of
specialized vertebrate muscles and into the evolution of striated
muscle itself.

EOMs arise from unsegmented head mesenchyme rather
than somites, which give rise to trunk and limb muscles
(Noden et al., 1999). They are innervated by cranial, rather
than spinal, motoneurons and are organized into motor
units composed of fibers with different molecular and
ultrastructural properties (Goldberg and Shall, 1999).
Ultrastructural analyses have identified six fiber types in
extraocular muscle (Peachey, 1971; Spencer and Porter,
1988), and the majority of EOM fibers are singly-innervated
and phasic, like limb and trunk skeletal muscles, while a
minority are multiply-innervated and tonic. But, irrespective
of their innervation, almost all are heterogeneous in myosin
expression (Jacoby et al., 1990; McLoon et al., 1999;
Rubinstein and Hoh, 2000) and none corresponds to the Type
I and II fibers found in other skeletal muscles. Most

importantly, they exhibit distinctive physiological properties,
in particular, superfast contractions (Close and Luff, 1974; Li
et al., 2000) that are linked to the expression of a novel
superfast myosin heavy chain.

In many ways, the superfast EOM myosin is a molecular
reflection of EOM’s distinctive ontogenic, structural and
physiological features. First, its expression is tissue-restricted:
aside from extraocular muscle, it is found only in laryngeal
muscles (Briggs and Schachat, 2000; Lucas et al., 1995).
Second, in many EOM fibers, it is co-expressed with other
myosins (Briggs and Schachat, 2001; Rubinstein and Hoh,
2000). And third, its localization to the central end-plate band
region where EOM fibers are innervated links its expression
directly to innervation (Briggs and Schachat, 2001; Rubinstein
and Hoh, 2000). Here, the MYH13 gene that encodes this
distinctive molecular marker is analyzed by genomic mapping,
sequence-based phylogenetic techniques and phylogenetic
footprinting to gain insights into the evolution of diversity and
specialization in striated muscle myosins and the factors that
probably account for the tissue-restricted expression of
MYH13.
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Extraocular muscle exhibits higher-velocity and lower-
tension contractions than other vertebrate striated
muscles. These distinctive physiological properties are
associated with the expression of a novel extraocular
myosin heavy chain (MYH). Encoded by the MYH13 gene,
the extraocular myosin heavy chain is a member of
the fast/developmental MYH gene cluster on human
chromosome 17 and the syntenic MYH cluster on mouse
chromosome 11. Comparison of cDNA sequences reveals
that MYH13 also encodes the atypical MYH identified in
laryngeal muscles, which have similar fast contractile
properties. Comparing the MYH13 sequence with the
other members of the fast/developmental cluster, the
slow/cardiac MYH genes and two orphan skeletal MYH
genes in the human genome provides insights into the
origins of specialization in striated muscle myosins.
Specifically, these studies indicate (i) that the extraocular

myosin is not derived from the adult fast skeletal muscle
myosins, but was the first member of the fast/
developmental MYH gene cluster to diverge and
specialize, (ii) that the motor and rod domains of the
MYH13 have evolved under different selective pressures
and (iii) that the MYH13 gene has been largely insulated
from genomic events that have shaped other members of
the fast/developmental cluster. In addition, phylogenetic
footprinting suggests that regulation of the extraocular
MYH gene is not governed primarily by myogenic factors,
but by a hierarchical network of regulatory factors that
relate its expression to the development of extraocular
muscles.
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The superfast extraocular myosin heavy chain gene is a
member of the fast/developmental MYH gene cluster
Cloning of the 3′-untranslated region of the extraocular

(EO) myosin heavy chain mRNA from rabbit and rat EOM
enabled us to design primers to amplify the 3′ untranslated
region (3′-UTR) of the human and mouse EO MYH genes
and localize them to human chromosome 17 on the Stanford
G3 radiation hybrid panel and mouse chromosome 11 on the
EUCIB (European Backcross) panel (Winters et al., 1998).
Neighboring sequence-tagged sites more specifically
localized the human EO MYH gene to 17p13.1 to p12,
placing it within 4 centimorgans of the fast/developmental
MYH gene cluster identified by Yoon et al. (1992), and
further screening showed that the EO MYH gene resides on
YAC B120C11, which contains other members of the
fast/developmental cluster. These chromosomal analyses
led to the designation of the human and mouse EO MYH
genes as MYH13 and myh13, respectively (Winters et al.,
1998).

The structure of the MYH13 gene implies it has been
‘insulated’ from the other members of the

fast/developmental cluster
The sequence of a full-length cDNA for the rabbit EOM

MYH enabled us to identify the superfast myosin gene MYH
from the human genome project sequences and to define its
exon organization using GeneQuest (Briggs and Schachat,
1999, 2000; Schachat and Briggs, 1999). The exon boundaries
of the other members of the fast/developmental MYH cluster
– the embryonic, IIA, IIX, IIB and perinatal MYH genes –
were similarly identified (Schachat and Briggs, 1999). The
resulting map of the fast/developmental MYH cluster is
presented in Fig. 1. These maps reveal that the MYH13 gene
differs significantly from its neighbors in two ways. First, it
spans almost 64 kb, more than twice the length of any other
member of the cluster (Fig. 1A); and second, with the
exception of two short 5′ regions, MYH13 lacks the internal
similarities in exon organization evident in other members of
the cluster (Fig. 1B).
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Fig. 1. Physical map and exon organization of the fast/developmental myosin heavy chain genes. (A) The position, orientation and size of the
MYH genes that compose the fast/developmental cluster. (B) The exon organization of each of the MYH genes. The position and exon
organization of the fast/developmental MYH genes are based on analysis of the MYH region of human chromosome 17 using GeneQuest and
the known cDNA sequences of the rat embryonic MYH gene (Strehler et al., 1986) and the rabbit MYH13 gene (Briggs and Schachat, 2000) to
define exon boundaries. Only the positions of the coding exons (3–40 for the embryonic and MYH13 gene and 3–41 for the other members of
the cluster) are presented. The predicted coding sequences exhibited greater than 99 % identity with the cDNA sequences reported by Weiss et
al. (1999b). Regions of homologous organization (exon–intron size and spacing) are indicated by distinctive colors. These structural
homologies primarily reflect the order of gene duplication, although some, such as the two conserved patterns in the 5′-region of the MYH13
gene, are more probably the result of gene conversion events. This is readily evident for the segment from the beginning of exon 4 to the end of
exon 5, which is identical to the corresponding sequence in the adjacent perinatal MYH gene.
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The conservation of exon size and phase (reading frame)
among members of the fast/developmental MYH cluster
(Table 1) enables regions of homologous intron–exon spacing
to be identified. In Fig. 1B, these regions are indicated by
common color; only two common patterns in the 5′ region are
present in MYH13. Because these common spatial patterns

probably reflect lineage (e.g. gene duplications) and genetic
exchanges between neighboring members of the cluster, both
the size and the non-homologous intron–exon organization of
MYH13 indicate that it has been largely ‘insulated’ from
events that have shaped the current organization of the other
members of the fast/developmental MYH gene cluster.

Table 1. The phase (reading frame) and length of the coding exons of the fast/developmental MYH genes

Exon length
Coding 
exon Phase Embryonic IIA IIX IIB Perinatal MYH13

3 (0,0) 204 183 204 204 210 204
4 (0,0) 144 144 144 144 144 144
5 (0,1) 157 157 157 157 157 157
6 (1,2) 28 28 28 28 28 28
7 (2,0) 109 115 115 115 109 112
8 (0,0) 93 93 93 93 93 93
9 (0,1) 64 64 64 64 64 64

10 (1,1) 99 99 99 99 99 99
11 (1,0) 104 104 104 104 104 104
12 (0,1) 139 139 139 139 139 139
13 (1,0) 119 119 119 119 119 119
14 (0,0) 150 150 150 150 150 150
15 (0,0) 171 171 171 171 171 171
16 (0,1) 307 310 310 310 310 310
17 (1,0) 71 68 71 71 68 74
18 (0,1) 88 88 88 88 88 88
19 (1,2) 118 118 118 118 118 118
20 (2,0) 124 124 124 124 124 124
21 (0,2) 137 137 137 137 137 137
22 (2,0) 256 256 256 256 256 256
23 (0,0) 243 243 243 243 243 243
24 (0,0) 177 177 177 177 177 177
25 (0,2) 146 146 146 146 146 146
26 (2,0) 91 91 91 91 91 91
27 (0,0) 390 390 390 390 390 390
28 (0,1) 127 127 127 127 127 127
29 (1,0) 119 119 119 119 119 119
30 (0,2) 197 197 197 197 197 197
31 (2,0) 184 184 184 184 184 184
32 (0,1) 166 166 166 166 166 166
33 (1,0) 125 125 125 125 125 125
34 (0,0) 309 309 309 309 309 309
35 (0,0) 204 204 204 204 204 204
36 (0,0) 126 126 126 126 126 126
37 (0,0) 171 171 171 171 171 171
38 (0,0) 105 105 105 105 105 105
39 (0,0) 96 96 96 96 96 96
40 (0,0) 138 150 150 150 147 135
41 (0,0) 24 12

The exon structure of these genes is highly conserved. The pattern of split codons is identical among all the genes. Exon lengths are also
identical, with four exceptions. The exons encoding the N and C termini reflect known differences in amino acid sequence; and the C termini of
MYH13 and the embryonic MYH are encoded by two exons, whereas the homologous sequences of the other MYHs are encoded by a single
exon. 

