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ABSTRACT We have isolated and analyzed the structure
of the genes coding for the a and 8 forms of the human cardiac
myosin heavy chain (MYHC). Detailed analysis of four over-
lapping MYHC genomic clones shows that the a-MYHC and
B-MYHC genes constitute a total length of 51 kilobases and are
tandemly linked. The B-MYHC-encoding gene, predominantly
expressed in the normal human ventricle and also in slow-
twitch skeletal muscle, is located 4.5 kilobases upstream of the
a-MYHC-encoding gene, which is predominantly expressed in
normal human atrium. We have determined the nucleotide
sequences of the B form of the MYHC gene, which is 100%
homologous to the cardiac MYHC cDNA clone (pHMC3). It is
unlikely that the divergence of a few nucleotide sequences from
the cardiac B-MYHC c¢DNA clone (pHMC3) reported in a
MYHC cDNA clone (pSMHCZ) from skeletal muscle is due to
a splicing mechanism. This finding suggests that the same 8
form of the cardiac MYHC gene is expressed in both ventric-
ular and slow-twitch skeletal muscle. The promoter regions of
both a- and B-MYHC genes, as well as the first four coding
regions in the respective genes, have also been sequenced. The
sequences in the 5’'-flanking region of the a- and B-
MYHC-encoding genes diverge extensively from one another,
suggesting that expression of the «- and B-MYHC genes is
independently regulated.

Considerable evidence indicates that several muscle-specific
contractile proteins, including the myosin heavy chain
(MYHC), are constructed by multigene families. Each dif-
ferent sarcomeric MYHC gene displays a pattern of expres-
sion that is tissue specific and developmentally regulated (1-
6). In mammalian myocardium, the MYHCs exist as dimers
within the myosin molecule; two a-MYHCs form a ho-
modimer called V1, one a- and one B-MYHC form a het-
erodimer called V2, and two B-MYHCs form a homodimer
called V3 (7, 8). In small mammals, the alternative expression
of ventricular a- and B-MYHCs is not only developmentally
regulated but also governed by thyroxine (4, 9, 10) or
increased hemodynamic load (11, 12).

So far, the ventricular a- and 8-MYHC mRNA sequences
and their corresponding genes have been isolated and char-
acterized in the rat (3, 13) and rabbit (4, 14). Recently, human
a- and B-MYHC mRNA sequences (15, 16) and their corre-
sponding genes have been isolated and partially character-
ized (17-20).

We have isolated the complete human cardiac a- and
B-MYHC genes from the genomic library. As the a- and
B-MYHC genes are tandemly linked, we characterized and
sequenced the genes* to provide the basis for further inves-
tigation into the regulatory mechanism for the expression of
cardiac MYHC genes.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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MATERIALS AND METHODS

Materials. All chemicals are of reagent grade. Restriction
enzymes were purchased from Pharmacia, Boehringer Mann-
heim, and Amersham. 3?P-labeled nucleotides were obtained
from New England Nuclear.

Isolation and Characterization of Cardiac MYHC Genes.
Human cosmid genomic libraries provided by Y. W. Kan
(University of California, San Francisco) and L. Chan
(Baylor Medical College, Houston) were screened with hu-
man cardiac B-MYHC cDNA clone (pHMC3) (15) used as
probe. The human genomic library in bacteriophage A Charon
4A constructed by Maniatis et al. (21) was screened with a 5’
DNA fragment of clone Cos HM-1 (pE3P1) used as probe, by
following described methods (15). DNA fragments from the
genomic clones were subcloned into either the M13mp18 or
mpl9 vectors, and DNA sequences were determined by the
dideoxy chain-termination method or a specific primer-
directed dideoxy chain-termination method (22).

Southern Blot Analysis. High-molecular-weight genomic
DNA prepared from human peripheral blood leukocytes as
described (23) was digested with restriction endonucleases
EcoRI, BamH], and HindIII. These digested DNA fragments
were electrophoresed on 0.8% agarose gel and transferred
onto a nitrocellulose filter (BA8S5; Schleicher & Schuell). The
blots were probed with a 32P-labeled 1.8 kilobase (kb) Sac 1
fragment from clone Cos HM-1 (pESS1).

RESULTS

Identification of a- and B-Forms of the Cardiac MYHC
Genes. We had previously partially sequenced and charac-
terized the B form of the human ventricular MYHC cDNA
clone (pHMC3) (15, 24). Isolation of human MYHC genomic
clones was first done by screening a cosmid library with a
fragment from pHMC3 common to both a- and B-MYHC
genes as probe.