Additional length variations occur in the exons that encode the variable-length loop 1 and loop 2. The variation in loop 1 appears to be due to
exon slippage at the 3′ boundary of exon 7, as does the variation in loop 2, which occurs at the boundary of exons 16 and 17.
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           *     .  :     *     .   : *   . * : * * : * *  . : * : *  :    : *  :  * :  :   .  :  :  : . . : *  . : *   .   : . : .  :
 Embryonic  MS- - DTEMEVFG- - I - AAPFLRKSEKERI EAQNQPFDAKTYCFVVDSKEEYAKGKI KSSQDGKVTVETEDNRTLVVKPE    75
       II M MP- - GGYKGEC- GDDVDPMPFLAPPEKERI EAMNKPYDI KRSCWVKDEKEGFI AGEI QSEQGDQVTVKTVNNQTVTVKKD    77
       II A MS- - SDSELAVFG- - - EAAPFLRKSERERI EAQNRPFDAKTSVFVAEPKESFVKGTI QSREGGKVTVKTEGGATLTVKDD    75
 Perin atal  MSASSDAEMAVFG- - - EAAPYLRKSEKERI EAQNKPFDAKTSVFVAEPKESYVKSTI QSKEGGKVTVKTEGGATLTVRED    77
       II X MS- - SDSEMAI FG- - - EAAPFLRKSERERI EAQNKPFDAKTSVFVVDPKESFVKATVQSREGGKVTAKTEAGATVTVKDD    75
       II B MS- - SDSEMAI FG- - - EAAPFLRKSEKERI EAQNKPFDAKTSVFVVDPKESYVKAI VQSREGGKVTAKTEAGATVTVKED    75
      Beta  MG- - - DSEMAVFG- - - AAAPYLRKSEKERLEAQTRPFDLKKDVFVPDDKQEFVKAKI VSREGGKVTAETEYGKTVTVKED    74
     Al pha MT- - - DAQMADFG- - - AAAQYLRKSEKERLEAQTRPFDI RTECFVPDDKEEFVKAKI LSREGGKVI AETENGKTVTVKED    74
     MYH13 MS- - SDAEMAI FG- - - EAAPYLRKPEKERI EAQNRPFDSKKACFVADNKEMYVKGMI QTRENDKVI VKTLDDRMLTLNND    75

           : *    * * * * :  :  : * * *  : * . * : * . . * *  * * : : * *    *  * * * * * * * * * * * * * * * * * * * : *  . . * .   * : * * * *  *  * * *
 Embryonic  DVYAMNPPKFDRI EDMAMLTHLNEPAVLYNLKDRYTSWM- I YTYSGLFCVTVNPYKWLPVYNPEVVEGYRGKKRQEAPPH   154
       II M DVQQMNPPKFYQANDMADMTFLNEASVLNNLRQRYTN- MRI YTYSGLFCVTVNPYKWLPI YGARVANMYKGKKRTEMPPH   156
       II A QVFPMNPPKYDKI EDMAMMTHLHEPAVLYNLKERYAAWM- I YTYSGLFCVTVNPYKWLPVYKPEVVTAYRGKKRQEAPPH   154
 Perin atal  QVFPMNPPKYDKI EDMAMMTHLHEPGVLYNLKERYAAWM- I YTYSGLFCVTVNPYKWLPVYKPEVVAAYRGKKRQEAPPH   156
       II X QVFPMNPPKYDKI EDMAMMTHLHEPAVLYNLKERYAAWM- I YTYSGLFCVTVNPYKWLPVYNAEVVTAYRGKKRQEAPPH   154
       II B QVFSMNPPKYDKI EDMAMMTHLHEPAVLYNLKERYAAWM- I YTYSGLFCVTVNPYKWLPVYNPEVVTAYRGKKRQEAPPH   154
      Beta  QVMQQNPPKFDKI EDMAMLTFLHEPAVLYNLKERYGSWM- I YTYSGLFCVTVNPYKWLPVYTPEVVAAYRGKKRSEAPPH   153
     Al pha QVLQQNPPKFDKI EDMAMLTFLHEPAVLFNLKERYAAWM- I YTYSGLFCVTVNPYKWLPVYNAEVVAAYRGKKRSEAPPH   153
     MYH13 QVFPMNPPKFDKI EDMAMMTHLHEPAVLYNLKERYAAWM- I YTYSGLFCVTVNPYKWLPVYKPEVVAAYRGKKRQEAPPH   154

           : * * * * * * * * *  * *  : * : * * * : * * * * * * * * * * *  * * * : * * * * * *  : .   *     * .    .  .   * : * * * * * * . * * *  * * * *
 Embryonic  I FSI SDNAYQFMLTDRENQSI LI TGESGAGKTVNTKRVI QYFATI AATGDLAKKKD- - S- KMKGTLEDQI I SANPLLEAF   231
       II M LFSI SDNAYQDMLMNRENQSMLI TGESGAGKTENTKKVI QYFANVGGTG- - - - KQS- - S- DGKGSLEDQI I QANPVLEAF   229
       II A I FSI SDNAYQFMLTDRENQSI LI TGESGAGKTVNTKRVI QYFATI AVTGE- KKKEEI TSGKI QGTLEDQI I SANPLLEAF   233
 Perin atal  I FSI SDNAYQFMLTDRENQSI LI TGESGAGKTVNTKRVI QYFATI AVTGE- KKKDE- - SGKMQGTLEDQI I SANPLLEAF   233
       II X I FSI SDNAYQFMLTDRENQSI LI TGESGAGKTVNTKRVI QYFATI AVTGE- KKKEEVTSGKMQGTLEDQI I SANPLLEAF   233
       II B I FSI SDNAYQFMLTDRENQSI LI TGESGAGKTVNTKRVI QYFATI AVTGE- KKKEEPASGKMQGTLEDQI I SANPLLEAF   233
      Beta  I FSI SDNAYQYMLTDRENQSI LI TGESGAGKTVNTKRVI QYFAVI AAI GDRSKKDQS- PGK- - GTLEDQI I QANPALEAF   230
     Al pha I FSI SDNAYQYMLTDRENQSI LI TGESGAGKTVNTKRVI QYFASI AAI GDRGKKDNANANK- - GTLEDQI I QANPALEAF   231
     MYH13 I FSI SDNAYQFMLTDRDNQSI LI TGESGAGKTVNTKRVI QYFATI AVTGDK- KKETQ- PGKMQGTLEDQI I QANPLLEAF   232

           * * * * * : * * : * * * * * * * * * * * * * * : * * * * * . * * * * : * * * * * * * *   *   : * * . * * * * * * *  * * * * * : * : :  * * :   * *  : :
 Embryonic  GNAKTVRNDNSSRFGKFI RI HFGTTGKLASADI ETYLLEKSRVTFQLKAERSYHI FYQI LSNKKPELI ELLLI TTNPYDY   311
       II M GNAKTI RNNNSSRFGKFI RI HFGTTGKLAGADI ESYLLEKSRVI SQQPAERGYHI FYQI LSNKKPELI ETLLLVPNPKEY   309
       II A GNAKTVRNDNSSRFGKFI RI HFGTTGKLASADI ETYLLEKSRVVFQLKAERSYHI FYQI TSNKKPELI EMLLI TTNPYDY   313
 Perin atal  GNAKTVRNDNSSRFGKFI RI HFGTTGKLASADI ETYLLEKSRVTFQLKAERSYHI FYQI TSNKKPDLI EMLLI TTNPYDY   313
       II X GNAKTVRNDNSSRFGKFI RI HFGTTGKLASADI ETYLLEKSRVTFQLKAERSYHI FYQI MSNKKPDLI EMLLI TTNPYDY   313
       II B GNAKTVRNDNSSRFGKFI RI HFGATGKLASADI ETYLLEKSRVTFQLKAERSYHI FYQI LSNKKPELI EMLLI TTNPYDF   313
      Beta  GNAKTVRNDNSSRFGKFI RI HFGATGKLASADI ETYLLEKSRVI FQLKAERDYHI FYQI LSNKKPELLDMLLI TNNPYDY   310
     Al pha GNAKTVRNDNSSRFGKFI RI HFGATGKLASADI ETYLLEKSRVI FQLKAERNYHI FYQI LSNKKPELLDMLLVTNNPYDY   311
     MYH13 GNAKTVRNDNSSRFGKFI RI HFGATGKLASADI ETYLLEKSRVTFQLSSERSYHI FYQI MSNKKPELI DLLLI STNPFDF   312

            : : * * *    *  . : * *  * * *   * *  * . : : * * * :  : * :  . : * * * * * . : * * : * * : * * *  *  * * * * * *  *  * *  * * *  . : *  . *
 Embryonic  PFI SQGEI LVASI DDAEELLATDSAI DI LGFTPEEKSGLYKLTGAVMHYGNMKFKQKQREEQAEPDGTEVADKTAYLMGL   391
       II M HWVSQGVTVVENMDDGEELQI TDVAFDVLGFSADEKI GI YKLTGGI MHFGNMKFKQKPREEQAEVDTTEVADKVAHLMGL   389
       II A PFVSQGEI SVASI DDQEELMATDSAI DI LGFTNEEKVSI YKLTGAVMHYGNLKFKQKQREEQAEPDGTEVADKAAYLQSL   393
 Perin atal  AFVSQGEI TVPSI DDQEELMATDSAI DI LGFTPEEKVSI YKLTGAVMHYGNMKFKQKQREEQAEPDGTEVADKAAYLQSL   393
       II X AFVSQGEI TVPSI DDQEELMATDSAI EI LGFTSDERVSI YKLTGAVMHYGNMKFKQKQREEQAEPDGTEVADKAAYLQNL   393
       II B AFVSQGEI TVPSI DDQEELMATDSAVDI LGFTADEKVAI YKLTGAVMHYGNMKFKQKQREEQAEPDGTEVADKAAYLTSL   393
      Beta  AFI SQGETTVASI DDAEELMATDNAFDVLGFTSEEKNSMYKLTGAI MHFGNMKFKLKQREEQAEPDGTEEADKSAYLMGL   390
     Al pha AFVSQGEVSVASI DDSEELMATDSAFDVLGFTSEEKAGVYKLTGAI MHYGNMKFKQKQREEQAEPDGTEDADKSAYLMGL   391
     MYH13 PFVSQGEVTVASI DDSEELLATDNAI DI LGFSSEEKVGI YKLTGAVMHYGNMKFKQKQREEQAEPDGTEVADKAGYLMGL   392

           * * . : :  * . :   * * * * * * * * : *  * * * . : : *    :  . * * . * : : * : : : *  * : * . * * *   * : * *   * * . * * * * * * * * * * * * * : :
 Embryonic  NSSDLLKALCFPRVKVGNEYVTKGQTVDQVHHAVNALSKSVYEKLFLWMVTRI NQQLDTKLPRQHFI GVLDI AGFEI FEY   471
       II M NSGELQKGI TRPRVKVGNEFVQKGQNMEQCHNSI GALGKAVYDKMFKWLVVRI NKTLDTKMQRQFFI GVLDI AGFEI FEF   469
       II A NSADLLKALCYPRVKVGNEYVTKGQTVEQVSNAVGALAKAVYEKMFLWMVARI NQQLDTKQPRQYFI GVLDI AGFEI FDF   473
 Perin atal  NSADLLKALCYPRVKVGNEYVTKGQTVQQVYNAVGALAKAVYEKMFLWMVTRI NQQLDTKQPRQYFI GVLDI AGFEI FDF   473
       II X NSADLLKALCYPRVKVGNEYVTKGQTVQQVYNAVGALAKAVYDKMFLWMVTRI NQQLDTKQPRQYFI GVLDI AGFEI FDF   473
       II B NSADLLKSLCYPRVKVGNEFVTKGQTVQQVYNAVGALAKAI YEKMFLWMVTRI NQQLDTKQPRQYFI GVLDI AGFEI FDF   473
      Beta  NSADLLKGLCHPRVKVGNEYVTKGQNVQQVI YATGALAKAVYERMFNWMVTRI NATLETKQPRQYFI GVLDI AGFEI FDF   470
     Al pha NSADLLKGLCHPRVKVGNEYVTKGQSVQQVYYSI GALAKAVYEKMFNWMVTRI NATLETKQPRQYFI GVLDI AGFEI FDF   471
     MYH13 NSAEMLKGLCCPRVKVGNEYVTKGQNVQQVTNSVGALAKAVYEKMFLWMVTRI NQQLDTKQPRQYFI GVLDI AGFEI FDF   472

           * * : * * * * * * * * * * * * * * * * * * * * * * * * * * * * * : * * * * *  * * * * * : * *  * * * : * : * * * : * * : * * * * * : * : * * * * * *  : * *  
 Embryonic  NSLEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWTFI DFGMDLAACI ELI EKPMGI FSI LEEECMFPKATDTSFKN   551
       II M NSFEQLCI NFTNEKLQQFFNHHMFVLEQEEYKREGI EWVFI DFGLDLQACI DLLEKPMGI FSI LEEQCVFPKATDATFKA   549
       II A NSLEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWTFI DFGMDLAACI ELI EKPMGI FSI LEEECMFPKATDTSFKN   553
 Perin atal  NSLEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWTFI DFGMDLAACI ELI EKPLGI FSI LEEECMFPKATDTSFKN   553
       II X NSLEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWTFI DFGMDLAACI ELI EKPMGI FSI LEEECMFPKATDTSFKN   553
       II B NSLEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWEFI DFGMDLAACI ELI EKPMGI FSI LEEECMFPKATDTSFKN   553
      Beta  NSFEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWTFI DFGMDLQACI DLI EKPMGI MSI LEEECMFPKATDMTFKA   550
     Al pha NSFEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWTFI DFGMDLQACI DLI EKPMGI MSI LEEECMFPKATDMTFKA   551
     MYH13 NSLEQLCI NFTNEKLQQFFNHHMFVLEQEEYKKEGI EWEFI DFGMDLAACI ELI EKPMGI FSI LEEECMFPKATDTSFKN   552

S

Fig. 2. For legend see p. 2195
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            * : : : * * * * *  * *  * * :     * *  . * . * *  * : * * * *  * . * . :  * * * : * * * * * * * : * * * * * : * * * :    : :  *        :
 Embryonic  KLYDQHLGKSNNFQKPK- - VVKGRAEAHFSLI HYAGTVDYSVSGWLEKNKDPLNETVVGLYQKSSNRLLAHLYATFATAD   629
       II M ALYDNHLGKSSNFLKPKGGKSKG- PEVHFELVHYAGTVGYNI TGWLEKNKDPLNETVVGLFQKSSVAI LALL- - - FKEEE   625
       II A KLYDQHLGKSANFQKPK- - VVKGKAEAHFALI HYAGVVDYNI TGWLEKNKDPLNETVVGLYQKSAMKTLAQLFSGAQTAE   631
 Perin atal  KLYDQHLGKSANFQKPK- - VVKGKAEAHFSLI HYAGTVDYNI TGWLDKNKDPLNDTVVGLYQKSAMKTLASLFSTYASAE   631
       II X KLYEQHLGKSNNFQKPK- - PAKGKPEAHFSLI HYAGTVDYNI AGWLDKNKDPLNETVVGLYQKSAMKTLALLFVGATGAE   631
       II B KLYEQHLGKSNNFQKPK- - PAKGKPEAHFSLVHYAGTVDYNI AGWLDKNKDPLNETVVGLYQKSAMKTLAFLFSGAQTAE   631
      Beta  KLFDNHLGKSANFQKPR- - NI KGKPEAHFSLI HYAGI VDYNI I GWLQKNKDPLNETVVGLYQKSSLKLLSTLFANYAGAD   628
     Al pha KLYDNHLGKSNNFQKPR- - NI KGKPEAHFSLI HYAGTVDYNI LGWLEKNKDPLNETVVGLYQKSSLKLMATLFSSYATAD   629
     MYH13 KLYDQHLGKSNNFQKPK- - PAKGKAEAHFSLVHYAGTVDYNI AGWLDKNKDPLNETVVGLYQKSSLKLLSFLFSNYAGAE   630

                .    *    * : * * * *  * * *  . . * * : * * * * * : .    :  * * * * *    * * *  *  . * . : :   * : : * * *  * * * * * * * * * * *
 Embryonic  AD- - SGKK- KVAKKKGSSFQTVSALFRENLNKLMSNLRTTHPHFVRCI I PNETKTPGAMEHSLVLHQLRCNGVLEGI RI C   706
       II M AP- - AGSK- K- - QKRGSSFMTVSNFYREQLNKLMTTXSI AAPHFVRCI I PNEFKQSGVI DAHLI MHQLACNGVLEGI RI C   700
       II A GG- - GGAK- KGGKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCI I PNETKTPGAMEHELVLHQLRCNGVLEGI RI C   708
 Perin atal  AD- - SSAK- KGAKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCI I PNETKTPGAMEHELVLHQLRCNGVLEGI RI C   708
       II X AE- AGGGK- KGGKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCI I PNETKTPGAMEHELVLHQLRCNGVLEGI RI C   709
       II B AE- GGGGK- KGGKKKGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCI I PNETKTPGAMEHELVLHQLRCNGVLEGI RI C   709
      Beta  API EKGKG- KA- - KKGSSFQTVSALHRENLNKLMTNLRSTHPHFVRLYHPNETKSPGVMDNPLVMHQLRCNGVLEGI RI C   705
     Al pha TG- DSGKS- KGGKKKGSSFQTVSALHRENLNKLMTNLRTTHPHFVRCI I PNERKAPGVMDNPLVMHQLRCNGVLEGI RI C   707
     MYH13 TG- DSGGSKKGGKKKGSSFQTVSAVFRENLNKLMTNLRSTHPHFVRCLI PNETKTPGVMDHYLVMHQLRCNGVLEGI RI C   709

           * * * * * . * :  *  : * : * * * : : * * .  . * * : *  * : * . : : . . *  * *  : : : : *   : : : : * : * * * * * : * * : * .  * * : * * * : : *   : :
 Embryonic  RKGFPNRI LYGDFKQRYRVLNASAI PEGQFI DSKKACEKLLASI DI DHTQYKFGHTKVFFKAGLLGTLEEMRDDRLAKLI    786
       II M RKGFPNRLQYPEFKQRYQVLNPNVI PQG- FVDNKKASELLLAAI DLDVNEYKI GHTKVFFRAGI LARLEDMRDERLAKI M   779
       II A RKGFPSRI LYADFKQRYKVLNASAI PEGQFI DSKKASEKLLASI DI DHTQYKFGHTKVFFKAGLLGLLEEMRDDKLAQLI    788
 Perin atal  RKGFPSRI LYGDFKQRYKVLNASAI PEGQFI DSKKASEKLLASI DI DHTQYKFGHTKVFFKAGLLGLLEEMRDEKLAQI I    788
       II X RKGFPSRI LYADFKQRYKVLNASAI PEGQFI DSKKASEKLLGSI DI DHTQYKFGHTKVFFKAGLLGLLEEMRDEKLAQLI    789
       II B RKGFPSRI LYADFKQRYKVLNASAI PEGQFI DSKKASEKLLGSI EI DHTQYKFGHTKVFFKAGLLGTLEEMRDEKLAQLI    789
      Beta  RKGFPNRI LYGDFRQRYRI LNPAAI PEGQFI DSRKGAEKLLSSLDI DHNQYKFGHTKVFFKAGLLGLLEEMRDERLSRI I    785
     Al pha RKGFPNRI LYGDFRQRYRI LNPVAI PEGQFI DSRKGAEKLLSSLDI DHNQYKFGHTKVFFKAGLLGLLEEMRDERLSRI I    787
     MYH13 RKGFPSRI LYADFKQRYRI LNASAI PEGQFI DSKNASEKLLNSI DVDREQFRFGNTKVFFKAGLLGLLEEMRDEKLVTLM   789