A restriction enzyme map of the 51-kb DNA that encom-
passes the human a- and B-MYHC genes is shown (Fig. 1).
The a- and B-MYHC genes are tandemly linked and sepa-
rated by a 4.5-kb intergenic region, suggesting that these
genes may be generated by a gene-duplication event.

Initially, three cosmid genomic clones were isolated, and
subsequently, one of these clones, defined as Cos HM-1 in
Fig. 1, was identified as the B-MYHC gene. An additional
cosmid genomic clone, designated Cos HM-3 (Fig. 1), con-
tained the 3’ region of the a-MYHC gene. The other cosmid
clone, designated Cos HM-13 (Fig. 1), which contained the
central portion of the a form of the MYHC gene, was isolated
by using a 1.9-kb HindIII and Xba I fragment (pE7HX) of Cos
HM-1 as probe. The genomic clone that contained the 5’ end
of the B-MYHC gene was isolated from the human bacterio-

Abbreviations: MYHC, myosin heavy chain; -MYHC and g-
MYHC, a and B forms of MYHC, respectively.

*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04535).
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FiG. 1. Restriction endonuclease map of human cardiac MYHC (MHC) genomic clones. Relative positions of the four overlapping clones

are given in the 5’ to 3’ orientation of the chromosomal map. Locations of the putative ‘““TATA’ box, ATG initiation codon, and AATAAA
polyadenylylation signals are indicated. The probes used in the chromosome walks and in the genomic Southern blot hybridizations are shown

as dashed boxes. Thick bars represent exons tandomly linked to introns.

phage genomic library using a 0.8-kb Pst I fragment (pE3P1)
of Cos HM-1 and designated AHCM-P (Fig. 1).

The structure of the cardiac MYHC genes was reaffirmed
by Southern blot analyses as shown in Fig. 2. Blot hybrid-
ization analysis with a 1.8-kb Sac I fragment (pESS1) derived
from the genomic clone Cos HM-1 as probe gave only two
positive bands. The EcoRI digestion yielded a 13-kb fragment
for the a-MYHC gene and a 4.3-kb fragment for the B-MYHC
gene; BamHI digestion produced 8 kb for a-MYHC and 13.3
kb for B-MYHC; and HindIII digestion produced 8 kb for
a-MYHC and 7.3 kb for B-MYHC. When the 0.8-kb Pst 1
fragment (pE3P1) and 1.9-kb HindIII and Xba 1 fragment
(pE7HX) of clone Cos HM-1 were used as probes, the EcoRI
digest yielded 15-kb and 12-kb fragments, BamHI yielded
17-kb and 13.3-kb fragments, and HindIII yielded 13-kb and
15.5-kb fragments, respectively (data not shown). These
findings confirmed that the restriction enzyme map con-
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Fi1G. 2. Southern blot hy-
bridization analysis of human
genomic DNA. Ten micrograms
of human genomic DNA was di-

2.3~ gested with EcoRI, BamHI, or
20 Hindlll and analyzed by South-

ern blotting as described. pE5S1
fragment was used as probe.
Markers (in kb) were HindIIl
fragments of phage.

structed from this cloned DNA described above reflects
genomic organization of human cardiac MYHC genes.

Sequences of the Cardiac MYHC Genes. To identify the a- and
B-MYHC genes, we initially sequenced the isolated DNA
fragment that was hybridized to the 3’ region of pHMC3 (15).
Subsequent identification of cardiac a-MYHC and B-MYHC
genes was done by sequencing the 3'-untranslated region of
each clone. Fig. 3 shows the partial nucleotide sequences of
human cardiac a- and B-MYHC-encoding genes. The nucleo-
tide sequences of the promoter region and the 15 exons as well
as introns of the B-MYHC gene were determined. The nucle-
otide sequence of the B-MYHC-encoding gene was 100% ho-
mologous to the cardiac B-MYHC cDNA clone (pHMC3).
Because the B and a forms of the cardiac MYHC genes have
been shown to be tandemly linked, we proceeded to sequence
the promoter region of a-MYHC-encoding gene in the same
cosmid genomic clone, Cos HM-1. The nucleotide sequences of
the 11 exons as well as introns of the a-MYHC gene were also
determined. The sequences of these regions are very homolo-
gous to their counterparts in the rat and hamster MYHC genes
(13, 25). Comparison of the nucleotide sequences of the first
coding exon between the human a- and 8-MYHC genes showed
78% identity. Although the a- and B-MYHC have specific
ATPase activity, sequence identity between these two genes is
even more pronounced (96%) for the region around the ATP-
binding site.