           *   * .   * *  *  * : * : : : : : : * *  . :   * *  * : :  * :  : :  *  *  : * :  * : * * * * :  * .  * : * *    : * : :         .
 Embryonic  TRTQAVCRGFLMRVEFQKMVQRRESI FCI QYNI RSFMNVKHWPWMKLFFKI KPLLKSAETEKEMATMKEEFQKTKDELAK   866
       II M TMLQCRLRGFLMRVEFKKMLERRMGLKVI QQNVHKFLQLRFWGWWKLYNKVKPLLNVARQEEEMKAKEEELRKAMAQTQE   859
       II A TRTQARCRGFLARVEYQRMVERREAI FCI QYNI RSFMNVKHWPWMKLFFKI KPLLKSAETEKEMATMKEEFQKI KDELAK   868
 Perin atal  TRTQAVCRGFLMRVEYQKMLQRREALFCI QYNVRAFMNVKHWPWMKLFFKI KPLLKSAETEKEMATMKEEFQKTKDELAK   868
       II X TRTQAMCRGFLARVEYQKMVERRESI FCI QYNVRAFMNVKHWPWMKLYFKI KPLLKSAETEKEMANMKEEFEKTKEELAK   869
       II B TRTQAI CRGFLMRVEFRKMMERRESI FCI QYNI RAFMNVKHWPWMKLYFKI KPLLKSAETEKEMANMKEEFEKTKEELAK   869
      Beta  TRI QAQSRGVLARMEYKKLLERRDSLLVI QWNI RAFMGVKNWPWMKLYFKI KPLLKSAEREKEMASMKEEFTALKEALEK   865
     Al pha TRI QAQARGQLMRI EFKKI VERRDALLVI QWNI RAFMGVKNWPWMKLYFKI KPLLKSAETEKEMATMKEEFGRI KETLEK   867
     MYH13 TSTQAVCRGYLMRVEFKKMMERRDSI FCI QYNI RSFMNVKHWPWMNLFFKI KPLLKSAEAEKEMATMKEDFERTKEELAR   869

              :  * * * * * *  . : *  : * * * * *  : * : * : *  :  *  * * * * *    : : *  * :  * * : : : . : :  * *  * : * *  :  : . *  *  * * : : * .
 Embryonic  SEAKRKELEEKLVTLVQEKNDLQLQVQAESENLLDAEERCDQLI KAKFQLEAKI KEVTERAEDEEEI NAELTAKKRKLED   946
       II M LVNKVKELEEKTATLSQEKNDLTI QLQAEQENLMDAEERLTWMMKTKMDLESQI SDMRERLEEEEGMAASLSAAKRKLEG   939
       II A SEAKRKELEEKMVTLLKEKNDLQLQVQAEAEGLADAEERCDQLI KTKI QLEAKI KEVTERAEDEEEI NAELTAKKRKLED   948
 Perin atal  SEAKRKELEEKMVTLLKEKNDLQLQVQSEADSLADAEERCEQLI KNKI QLEAKI KEVTERAEEEEEI NAELTAKKRKLED   948
       II X TEAKRKELEEKMVTLMQEKNDLQLQVQAEADSLADAEERCDQLI KTKI QLEAKI KEVTERAEDEEEI NAELTAKKRKLED   949
       II B TEAKRKELEEKMVTLMQEKNDLQLQVQAEADALADAEERCDQLI KTKI QLEAKI KEVTERAEDEEEI NAELTAKKRKLED   949
      Beta  SEARRKELEEKMVSLLQEKNDLQLQVQAEQDNLADAEERCDQLI KNKI QLEAKVKEMNERLEDEEEMNAELTAKKRNVED   945
     Al pha SEARRKELEEKMVSLLQEKNDLQLQVQAEQDNLNDAEERCDQLI KNKI QLEAKVKEMNERLEDEEEMNAELTAKKRKLED   947
     MYH13 SEARRKELEEKMVSLLQEKNDLQLQVQSETENLMDAEERCEGLI KSKI LLEAKVKELTERLEEEEEMNSELVAKKRNLED   949

           :  * . * * : * : : . * *  * * : * . * * * * : *  : : * * : . * :  : : :  *  : :  * : * *  : * * : : * : *  * * : : * * * * *  * * * * * *  *  *  :
 Embryonic  ECSELKKDI DDLELTLAKVEKEKHATENKVKNLTEELSGL- DETI AKLTREKKALQEAHQQALDDLQAEEDKVNSLNKTK  1025
       II M ELSDLKRDLEGLETTLAKTEKEKQALDHKVRTLTGDLS- LREDSI TKLQKEKRALEELHQKTLDDLQAEEDKVNHLTKNN  1018
       II A ECSELKKDI DDLELTLAKVEKEKHATENKVKNLTEEMAGL- DETI AKLTKEKKALQEAHQQTLDDLQAEEDKVNTLTKAK  1027
 Perin atal  ECSELKKDI DDLELTLAKVEKEKHATENKVKNLTEEMAGL- DETI AKLSKEKKALQETHQQTLDDLQAEEDKVNI LTKAK  1027
       II X ECSELKKDI DDLELTLAKVEKEKHATENKVKNLTEEMAGL- DETI AKLTKEKKALQEAHQQTLDDLQAEEDKVNTLTKAK  1028
       II B ECSELKKDI DDLELTLAKVEKEKHATENKVKNLTEEMAGL- DETI AKLTKEKKALQEAHQQTLDDLQMEEDKVNTLTKAK  1028
      Beta  ECSELKRDI DDLELTLAKVEKEKHATENKVKNLTEEMAGL- DEI I AKLTKEKKALQEAHQQALDDLQAEEDKVNTLTKAK  1024
     Al pha ECSELKKDI DDLELTLAKVEKEKHATENKVKNLTEEMAGL- DEI I AKLTKEKKALQEAHQQALDDLQAEEDKVNTLSKSK  1026
     MYH13 KCSSLKRDI DDLELTLTKVEKEKHATENKVKNLSEEMTAL- EENI SKLTKEKKSLQEAHQQTLDDLQVEEDKVNGLI KI N  1028

            * * .  *  . : * * . .  * * * * * :   : : * :  : * *  * . * * * : :  : .   :  * . . *  : : : *  : : * : : : :      . :  : * * *      :
 Embryonic  SKLEQQVEDLESSLEQEKKLRVDLERNKRKLEGDLKLAQESI LDLENDKQQLDERLKKKDFEYCQLQSKVEDEQTLGLQF  1105
       II M SKLSTQI HELEDNWEQEKKI RAEVEKARRKAESDLKMTI DNLNEMERSKLDLEEVVKKRDLEI NSVNSKYEDEQSLNSTL  1098
       II A I KLEQQVDDLEGSLEQEKKLRMDLERAKRKLEGDLKLAQESI MDI ENEKQQLDEKLKKKEFEI SNLQSKI EDEQALGI QL  1107
 Perin atal  TKLEQQVDDLEGSLEQEKKLRMDLERAKRKLEGDLKLAQESTMDMENDKQQLDEKLEKKEFEI SNLI SKI EDEQAVEI QL  1107
       II X I KLEQQVDDLEGSLEQEKKI RMDLERAKRKLEGDLKLAQESTMDI ENDKQQLDEKLKKKEFEMSGLQSKI EDEQALGMQL  1108
       II B TKLEQQVDDLEGSLEQEKKLCMDLERAKRKLEGDLKLAQESTMDTENDKQQLNEKLKKKEFEMSNLQGKI EDEQALAI QL  1108
      Beta  VKLEQQVDDLEGSLEQEKKVRMDLERAKRKLEGDLKLTQESI MDLENDKQQLDERLKKKDFELNALNARI EDEQALGSQL  1104
     Al pha VKLEQQVDDLEGSLEQEKKVRMDLERAKRKLEGDLKLTQESI MDLENDKLQLEEKLKKKEFDI NQQNSKI EDEQVLALQL  1106
     MYH13 AKLEQQTDDLEGSLEQEKKLRADLERAKRKLEGDLKMSQESI MDLENDKQQI EEKLKKKEFELSQLQAKI DDEQVHSLQF  1108

Fig. 2. For legend see p. 2195
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           * : * : * *  *  * * * * *  * * : * * * : :  * * *  * *  * * *  : * : * * : : * : * * * * * . * . * *  * : *  * : * * * * * :  * : * * : * * * : : * *
 Embryonic  QKKI KELQARI EELEEEI EAERATRAKTEKQRSDYARELEELSERLEEAGGVTSTQI ELNKKREAEFLKLRRDLEEATLQ  1185
       II M QRKLKEHQDRI EELEEELEAERAMRAKVEKQRSDLSRDLEDLSDRLEEAGGATSAQI EQNRKREAELLKLRRELEEAALQ  1178
       II A QKKI KELQARI EELEEEI EAERASRAKAEKQRSDLSRELEEI SERLEEAGGATSAQI EMNKKREAEFQKMRRDLEEATLQ  118 7
 Perin atal  QKKI KELQARI EELGEEI EAERASRAKAEKQRSDLSRELEEI SERLEEAGGATSAQVELNKKREAEFQKLRRDLEEATLQ  118 7
       II X QKKI KELQARI EELEEEI EAERASRAKAEKQRSDLSRELEEI SERLEEAGGATSAQI EMNKKREAEFQKMRRDLEEATLQ  1188
       II B QKKI KELQARI EELEEEI EAERASRAKAEKQRSDLSRELEEI SERLEEAGGATSAQI EMNKKREAEFQKMRRDLEESTLQ  1188
      Beta  QKKLKELQARI EELEEELEAERTARAKVEKLRSDLSRELEEI SERLEEAGGATSCQI EMNKKREAEFQKMRRDLEEATLQ  118 4
     Al pha QKKLKENQARI EELEEELEAERTARAKVEKLRSDLSRELEEI SERLEEAGGATSVQI EMNKKREAEFQKMRRDLEEATLQ  118 6
     MYH13 QKKI KELQARI EELEEEI EAEHTLRAKI EKQRSDLARELEEI SERLEEASGATSAQI EMNKKREAEFQKMRRDLEEATLQ  1188

            * *  . : : * * * * : . * * : * * *  * : : : . * * * * * . * * * * : * .  : *  *  : * :  : .  *  :  * : *  *  *    *  : * * .  . *  .  *   
 Embryonic  HEAMVAALRKKHADSVAELGEQI DNLQRVKQKLEKEKSEFKLEI DDLSSSMESVSKSKANLEKI CRTLEDQLSEARGKNE  1265
       II M SEATASTLRKKHVDSMAELTEHVESLQRVKSKLEKDKQVMKAEI DDLNASMETI QKSKMNAEAHVRKLEDSLSEANAKVA  1258
       II A HEATAATLRKKHADSVAELGEQI DNLQRVKQKLEKEKSEMKMEI DDLASNVETVSKAKGNLEKMCRTLEDQLSELKSKEE  1267
 Perin atal  HEAMVAALRKKHADSMAELGEQI DNLQRVKQKLEKEKSELKMETDDLSSNAEAI SKAKGNLEKMCRSLEDQVSELKTKEE  1267
       II X HEATAATLRKKHADSVAELGEQI DNLQRVKQKLEKEKSEMKMEI DDLASNMETVSKAKGNLEKMCRALEDQLSEI KTKEE  1268
       II B HEATAAALRKKHADSVAELGEQI DSLQRVKQKLEKEKSELKMEI NDLASNMETVSKAKANFEKMCRTLEDQLSEI KTKEE  1268
      Beta  HEATAAALRKKHADSVAELGEQI DNLQRVKQKLEKEKSEFKLELDDVTSNMEQI I KAKANLEKMCRTLEDQMNEHRSKAE  1264
     Al pha HEATAAALRKKHADSVAELGEQI DNLQRVKQKLEKEKSEFKLELDDVTSNMEQI I KAKANLEKVSRTLEDQANEYRVKLE  1266
     MYH13 HEATAATLRKKQADSVAELGEQI DNLQRVKQKLEKEKSELKMEI DDMASNI EALSKSKSNI ERTCRTVEDQFSEI KAK- D  1267

           *  :      : : .   :  : * : : :  . *  * : .  : * . : :  : . * :  :  *  :  * . *  : :  * : * : : * *  * : : .  : : .  : *  . : : * *  * *
 Embryonic  EI QRS- LSELTTQKSRLQTEAGELSRQLEEKESI VSQLSRSKQAFTQQTEELKRQLEEENKAKN- ALAHALQSSRHDCDL  1343
       II M ELERN- QAEI NAI RTRLQAENSELSREYEESQSRLNQI LRI KTSLTSQVDDYKRQLDEESKSRSTAVV- SLANTKHDLDL  1336
       II A EQQRL- I NDLTAQRGRLQTESGEFSRQLDEKEALVSQLSRGKQAFTQQI EELKRQLEEEI KAKN- ALAHALQSSRHDCDL  1345
 Perin atal  EQQRL- I NDLTAQRARLQTEAGEYSRQLDEKDALVSQLSRSKQASTQQI EELKHQLEEETKAKN- ALAHALQSSRHDCDL  1345
       II X EQQRL- I NDLTAQRARLQTESGEYSRQLDEKDTLVSQLSRGKQAFTQQI EELKRQLEEEI KAKS- ALAHALQSSRHDCDL  1346
       II B EQQRL- I NELSAQKARLHTESGEFSRQLDEKDAMVSQLSRGKQAFTQQI EELKRQLEEETKAKS- TLAHALQSARHDCDL  1346
      Beta  ETQRS- VNDLTSQRAKLQTENGELSRQLDEKEALI SQLTRGKLTYTQQLEDLKRQLEEEVKAKN- ALAHALQSARHDCDL  1342
     Al pha EAQRS- LNDFTTQRAKLQTENGELSRQLEEKEALI SQLTRGKLSYTQQMEDLKRQLEEEGKAKN- ALAHALQSARHDCDL  1344
     MYH13 EQQTQLI HDLNMQKARLQTQNGELSHRVEEKESLI SQLTKSKQALTQQLEELKRQMEEETKAKN- AMAHALQSSRHDCDL  1346

           : : * *  * * *   . * : * * * *  : * *  * : * * :   * * * * * * * * * * * * * * * * * : * : * * *  * * *  : * *  . * : . : : : . : * * * * . * : * * *
 Embryonic  LREQYEEEQEGKAELQRALSKANSEVAQWRTKYETDAI QRTEELEEAKKKLAQRLQDSEEQVEAVNAKCASLEKTKQRLQ  1423
       II M VKEQLEEEQGGKSELQRLVSKLNTEVTTWRTKYETDAI QRTEELEETKRKLAARLQEAEEAAETAQARAASLEKNKQRLQ  1416
       II A LREQYEEEQESKAELQRALSKANTEVAQWRTKYETDAI QRTEELEEAKKKLAQRLQAAEEHVEAVNAKCASLEKTKQRLQ  1425
 Perin atal  LREQYEEEQEGKAELQRALSKANSEVAQWRTKYETDAI QRTEELEEAKKKLAQRLQEAEEHVEAVNAKCASLEKTKQRLQ  1425
       II X LREQYEEEQEAKAELQRAMSKANSEVAQWRTKYETDAI QRTEELEEAKKKLAQRLQDAEEHVEAVNAKCASLEKTKQRLQ  1426
       II B LREQYEEEQEAKAELQRGMSKANSEVAQWRTKYETDAI QRTEELEEAKKKLAQRLQDAEEHVEAVNSKCASLEKTKQRLQ  1426
      Beta  LREQYEEETEAKAELQRVLSKANSEVAQWRTKYETDAI QRTEELEEAKKKLAQRLQEAEEAVEAVNAKCSSLEKTKHRLQ  1422
     Al pha LREQYEEETEAKAELQRVLSKANSEVAQCRTKYETDAI QRTEELEEAKKKLAQRLQDAEEAVEAVNAKCSSLEKTKHRLQ  1424
     MYH13 LREQYEEEQEAKAELQRALSKANSEVAQWRTKYETDAI QRTEELEEAKKKLAQRLQEAEENTETANSKCASLEKTKQRLQ  1426

            * : * * *   * : * : : : :  .  : * * * * * *  * * * : * : * * :  *  : *  :  * : : : :  * * . *    * *  * * : : . . * * *  : : : * * : . : : * *
 Embryonic  GEVEDLMVDVERANSLAAALDKKQRNFDKVLAEWKTKCEESQAELEASLKESRSLSTELFKLKNAYEEALDQLETVKREN  1503
       II M AEVEDLTI DLEKANAAAAALDKKQRLFDKMLAEWQQKCEELQVEVDSSQKECRMYMTESFKI KTAYEESLEHLESVKKEN  1496
       II A NEVEDLMLDVERTNAACAALDKKQRNFDKI LAEWKQKCEETHAELEASQKEARSLGTELFKI KNAYEESLDQLETLKREN  1505
 Perin atal  NEVEDLMLDVERSNAACAALDKKQRNFDKVLSEWKQKYEETQAELEASQKESRSLSTELFKVKNVYEESLDQLETLRREN  1505
       II X NEVEDLMI DVERTNAACAALDKKQRNFDKI LAEWKQKCEETHAELEASQKESRSLSTELFKI KNAYEESLDQLETLKREN  1506
       II B NEVEDLMI DVERSNAACI ALDKKQRNFDKVLAEWKQKYEETQAELEASQKESRSLSTELFKVKNAYEESLDHLETLKREN  1506
      Beta  NEI EDLMVDVERSNAAAAALDKKQRNFDKI LAEWKQKYEESQSELESSQKEARSLSTELFKLKNAYEESLEHLETFKREN  1502
     Al pha NEI EDLMVDVERSNAAAAALDKKQRNFDKI LAEWKQKYEESQSELESSQKEARSLSTELFKLKNAYEESLEHLETFKREN  1504
     MYH13 GEVEDLMRDLERSHTACATLDKKQRNFDKVLAEWKQKLDESQAELEAAQKESRSLSTELFKMRNAYEEVVDQLETLRREN  1506