Clone Cos HM-1 has few nucleotide and deduced-amino acid
mismatches with that of the human MYHC-encoding gene
designated A-HMHCS reported by Saez et al. (19) in the
5'-flanking region and the first coding exon of e-MYHC. Eighty-
eight nucleotides are missing at nucleotide position 756 of
A-HMHCS (19); the first coding exon consists of 67 amino acids
in clone Cos HM-1, as compared with 66 amino acids in
A-HMHCB8 (19). Our results are further substantiated by the first
13 amino acids of the a-MYHC-encoding gene, which are
identical to that of the rat (13), whereas A-HMHCS has three
mismatches. The nucleotide sequences reported here have been
validated by repeated sequencing of these regions.

DISCUSSION

A total of 18 kb of the 51 kb of the human cardiac MYHC
genes have been sequenced; the purpose of sequencing these
18 kb is to elucidate the regulatory regions of the cardiac
MYHC genes. Graphic matrix analysis of the 5’-flanking
region of the rat and human cardiac a-MYHC genes showed
remarkable similarity for 600 nucleotides upstream of the
putative TATA box. There is no similarity for the next 1000
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AAGCTTGCATGTTTTGTTGCTAGAAGAGCATGGCATCGGTGGTGTTCTGTGCTCGCAGGCTGG
GCCCAGCTCCCTTTCCTCCCCTCCTTTGTGGCTGTTCCTCAGGCCTGCAGAGGGGAAGATTTT
TCCTGTCCTGTTACTCTGCCTCACTTGCCAGAACACTAGTCGCCTCCAGCTCTGGATAAAGCT
GAGGCTGGGTGGGCCAGACAACAGCTGTCTTAGGGGTCTCCTTCCAGCTCCAAGTAGTTGTAT
TATCTATAGCTCTGAGAGGGTCTGTCTCTGGGCTCAGGCCTTTAGTACCTGTGGGGCAGAGCA
GGAACGTGAGTCAGGCAAACCGCTCCAAACTAGGACCAATGCAGCTGGGTCCTGCTCTCTGCG
CATAGGGGGACCCCACATCTTTGGAATCCCAGCCCACCTTTCCAGGCTACCCTCCACAGGCCG
GGCTCCACTCCCATCTGCTGAGGTTTCCCACCTTGAATCCTGCTGCCCCGATTAGCTGTATAA
CCTTAAAGAATGCACTGTCCCTCTCCATTAAATGAAGTGCTTGGATGGATTGCTAAAGGCCTG
TCTGGCTCGGAGGCTTGGTGCCTCAACACATTGCCTGCTGGTCCAAGGAAATCAGTGCCTGAG
CCAGAGTCCCCATCTCTAAGCTCCATGGTTATTGTTCTTGCCACCTGGCTAGGAAATGTCCTT
CCAGCTGCCCCAGTCTAGCTGCCTCACCCTGGGGCCATGCCCCCAACTCTGTCCTACCCTTCT
CTGCTGCTGACACTCAGCCCCTTCCCAGCTT! CCAGTTGGATACAGGACCTGGOCCAGGAGAGC
AGGGAGGACACTGTGGAAATGCGGCCAGGCCATC
GAGCAGTGTCCAGGGCCAGAAGTGCTGC C TTGGCTGCCTGTGGTCTTGG
TGGTCGTGGTCAGTTCCCTCTCCTGCCAGCT TGT 'CTGGCCT TATTT
TTGCTGCACTTTGAGCCACCCCGCCCCCTGGAACTCAGACCCTGCACAGTCCATGCCATAACA
ATGACGACCACTTCCAATTGTTTCCTAGCTCGAGAGGCGGGGAGGGGAGCACTGTTTGGGAAG
CTC TGCTTCTAGTGACAACAGCCCTTTCTAAATCCGGCTAGGGACTG
GGTGCCGTTGGGGGTGGGGGTGCCCTGCTGCCCCATATATACAGCCCCTGAGACCAGGTCTGG
CTCCACAGCTCTGTCCTGCTCTGTGTCTTTCCCTGCTGCTCTCAGGTAGGAGCGGGAGCTGGA
GGCTTTACTCTGGGAT. TCCAGGCTT. TTCCTCTTGGAATAGCAAGCT
TCATGCAGGACTTCATGCAGAGTACCAGGTCCAGTCACTGGGCACACATGTGCAGGTCTAAAC
ATGGGCGTATGTGCCACAGGAGTTCCTAGGGGAAGATATCTGCATCTGAGCATATGGGACCAA
TATGCATTACAGGGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGGACAAGCCTGCATAGTCTG
MTGTGAGAAAGGGTATG’I'ACCTCACTWTACAGAMTATCAAGTGOGAGATGTW:
TATGATCACGTCTGTGAAC! TCCTTTGC AAGAATGG' AG
ATTCTAGGARGTGTG’I'A’I‘GCC'I"l'CATGTGATTCTGTGAGGCC‘I'GGMTGTGTMCTACCCCTG
TCCATGCATGCAGAGGTTCTTGTCTATGC~TCCACGAGTCATGACTGTTATAGTATCTGGACC
CTCTGCAGAAGGAACTCACAGGCACGGGGGTGTAGGATGTTCCAGGTCTTTGTGTA
ACACGCAGATGTGATCTACTTACGTGGCACACATCCTGAAATGTGCACATTTGCTGTTGAGGC
ATATATGGCACCCTGGGGTTGGGGTGCGGATTGAGGTATGGGAAGGAAGCCTGTCTTCATGTG
AGAGGCATGCCCAAGCAGCAGGCATGAGTGTTCATAACGAGGGCTTGTGGAGGGTGTTTGGCT
ATGTGATGGGTGTGTCTGTGAGAGGAAGCCCACAGTGTCTTCTCTCTGAGAATGTCCACAAAG