           * . * : : * *  * *  : * : . .  * :  : : *  : *  : *  : :  * *  : : *  : * * * . * . : * *  * * . * : : *  * * * :  * : * : : : : * : :  * * : * *
 Embryonic  KNLEQEI ADLTEQI AENGKTI HELEKSRKQI ELEKADI QLALEEAEAALEHEEAKI LRI QLELTQVKSEI DRKI AEKDEE  158 3
       II M KTLQEEI KDLI DQLGEGGRSVHELQKLKKKLEMEKEELQVALEEAESSLEVEESKVI RI QLELAQVKADI DRRI HEKEEE  1576
       II A KNLQQEI SDLTEQI AEGGKRI HELEKI KKQVEQEKCELQAALEEAEASLEHEEGKI LRI QLELNQVKSEVDRKI AEKDEE  1585
 Perin atal  KNLQQEI SDLTEQI AEGGKQI HELEKI KKQVEQEKCEI QAALEEAEASLEHEEGKI LRI QLELNQVKSEVDRKI AEKDEE  1585
       II X KNLQQEI SDLTEQI AEGGKRI HELEKI KKQVEQEKSELQAALEEAEASLEHEEGKI LRI QLELNQVKSEVDRKI AEKDEE  158 6
       II B KNLQQEI SDLTEQI AEGGKHI HELEKVKKQLDHEKSELQTSLEEAEASLEHEEGKI LRI QLELNQVKSEI DRKI AEKDEE  158 6
      Beta  KNLQEEI SDLTEQLGSSGKTI HELEKVRKQLEAEKMELQSALEEAEASLEHEEGKI LRAQLEFNQI KAEI ERKLAEKDEE  158 2
     Al pha KNLQEEI SDLTEQLGEGGKNVHELEKVRKQLEVEKLELQSALEEAEASLEHEEGKI LRAQLEFNQI KAEI ERKLAEKDEE  158 4
     MYH13 KNLQEEI SDLTEQI AETGKNLQEAEKTKKLVEQEKSDLQVALEEVEGSLEHEESKI LRVQLELSQVKSELDRKVI EKDEE  158 6
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 Embryonic  I EQLKRNYQRTVETMQSALDAEVRSRNEAI RLKKKMEGDLNEI EI QLSHANRQAAETLKHLRSVQGQLKDTQLHLD- DAL  1662
       II M FEATRKNHQRAI ESLQASLEAEAKGRAEALRLKKKMETDLNEMEI QLDHANKNNSELVKTLKRLQQQI KDLQVQMDEDA-   1655
       II A I DQLKRNHI RI VESMQSTLDAEI RSRNDAI RLKKKMEGDLNEMEI QLNHANRMAAEALRNYRNTQGI LKDTQI HLD- DAL  1664
 Perin atal  I DQLKRNHTRVVETMQSTLDAEI RSRNDALRVKKKMEGDLNEMEI QLNHANRLAAESLRNYRNTQGI LKETQLHLD- DAL  1664
       II X I DQMKRNHI RI VESMQSTLDAEI RSRNDAI RLKKKMEGDLNEMEI QLNHANRMAAEALRNYRNTQAI LKDTQLHLD- DAL  1665
       II B LDQLKRNHLRVVESMQSTLDAEI RSRNDALRI KKKMEGDLNEMEI QLNHANRQAAEALRNLRNTQGI LKDTQLHLD- DAI   1665
      Beta  MEQAKRNHLRVVDSLQTSLDAETRSRNEALRVKKKMEGDLNEMEI QLSHANRMAAEAQKQVKSLQSLLKDTQI QLD- DAV  1661
     Al pha MEQAKRNHQRVVDSLQTSLDAETRSRNEVLRVKKKMEGDLNEMEI QLSHANRMAAEAQKQVKSLQSLLKDTQI QLD- DAV  1663
     MYH13 I EQLKRNSQRAAEALQSVLDAEI RSRNDALRLKKKMEGDLNEMEI QLGHSNRQMAETQKHLRTVQGQLKDSQLHLD- DAL  1665
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The EO MYH occupies a pivotal position in the phylogeny
of mammalian striated myosin heavy chains

Ten striated myosin heavy chain genes have been localized
in the human genome: the six members of the
fast/developmental MYH gene cluster (the embryonic, IIA,
IIX, IIB, perinatal and extraocular genes) (Weiss et al., 1999a);
two slow/cardiac MYH genes α and β on human chromosome
14 (Mahdavi et al., 1984; Saez et al., 1987); the masticatory
myosin (IIM), an orphan striated muscle MYH gene on
chromosome 7 (Hoh et al., 1999), which appears to be a
pseudogene encoding the IIM myosin in humans (Schachat and
Briggs, 1999), and a gene that probably encodes the slow-tonic
MYH on chromosome 20 (Berg et al., 2001). Fig. 2 presents
an amino acid sequence alignment of the striated MYHs using
Clustal X (Thompson et al., 1997), and Fig. 3 shows the
phylogeny inferred by neighbor-joining analysis. MYH IIM,
the most divergent MYH gene sequence, was used as an outlier

and, as depicted in the figure, bootstrapping analysis indicates
that the phylogenetic tree is well-supported. In this phylogeny,
MYH13 occupies a critical position. It arose from the precursor
of the fast/developmental MYH genes shortly after the
fast/developmental and slow cardiac precursors diverged.
Thus, MYH13 represents an ancient MYH lineage. It appears
to be the first member of the fast/developmental cluster to
diverge and specialize, having arisen even before the
developmental MYH genes.

Support for that ancient lineage is suggested by phylogenetic
analysis of the two functionally distinct domains of striated
muscle myosin. Previous studies have found that the sequences
of other striated muscle myosin head or motor domains and
their coiled-coil rod or tail domains generate similar
phylogenetic relationships – implying that the these
functionally distinct domains have evolved at similar rates
(Korn, 2000). However, as shown in Fig. 4, the motor and rod
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 Embryonic  RGQEDLKEQLAI VERRANLLQAEVEELRATLEQTERARKLAEQELLDSNERVQLLHTQNTSLI HTKKKLETDLMQLQSEV  1742
       II M RQHEELRKQYNLQERRLSLLQTELEEVRSALEGSERSRKLLEQEVVEI TEWHNEI NI QNQSLLVVKRKLESDVQRI SNEH  1735
       II A RSQEDLKEQLAMVERRANLLQAEI EELRATLEQTERSRKI AEQELLDASERVQLLHTQNTSLI NTKKKLETDI SQMQGEM  1744
 Perin atal  RGQEDLKEQLAI VERRANLLQAEI EELWATLEQTERSRKI AEQELLDASERVQLLHTQNTSLI NTKKKLENDVSQLQSEV  1744
       II X RSQEDLKEQLAMVERRANLLQAEI EELRATLEQTERSRKI AEQELLDASERVQLLHTQNTSLI NTKKKLETDI SQI QGEM  174 5
       II B RGQDDLKEQLAMVERRANLMQAEVEELRASLERTERGRKMAEQELLDASERVQLLHTQNTSLI NTKKKLETDI SQI QGEM  174 5
      Beta  RANDDLKENI AI VERRNNLLQAELEELRAVVEQTERSRKLADRELI ETSERVQLLHSQNTSLI NQKKKMDADLSQLQTEV  1741
     Al pha RANDDLKENI AI VERRNNLLQAELEELRAVVEQTERSRKLADRELI ETSERVQLLHSQNTSLI NQKKKMDADLSQLQSEV  174 3
     MYH13 RSNEDLKEQLAI VERRNGLLLEELEEMKVALEQTERTRRLSEQELLDASDRVQLLHSQNTSLI NTKKKLEADI AQCQAEV  174 5

           * :    :  *  : * * : * * * * :  . * *  * * * * * : : * * *  .  * * * : : * * *  *  * : * * * *  : : : * * * * : * * * * * * :  :  * * *  * : : *
 Embryonic  EDASRDARNAEEKAKKAI TDAAMMAEELKKEQDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQI QKLETRI RE  1822
       II M EELI SEFRLTEERAKKAMMDAARMAEELRQEQDHCMHLEKI KKNYEVTI KDLQAKMEEAEQLALKGGKRTI MKLEARI KE  1815
       II A EDI LQEARNAEEKAKKAI TDAAMMAEELKKEQDTSAHLERMKKNMEQTVKDLQLRLDEAEQLALKGGKKQI QKLEARVRE  1824
 Perin atal  EEVI QESRNAEEKAKKAI TDAAMMAEELKKEQDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQI QKLEARVRE  1824
       II X EDI I QEARNAEEKAKKAI TDAAMMAEELKKEQDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQI QKLEARVRE  1825
       II B EDI VQEARNAEEKAKKAI TDAAMMAEELKKEQDTSAHLERMKKNMEQTVKDLQLRLDEAEQLALKGGKKQI QKLEARVRE  1825
      Beta  EEAVQECRNAEEKAKKAI TDAAMMAEELKKEQDTSAHLERMKKNMEQTI KDLQHRLDEAEQI ALKGGKKQLQKLEARVRE  1821
     Al pha EEAVQECRNAEEKAKKAI THAAMMAEELKKEQDTSAHLERMKKNMEQTI KDLQHRLDEAEQI ALKGGKKQLQKLEARVRE  1823
     MYH13 ENSI QESRNAEEKAKKAI TDAAMMAEELKKEQDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQI QKLENRVRE  1825