AGTACAACAAAAT AAAGAAGTCTCTTTAGAGTCATCAGACTTGCATTCA
AGCCTTGGCTCTCCCACTTGTTGTCATGGGCTCTTGGCCAAGCAACCCATTTAACCTCGATTT
CCTCATCTGTCAAATGGGGT TGAGT AAGTGCAT TTTTAGACTG

GAAAGTGCCGAACAAATGTGACCATTAGTTGTCTCTCAGATGGCTCAAAGAAAGGTACCACTA
GATGGGTACAGGCAGGGGTGGGACCATCTCGCAGGAGTGAAGAGGATTAGGGCTCAGGTTGAG
TTGACACCAGGAAGCTGTTAGAACTAGTTCTTGAGGAAAAAGGGAATAGGGTTTGAAAAACAA
GMGGATGGGACCAGAGAWCMCCACCWCCACMMMTW
GAACAGAGCC TGGGACTGGTCAGGTTGGGCACAGCCTGCCCTGACA
CAGCC’l‘C‘I‘1‘CCC1‘CTC‘I‘CCAOG‘I'CCCCTGCAGGCC"GGCCTTTCC‘ICATCTGTAGACACACT
TGAGTAGCCCAGGTAAGAAAA 'AGAGTGTTGAAAATCTAGTAAGACTGGGCATTA
GAGC'I‘CCCCAMGCCAGCCTATGGMC‘!CTAGT"C‘I‘GCCATGWMMTATN
CTATCAAGAGCTACTTACCTGT "AGAGA
AGTTAGATTTCTTCCTCCTAC ATGCTCTTCCTTCCCC 'CCCAG
CTTGAACAATAGmGﬂGﬁCmACCmm 'AGGCTGCTCCTCTGGTTAA
GGGGAACCTCAAAGAGGAAGGGACTCACTGGTAACTCCT C'I”I‘GACT CTTGRGCATGGTGCTAG
GTTTTGGGGCTCCCACTGA 'CC TGGGC.
(8-gene)

GGCAGCCAGCTTCTGCTCACTCCAGGCACAGCC A’I‘G GGA GAT TCG GAG ATG GCA

D s E M
GTC TTT GGG GCT GCC GCC CCC 'I'AC C'I'G CGC m 'rcA GAG MG GAG C('ﬁ

E

F A P R
C'I‘A GAA GCG CAG ACC AGG CCT m GAC CcTC ANG AAG GAT G‘I‘C TTC G'I'G
L E A Q T R P F D L K D Vv

CCT GAT GAC AAA CAG GAG TTT GTC AAG GCC MG ATC GTG TCT CGA GAG
[ 4 D D K Q E F v K A K I \J s R E
GGT GGC AAA GTC ACT GCC GAG ACC GAG 1‘A‘l‘ GGC AAG gtgggtgtcaggctg