           * *  * : :  * * * :  . * : : *    *  * * : : * * : . : * : * * * : * .   * : *  * * : * * *  * : *  * * * *  * * * : : * : *   * : :  * :   *
 Embryonic  LEFELEGEQKKNTESVKGLRKYERRVKELTYQSEEDRKNVLRLQDLVDKLQVKVKSYKRQAEEADEQANAHLTKFRKAQH  1902
       II M LETELDGEQKQHVETVKTLCKNERRLKELVFQTEEDHKTNQRMQALVEKLQNKLKVYKRQI EEAEDQANQTLARYRKTVH  1895
       II A LEGEVESEQKRNAEAVKGLRKHERRVKELTYQTEEDRKNI LRLQDLVDKLQAKVKSYKRQAEEAEEQSNTNLAKFRKLQH  1904
 Perin atal  LEGEVENEQKRNAEAVKGLRKHERRVKELTYQTEEDRKNVLRLQDLVDKLQAKVKSYKRQAEEAEEQSNANLSKFRKLQH  1904
       II X LEGEVESEQKRNVEAVKGLRKHERKVKELTYQTEEDRKNI LRLQDLVDKLQAKVKSYKRQAEEAEEQSNVNLSKFRRI QH  1905
       II B LESEVESEQKHNVEAVKGLRKHERRVKELTYQTEEDRKNI LRLQDLVDKLQTKVKAYKRQAEEAEEQSNVNLAKFRKLQH  1905
      Beta  LENELEAEQKRNAESVKGMRKSERRI KELTYQTEEDRKNLLRLQDLVDKLQLKVKAYKRQAEEAEEQANTNLSKFRKVQH  1901
     Al pha LEGELEAEQKRNAESVKGMRKSERRI KELTYQTEEDKKNLLRLQDLVDKLQLKVKAYKRQAEEAEEQANTNLSKFRKVQH  1903
     MYH13 LENELDVEQKRGAEALKGAHKYERKVKEMTYQAEEDHKNI LRLQDLVDKLQAKVKSYKRQAEEAEEQANTQLSRCRRVQH  1905

           * * : : *  : * * . : * * :  : * * * * . :  *      .  :    :              *
 Embryonic  ELEEAEERADI AESQVNKLRAKTR- - - - DFTSSRMV- VHE- - - - - - - SEE  1940
       II M ELDDAEDRAGMAETALNKLRTRHRVAGKGI TSVEI I QVSKTGTSKTLSEE  1945
       II A ELEEAEERADI AESQVNKLRVKSR- - - - EVHT- KVI - - - - - - - - - - - SEE  1938
 Perin atal  ELEEAEERADI AESQVNKLRVKSR- - - - EVHT- K- I - - - - - - - - - - - SAE  1937
       II X ELEEAEERADI AESQVNKLRVKSR- - - - EVHT- KI I - - - - - - - - - - - SEE  1939
       II B ELEEAKERADI AESQVNKLRVKSR- - - - EVHT- KVI - - - - - - - - - - - SEE  1939
      Beta  ELDEAEERADI AESQVNKLRAKSR- - - - DI GTKG- LN- - - - - - - - - - - EE  1935
     Al pha ELDEAEERADI AESQVNKLRAKSR- - - - DI GAKQKMH- - - - - - - - - - DEE  1939
     MYH13 ELEEAAERADI AESQVNKLRAKSR- - - - DVGSQK- M- - - - - - - - - - - - EE  1938

Fig. 2. Alignment of the fast/developmental and IIM MYH genes. To construct a sequence phylogeny, the amino acid sequences of the human
embryonic, IIA, IIX, IIB, IIM, perinatal, cardiac α and β and MYH13 MYH gene sequence were aligned using Clustal X (Thompson et al.,
1997). The high level and continuity of sequence conservation among striated muscle myosins made it possible to use low penalties for gap
introduction and extension without introducing spurious gaps. Low values were necessary to properly align both the N- and C-terminal
sequences. *, colon and stop mark positions with identical, strongly or weakly conserved amino acids, respectively. Color indicates the
chemical characteristics of amino acids: light blue, hydrophobic; purple, acidic; dark blue, H and Y; green, N, Q, S and T; dark brown, R, K
and C; light brown, G; yellow, P. A white background marks non-conserved residues.
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domains of MYH13 do not follow this relationship: the rod is
more closely related to the slow/cardiac MYHs than to the
fast/developmental genes, while the motor domain is more
similar to the fast/developmental MYHs. Coupled with the
sequence phylogeny, this finding implies that the MYH13 gene
arose before the fast/developmental and cardiac MYH genes
had significantly diverged, possibly at a time when the
precursors of the slow/cardiac and fast/developmental gene
clusters were linked.

Independent support for the early divergence of the
MYH13: exon organization

The exon organization of the MYH13 gene provides
independent support for its strategic position in the radiation
of mammalian striated muscle MYH genes. Its exon
boundaries are identical in position and phase (reading frame)
with those previously described for the rat and human
embryonic MYHs (Stedman et al., 1990; Strehler et al., 1986).
However, MYH13 differs from the adult fast and perinatal
MYH genes in its 3′ coding exons (Fig. 1B; Table 1). The 49
C-terminal amino acid residues of MYH13 are encoded by two
exons, exons 40 and 41; but the homologous sequences of the
adult fast and perinatal MYHs are encoded by a single exon,
exon 40. This single-exon pattern is also shared with the
slow/cardiac genes (Epp et al., 1993; Liew et al., 1990),
providing independent support for the inference from sequence
phylogeny that MYH13 and the slow/cardiac genes arose from
duplications of a common ancestor – one that possessed a
‘primitive’ 3 ′-exon organization rather than the ‘derived’
single-exon organization of the perinatal and adult fast MYHs
(Schachat and Briggs, 1999).

Distinctive features of full-length MYH13 transcripts
suggest an early divergence and specialization

In addition to its 3′-exon organization and the ‘insulation’
suggested by its exon spacing, MYH13 exhibits distinctive

F. Schachat and M. M. Briggs

Fig. 3. Phylogenetic relationships among the striated MYH
genes. The phylogenetic tree is based on neighbor-joining
(N-J) analysis of the MYH amino acid sequences aligned
in Fig. 2. All gapped positions were omitted for the N-J
analysis. Because it was the most divergent of the striated
MYHs, the IIM gene was designated as the outlier. The
number of times 1000 independently chosen subsequences
yielded the same tree are indicated at the node points. This
bootstrap analysis indicates that the tree is well supported.
A partial human IIM sequence was assembled by analysis
of the chromosome 7 DNA sequence using GeneQuest.
Because the human IIM genomic sequence is currently
incomplete, a full-length IIM sequence was generated by
fusing the human sequence to amino acid residues 1–525
of the cat IIM sequence (Hoh et al., 1999). A frameshift we
identified in the coding region of the human IIM gene
probably explains the absence of IIM expression in human
(Rowlerson et al., 1983).
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Fig. 4. Differences in selective pressures on the two functional
domains of myosin. Sequence relatedness analysis using the entire
amino acid sequence for the fast/developmental MYH genes
generated different phylogenetic relationships for (A) the myosin
head or motor domain, amino acid residues 1–841, and (B) the α-
helical coiled-coil rod or tail domain, residues 842 to approximately
1938. The motor sequences were more similar to the adult fast MYH
genes, indicative of both the role of the MYH13 gene in the superfast
contractions of extraocular muscle and the two regions of exon
homology evident in Fig. 1. In contrast, the rod domain exhibited a
closer relationship to the α and β cardiac sequences, reaffirming the
inference that MYH13 diverged and specialized before the
precursors of the slow/cardiac and fast/developmental clusters had
significantly diverged. This is a modified version of a figure from
Briggs and Schachat (2000). emb, embryonic; PN, perinatal.
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transcriptional features that distinguish it from the other
members of the fast/developmental gene cluster and from the
slow/cardiac MYH genes. Analysis of rabbit full-length
MYH13 cDNAs (Briggs and Schachat, 2000) indicates that
transcription can initiate at three sites (Fig. 5). Transcripts A
and B generate 5′-UTRs that are significantly longer than the
single 5′-UTRs reported for other MYH genes. Comparison of
transcripts B and C with A shows they are shorter and each
incorporates an additional 50-nucleotide insertion that
corresponds to a 5′-non-coding exon present in the human EO
myosin cDNA (Weiss et al., 1999b). Although alternative
splicing of the 5′-UTR sequences and multiple transcription
initiation sites have been described for several muscle genes
including enolase, cardiac troponin T and acetylcholinesterase,
where they are important for the developmental or regional
regulation of gene expression (Giallongo et al., 1993; Jin et al.,
1995; Li et al., 1993; Takechi et al., 1994), this is the only
striated muscle MYH gene for which it has been described.

Phylogenetic footprinting suggests that transcription of
MYH13 is regulated by a specialized network of

transcriptional activators
Genomic sequence analysis also provides insights into the

mechanisms that may account for the tissue-restricted patterns
of MYH13 expression. Promoter and enhancer analysis of the
embryonic, cardiac and IIB MYH genes has identified
transcription factors that regulate striated-muscle-specific
expression. These include the myogenic factors MyoD,
myogenin and myf-5, which bind E-box sequences, and
binding sites for other key transcription factors such as MEF2,

TEF, SP1 and Oct1 (Bouvagnet et al., 1987; Firulli and Olson,
1997; Gossett et al., 1989; Gupta et al., 1998; Shimizu et al.,
1992; Swoap, 1998; Takeda et al., 1992). Generalizing from
the organization of regulatory elements described for the IIB
and cardiac MYH genes, as well as many other genes
(Blackwood and Kadonaga, 1998), the binding sites for these
factors generally cluster in a proximal promoter within several
hundred nucleotides upstream of the transcription initiation site
and distal regions that function as transcriptional enhancers or
suppressors. These regions typically lie 1–2 kb upstream of the
promoter and in the first or second intron, although they may
reside beyond the 3′ end of the gene, as is the case for myosin
light chain 1f/3f (Donoghue et al., 1988). The initial inspection
of these regions of the MYH13 gene in the human genome
suggested that it was regulated differently (Briggs and
Schachat, 2000). Strikingly, only a single binding site for these
factors, an E-box, was present in the proximal promoter region
(Fig. 6). This led us to propose that MYH13 expression might
be directed by a novel set of transcription factors.