G G I( v T A E T E G
atgtgagagt tg tgt tqwtsacasa agqqq--

veeeeesese0.2 Kbuvioreaeaeranns

ccaggctgacaggagggcettgggtgggggctcttgeag A:A GTG Agc G:G AAG G:G
GAC CAG GTG ATG CAG CAG AAC CCA cce ANG TTC GAC AAA ATT CAG GAC
v M Q Q N P F D K 1 Q D
ATG GCC ATG CTG ACC TTC CTG CA‘I‘ GAG CCC GCG GTG CTC TAC AAC CTC
M A M L T F L H E P A v L Y N L
AAG GAG CGC TAC GGC TCC TGG ATG ATC ‘I'AC gtgagtcctgcccctggecctte
E R Y G s w L] 1
gttcccttctctgtactttcctcc. cess0.05 kb. ....ttcctttctcttctttctectec
tgggatctttctctaact ttcgcaactggcaagtcactge
tccttttctatccccag ACC ‘I‘AC TCG GGC CTC TTC TGT GTC ACC GTC AAC
F c v T v N
cc'r TAC AAG TGG C‘I‘G CCG c'rc ‘I‘AC AC‘I‘ CCT GAG GTG GTG GCT GCC TAC
w P v P E v v A A Y
CGG GGC AAG AAG AGG AGC GAG GCC CCG cce CAC ATC 'l"l'C TCC ATC TCC
G R S E A P P 1 I
GAC AAC GCC 'I'A‘l‘ CAG TAC ATG CTG ACA G qtgagaggccctqgaaggtcttcct
D Y Q Y M L T

9aa999nct',‘99=' 9 992999agagggagaaggaagyy; at
cctgtqcagctcctaacctt' tct Ac AGA GAA AAC CAG
D R E N @
TCC A‘I‘C C‘I‘G ATC AC gtgagttagctgctactgtaccccctttcagaaaaacccC.. ...
I T

............-...-....-.......15 O Kbiveeoooossovonnssassoconnas
ttgctttatggagaaagctga tcctggtgeccacccctecccag GCG AAG AAC
K N
GecC C‘I'G GCC CAC GCA CTG CAG TCG GCC CGG CAT GAC TGC GAC CTG CTG
A H L Q s A R H D c D L L
CGG GAG CAG TAC GAG GAG GAG ACG GAG GCC AAG GCC GAG CTG CAG CGC
E E E K A E Q
G‘I‘C C‘l"l‘ TCC AAG Gece MC ‘I‘CG GAG GTG GCC CAG ‘I‘GG AGG ACC A:G ‘I'A‘l'
v A R T
GAG ACG GAC GCC A‘l“l‘ CAG CGG ACT GAG GAG CTC GAG G:G Gcee AA gtga
Q R T E E L

gt tctgagcagcctgact tctggctgaggcccct t.tgcaqqcaqqactcagcccagccccaqc
ctc‘gcagatcccacacagchatqcttaqctagtgtttgacaacacaqgagqactctqcccc
ggccccacctccttctcctctccgggaagctttttgctcguattatgtttctgatccgaatat
aagacgtacaaaaggtttgtct gtgcttccgtctag tgtggcag
ggaaaggcaqtgqggaggqctgcagaaqcccatacctcctcaatgtccatagcqcaqaggrtg
gqccagqgtraqaqggtgcct999tctccargccctqctgqga tcctctgeeotgatgttcteg
gcccctgggacctgtcctcaggcttctccagctacact tctgaggtttcaaggattgtetttg
GMGGGG‘I‘GGGGAC‘I‘CCAGACGTG‘I‘CCCCMACCAC&CTGGCCTCAAGACC‘I‘TGGGMCAc
TTGTCTTGAAGACTT CCAGGCATGGTACTTATGCAGACTTGAGGCCA
OGTTGGGGT‘I'TCCT‘I'ACAAAAGAMAC‘I‘GAGCCATOGAGA‘I‘GGACMCAGA‘I‘CCC‘I“I‘CCCTGG
GCACCA‘I'ACTGCAGC'I“I"I‘TAG‘I‘CCC'I'AGCAC:I&OGGCTCCAGTACTMCAGCAGGMGATGC
TCCCAGCCTTGGGACTGTGTGAGGGATGTCA T
GMAGgCgATGGTTGGGAGGCGGAGGACAW\.An TTGGCCTGC ,TGACCCTCACC
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agaaggttcatgttgtttacctctttcccccatccacaccctecatecteccecacectetgee
accctceccctgggcag G AAG AAG CTG GCC CAG CGG CTG CAG GAA GCT GAG
K L A Q R L Q E A E

GAG GCC GTG GAG GCT GTT AAT GCC AAG TGC TCC TCG CTG GAG AAG ACC

E A v E A v N A K c s L

AAG CAC CGG CTA CAG AAT GAG A'I‘C GAG GAC TTG ATG GTG GAC G‘I'A GAG
K H R L Q N E L M v D v E

CGC TCC AAT GCT GCT GCT GCA GCC C‘I'G GAC AAG AAG CAG AGG AAC TTC
R s N A A A A A L D K K Q R N F

ggg9ggcatgaggggt

GQC A:G 9tgggccctgggtggggeccy: agcat
tcagtgagaggccagagccatcctccttggaggtgggggaggaggctgagecccaggcaggtee
tgagacagaccctggacatggggctgaggcttgggggctgaagagtgagecttgtcecccggge
ag A'I‘C CTG GCC GAG TGG AAG CAG AAG TAT GAG GAG TCG CAG TCG GAG
w K Q K Y E E s Q S E
CTG GAG TCC TCG CAG AAG GAG GCT CGC TCC CTC AGC ACA GAG CTC ‘I'TC
S E A R S L S T E
MA CTC AAG AAC GCC 'I‘A'l‘ GAG GAG TCC CTG GM CAT CTG GAG ACC TTC
K L K A S E T F
AAG CGG GAG AAC AAA AAC CTG CAG G qtgtgctgggggcccaagaggctggggag
K R E N K N L Q
gggctgcactgcagtgttcccatatggtgccacccaagggctccaagaggcgtctgggcaaag
aggcgtgtccct tccactggacc tcaaaccgagttaccgtgttcccca
cacag AG GAG A‘:‘C TCC GAC ‘I“I'G ACT GAG CAG TTG GGT TCC AGC GGA AA
L G S S G K
G ACC A'I'C CA'I' GAG CTG GAG MG G‘I‘C CGA AAG CAG CTG GAG GCC GAG
T 1 E L E K v R K Q L E A E
AAG ATG GAG CTG CAG TCA GCC CTG GAG GAG GCC GAG gtgtgtggctggcag
K " E L Q s A L E E A E
9cgcgggatgcagggag. ccevecsaae..0.4 kbovviiiiaiatai..coctgact
gtctgcctgcatccecctccecccaaccecttecccag GCC TCC CTG GAG CAC GAG GAG
A s L E H E E
GGC AAG ATC CTC CGG GCC CAG CTG GAG TTC AAC CAG ATC AAG GCA GAG
N 1 K A E

G K 1 L R A Q L E F )
A‘I‘C GMS CGG MG CTG GCA GAG AAG GAC GAG GAG ATG GAA CAG GCC AAG
R [ E E M E Q A K
CGC MC CAC C‘I'G CGG GTG G‘I‘G GAC ‘I'CG CTG CAG ACC TCC CTG GAC GCA
R R L Q T S L D A
GAG ACA CGC AGC CGC AAC GAG GCC C'I'G AGG GTG AAG AAG AAG ATG GAA
E T R s R N E A L R v K K K M E
GGA GAC CTC AAT GAG ATG GAG ATC CAG CTC AGC CAC GCC AAC CGC ATG
G ] L N E M E I Q L s H A N R M
GCC GCC GAG GCC CAG AAG CAA GTC AAG AGC CTC CAG AGC TTG TTG AAG
A A E A Q K Q v K S L Q s L L K
gtac ggactggcct gtggcctggcgtaagcagtagtgtcttgatacag
gcaccagattcctcctgeccctaggttactgcagggacctctgacaggtgectttagtgaagg
gaaccgaggctggctccctgetcatgeccactctectgatcctcag GAC ACC CAG ATT