Fig. 5. MYH13 uses multiple
transcription initiation sites and
generates alternatively spliced
mRNAs. The alternative splicing
patterns of three full-length
cDNAs of extraocular myosin are
shown. Transcript A skips exon 2.
Transcription of B and C begin
downstream of A in exon 1, and
they both include exon 2. The
nucleotide sequence of the longest
rabbit cDNA is aligned with the
human gene sequence to show the
predicted exon boundaries. Short
stretches of the introns are shown
in lower case, and the consensus
splice sites are marked by
underlining. The locations of the transcription start sites A, B and C are indicated by horizontal arrows, and the TATA boxes upstream of B and
C are boxed. Only part of exon 3 is shown. From Briggs and Schachat (2000).

Exon 1
              A 
Rabbit  AGAGAGATCAGGGCTACGACGCATTTACATCTAGCAAGTAAATGGTGATCCCCCAAATATAGCCAAGCTAGAGTGCTGGG
Human   TGAGAGATCAGGGCTACGACGCATTTACATCTAACAAGTAAATGGTGCTCCCCCAAATATAGCCAAGTTAGAGTGCTGGG

      B                     C
  CTAGCAGATTTGGGAGTATAAAGAGAGCTGGGGGACCACACTCCTGAAATTGCTCCTACCGCAGCATCTCAAG-----
  CTGGCAGATTTGGGAGTATAAAGAGAGCTGGGGGGTCACACTCCTGAAATTGCTGTGACCGCAGCATCTCTAGgtaag..

Exon 2

Rabbit              --------GAAGAAGCTTTTTTTTTCTGAAGGACACTCACCATCACTTGGGAAACCAACAAG-----
Human  ..intron 1...atccccagGAAGACGCTTTATT--CCTGAAGGACACTGACTGTCACTTGGGAA-CCAAGAAGgt aag

             

Exon 3

Rabbit              --------CCACCTGCAGTCATGAGCTCCGAC.......
Human  ..intron 2...cttcccagCCCTCTGCAGTCATGAGCTCCGAC.......

          M  S  S  D

A

B

C

Exon 1 Exon 2 Exon 3

ATG

EO

IIB

TATAmAT1 mAT2 MEF2 CArG E-box

TATA

Fig. 6. Comparison of the density of myogenic factor binding sites in
the proximal promoter regions of the IIB and MYH13 genes.
Phylogenetic footprinting shows that the extraocular (EO) MYH
proximal promoter lacks most of the functionally important binding
sites for myogenic factors identified in the IIB gene.
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Because its expression is restricted to extraocular and
laryngeal muscle, regulation of the EO MYH must differ from
that of the other fast/developmental and slow/cardiac MYHs.
Minimally, this means that factors other than the myogenic
transcription factors must also be involved in determining
when and where MYH13 is transcribed. The co-expression of
MYH13 with adult fast myosins in extraocular muscle and
laryngeal muscle fibers, coupled with its absence from limb
fibers expressing the adult fast myosins, serves to emphasize
its requirement for regulatory factors other than those that drive
the trunk and limb muscle MYH genes.

Insights into the nature of that regulation come from the
identification of conserved sequences in the 5′ flanking and
intronic regions of the human MYH13 and mouse myh13
genes. This comparative genomic technique, known as
phylogenetic footprinting, is based on the observation that
important regulatory sequences are conserved across species
and has been used to detect muscle-specific regulatory
sequences (Wasserman and Fickett, 1998). Using BLAST 2
(Tatusova and Madden, 1999), several highly conserved
regions were identified, including a likely proximal promoter,
which includes 250 bp upstream of the transcription start sites,
as well as several possible enhancer or repressor regions
upstream and in the first two introns (Fig. 7).

The potential transcription factor binding sites in these regions
were characterized with the matInspector 2.2 (Quandt et al.,
1995) and GeneQuest (DNAstar, Madison, WI, USA) programs,
which compare a test sequence with a large database of
consensus binding sites. Many potential sites are clustered in the
conserved regions. Among the most frequent consensus
sequences present in both the mouse and human genomic
sequences are those for NF1, which directs aldolase expression
in a subset of fast fibers (Salminen et al., 1996), Pitx2, which is
necessary for EOM embryonic development (Kitamura et al.,

1999), NKX2.5, which is a mammalian homolog of tinman, a
regulator of cardiac development (Schwartz and Olson, 1999),
TCF11, which binds a DNase-hypersensitive site in the β-globin
cluster (Johnsen et al., 1998), and delta EF1, which inhibits
myoD-promoted myogenesis (Sekido et al., 1994). Some
myogenic factor binding sites are also present, but they do not
generally occur in the clusters that allow for myogenic factor
dimerization that is critical for activating other MYH genes. The
Pitx2, NKX2.5, TCF11 and delta EF1 consensus binding sites
are particularly interesting given the early specialization of the
EO MYH13 gene, its phylogenetic relationship to the
slow/cardiac MYH genes, whose transcription is not regulated
by myogenic factors, and the myoD-independent development
of EOM revealed in studies on the myoD/myf5 knockout mouse
(Tajbakhsh et al., 1997). The presence of these conserved sites
suggests that MYH13 expression may be integrated into a
broader more primitive developmental program that directs the
formation of EOMs or of the eyes themselves. This is consistent
with the finding that NKX2.5, which regulates cardiac
development, is expressed at high levels in extraocular muscle
and the fact that mammalian homologs of factors that control
eye development in Drosophila, including Dach2, Six1, Eya2
and Pax3, have been found to participate in a regulatory network
that directs myogenic factor expression in vertebrate somites
(Heanue et al., 1999).

Indications of hierarchical regulation of MYH13 by
chromatin structure

In addition to promoter and enhancer elements, some genes
are regulated by additional elements that control their
chromatin conformation. An open chromatin conformation is
a necessary prerequisite for transcription. Open conformations
may be generated locally in the proximal promoter by the

F. Schachat and M. M. Briggs

Fig. 7. The position of potential MYH13
regulatory regions based on phylogenetic
footprinting. Phylogenetic footprinting
identifies several highly conserved
upstream and intronic regions between the
human and mouse extraocular (EO) MYH
genes. Conserved regions are depicted by
open boxes. The positions of exons 1, 2 and 3 are indicated as filled boxes. The mouse genomic sequence spanning the myh13 gene
(AC019008) was identified using Blast, and the exon boundaries were determined using GeneQuest.

Fig. 8. A model for the
MYH13 gene chromosomal
domain. Conserved sites
identified by phylogenetic
footprinting (see Fig. 7) and
two bounding CpG island domains revealed by GeneQuest are shown on a map of the human chromosomal region from the end of the upstream
perinatal gene to a region downstream of the MYH13 gene. Here, the sites are tentatively assigned functions as the proximal promoter,
upstream regulatory elements (UREs) and a locus control region (LCR) by analogy with the model for gene organization presented by
Blackwood and Kadonaga (1998). This region is drawn to scale.
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action of histone deacetylases associated with the transcription
complex, but the chromatin conformation of some tissue-
specific genes is controlled by distinct upstream and
downstream elements that specify the conformation of entire
chromosomal domains of 30–100 kb or more (Blackwood and
Kadonaga, 1998). The boundaries of these chromodomains (as
well as active proximal promoters) are characterized by DNase
hypersensitivity and may also be marked by CpG islands
(Blackwood and Kadonaga, 1998; Lewin, 1994). Phylogenetic
footprinting of MYH13 gene structure reveals the presence
of such chromodomain-delimiting CpG islands (Fig. 8).
Interestingly, the upstream CpG island (11 kb upstream from
the human proximal promoter) overlaps with the 3′ region of
an 800-nucleotide non-coding sequence that exhibits greater
than 75 % sequence identity between human and mouse. This
surprising homology, coupled with the apparent ‘insulation’ of
the extraocular myosin heavy chain gene from the other
members of the fast/developmental MYH cluster, suggests
that MYH13 may reside in a chromodomain that occurs in
a constitutively closed conformation that represses its
transcription in trunk and limb muscle. The analysis of the
chicken β-globin genes provides precedence for such
chromatin-dependent regulation of a single member of a
multigene cluster (Felsenfeld, 1993; Hebbes et al., 1994).

A model for the natural history of the skeletal muscle
fast/developmental gene cluster

In Fig. 9, the phylogenetic relationships and gene order of
the fast/developmental cluster are modeled as a series of
spatially ordered gene duplications that can generate the
fast/developmental MYH cluster (Fig. 1A). Beginning with the
duplication of the precursor of the slow/cardiac and
fast/developmental clusters, it proceeds to duplications that
generate the extraocular MYH gene, then the developmental
MYH genes and finally the adult fast MYH genes. This model
for the origin of the fast/developmental MYHs differs from
previous models for the origin of the fast/developmental cluster
because it takes into account the critical position of MYH13
near the divergence of the slow/cardiac and fast/developmental
MYH genes.

We wish to thank Mr Amar Nijagal for his assistance and
the National Eye Institute (USA) for award EY11377 which
funded this research.
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