D T @
CAG CTG GAC GAT GCA GTC CGT GCC AAC GAC GAC CTG AAG GAG MC A‘I‘C
D D A \J R L K E
GCA ATC G‘I‘G GAG CGG CGC AAC AAC C‘I'G C‘I‘G CAG GC‘I‘ GAG C'l‘G GAG GAG
R R N N L Q E E
‘l"l'G L‘G‘l' GCC G‘I'G G‘l‘G GAG CAG ACA GAG CGG TCC CGG MG C’I‘G GCG GAC
L R A Q T E R s R K L A D
AGG GAG CTG A1‘1‘ GAG AC‘I‘ AGT GAG CGG GTG CAG CTG CTG CAT TCC CAG
R E L I E T S E R v Q L L H S Q
gtgagcagctcccctgetcattect tggggc
aglgctatgcataqatgctcaatqcttaacctacatcf a
AAC ACC AGC CTC ATC AAC CAG AAG AAG AAG ATG GAT GCT GAC CTG TCC
s L I N Q K K K M ] A ] L S
CAG C’I‘C CAG ACT GAA GTG GAG GAG GCA GTG CAG GAG TGC AGG AAT GCT
Q Q E v A \J Q E c R N
GAG GAG AAG GCC AAG AAG GCC ATC ACG GA‘I‘ gtaagtcccccactccaccgace
E E K A K K A I T
cgatccagaccagtgtctctccgtgggctgqgcagcaagtgtqtgaggacttgaccagaccat
gtgccacctctctectgecacacag GCC GCC ATG ATG GCA GAG GAG CTG AAG AA
M M A E E L K K
G G&G CAG GAC ACC AGC GCC CAC CTG GAG CGC ATG AAG AAG AAC ATG
D H E R M K K N M
GAA CAG ACC ATT AAG GAC CTG CAG CAC CGG CTG GAC GAA GCC GAG CAG
Q 1 kK D Q H L D E A E
ATC GCC CTC AAG GGC GGC AAG AAG CAG CTG CAG AAG CTG GAA GCG CGG
A L K G K K Q Q K L E A R
G'I'G CGG GAG CTG GAG AAT GAG CTG GAG GCC GAG CAG AAG CGC MC GCA
R E L E N E Q K
GAG TCG GTG AAG GGC ATG AGG AAG AGC GAG CGG CGC ATC AAG GAG CTC
K G M R K S E R R 1 K E
ACC nc CAG gtgcgacgggcggtgact 9g: g tggcaccat gtga
T Q
caaccagctgaggagaatgaagaqtttgctcttagcctcttccagggcgag. EEEER

Duoeceocvensaasssasssscances

9 9 tta

gaattcaagtgtttagtqaggatcagaaagtaqaattgggtcaggatatcagatgaagcaggg
caqggcggaggggatgctaccttctatqactgtgccatcttcaccccctqcctaccctctqgc
ccccag ACG GAG GAG GAC AGG AAA AAC CTG CTG CGG CTG CAG GAC CTG
E E D R K N L L R L
GTA GAC AAG CTG CAG CTA AAG GTC AAG GCC TAC AAG CGC CAG GCC G&G
\J D K L Q L K v K A Y K R E
GAG GCG gtgagtgaccctgctggggactagg 9999
E
caaqccaggaqtcLg.gaacccaggccccctctcacctcatgctcccacctcccgcag G:G

taggagagctcgtcecce

GAG CAA GCC AAC ACC AAC C'I'G TCC AAG TTC CGC AAG GTG CAG CAC GAG
E Q@ A N T K F R K v

CTG GAT GAG GCA GAG GAG CGG GCG GAC ATC GCC GAG TCC CaG czc AAC
L D R A

AAG CTG CGG GCC AAG AGC CGT GAC ATT GGC ACG AAG gtgggtccctctttt
K L R A K S R D 1

gggctttgctagt at

I I 0B kb
.

uT)
gtttcctttcaaaag GGC ‘I‘TG AAT GAG GAG TAG CTTTGCCACATCTTGATCTGCTC
N

AGCCCTC&AGGTGCCAGCAAAGCCCCA‘I‘GC'I‘GGAGCC’I‘G'I‘GTAACAGCTCCT‘I‘GOGAGGAAGC
AGAATAMGCAATTTTC(‘TT(‘AAG(‘CG agat. cctgac!rnruractgccctqu ceeees
s N LI IR .
.. L OATGTTGGCARCTCTATCAGGAGEATTAGG
taqMCACCAGCCTCATCMCCAGANGMAMA‘I‘GGAGGC‘I‘GA‘I‘CTG
N T s L I N Q K K K L
ACCCAGC‘I‘CCM.‘:TCGGMG'I‘GGMG&GGCAG‘I‘GCAGG&GTGCNGAMC
Q S E v E E A \J Q E c R
GCC GAG GAG AAG GCC AAG AAG GCC ATC ACG GM' gtaagtgaccgcccaccn
A E E K A K K l l T

CA'I‘G'I'TTTCAG‘I‘CTCAC‘I‘TCUGGGGAAMA‘I‘AACTGAOGTMM&.\.» T AGGG'

9 ggccagg: gtgctgt

GGCGGTGTGAGAAGGTCCTGTCTTCCCACATATCTGCTCATCAGLE® 2 2 TAA
TGTGCCCTAAGGACTAAAAAAAGGCCGT C T CTTTCTTG
GGCAAATC Luu.n.lunuulu.luu.ncc‘l‘f“‘ CCAAA TCAA

AGCC TC C‘ICCGGMG(;::‘{&::::‘{E‘;AGACAGA?(C}

Al ATATAAAGGMC’I‘ '‘GGAGCTTTGAGGACA 'CTGCGGC

im:&igTTmTGGGATGCCmCAGCCCGTCCACAGAGCCCCCACCGTGAGGG
ACC‘I‘CCT‘I‘CACCAGGAGTGGGG‘I‘GCAGG‘I‘CAGT‘I‘GGACGCCTAAGGGCTCTA‘I“I‘MMC‘I‘GCC
‘l‘A‘l‘CTCCAGGCCCAGGGAAG‘I“I‘CCC"C‘I‘GACACAGGAGGTTCCACAGGMACCCAGWCCTC
1‘TT‘I‘C’I‘CC‘I"l'C’l‘CTGAC’I‘CTCCA‘I“I‘TC‘I"I"I'C'I‘CTGCATCAT‘I‘CTGAGTC‘I‘CC‘I‘GCA‘I‘GT‘I‘GTC

FiG. 3.

9 tct tqcagttctgtqgatt' 92999 gat ttg

999 gcccctggeccagty totootgeacacag Goe

GCCATGATGGCAGAGGAGC‘I‘GMMGAGCAGGACACCAGCGCCCAC
M A E E L K K
CTGGAGCGCA‘I‘GAAGAMBMCATCGAGCAGACCATTAAGGACCNCAG
L E R LJ K K Q T 1 L3 D L Q
CACCGGC‘I‘GGACGAGGCCGAGCAGATCGCCC‘I‘CAAGGGCGGCMAAG
H R L D E A E Q 1 A L K G G K K

(Figure continues on the opposite page.)
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TCCATCTTTCCATCTTCACTTCCTCCTTTGGATGGCTTCCTTCCCTTGATCCTGGCTTTTATC
TTGCCTCTTGGTCTTCATCGACACTTGTCACAATCATGCTTCTTTGTCTCTCTCCCTTGTCCT
TCCTTCTTGGCACTTGTTCTCACCTCCCTGCCTCTCTGCTTCTAACCCTGTTTCCACACCCCG
TCCCTCGCACTCATATTGACTCGGTGCCCTTTCTTTTCTGCCTCTGCGTCTTTCCCTTTCTGA
CTCCCTGGTCTGTCCTGCCTGTCTGCGCTCTGGGGCTGCCTCCATCCCCGGGTGGCCTGCCTC
TGTTGTTCTTCACTCTCCTCATCTGTTCTTCTCTCTGCCCGGCTCTACCTCTGTTGTTCCTTG
CTCCACCCACGGTCCAGATTCTTCAGGATTCTCCGT TAACC ACTGCCC
CCATTTTCTCTGCAGAGACTGGGGCATGCTTCTCCTGGGAGCCGGATTGCTGGACCAGGGGTC
TGCTGTCCCAAGCACTCAGCGCCAACCCTTAGCATACTCCAGCCAATGCCACCCCAGGGAAAC
CCCTTACAGAGATTGTCCTTCAGCATCACCTC AGCAGAGCC! l“rcm'rm
GGAGGGTGCAACAGCAGGTGCCTCTCCCAGGGT
CTGCAGAGGACAAAGCCACTCGCTGAGCCTGGGCTCCCTCAGGAGTAACATAGCCCTCCTGTC
(a-gene)
TCTGACCCAGGGGAAGCACCAAG ATG ACC ‘GAT GCC CAG ATG GCT GAC TTT GGG
M T D M A D F G
GCA GCG GCC CAG TAC CTC CGC AAG TCA GAG AAG GAG CGT CTA GAG GCC
A A A Q Y L R K s E K E L E A
CAG ACC CGG CCC TTT GAC ATT CGC ACT GAG TGC TTC GTG CCC GAT GAC
T R P F D I R T E C F V P D D

AAG GAA GAG TTT GTC AAA GCC AAG ATT TTG TCC CGG GAG GGA GGC AAG
K E E F v K A K I L s R E G G K
GTC ATT GCT GAA Acc GAG AAT GGG AAG gtgagtagggcatggcgccggggcaga

I N G
agsqaaqsagth'," 9 tg ttgcagggggagctgagaggg
ctggagaaaagccaaggccagtggggatgccagqacatgctcctttgaggagcccagaatctg
atccctctcaaattagectgagetggtg gtt gce

29agaggatgctgaggaagaagaacctcagtgttcgectaaga. ese eeseeesss ceees

agatctgagagctgccaatctccaggtct t
tgatggtcatgggcacaqggtgtcccaggatqtctgggatctggcaagagaaaggatccctaq
gacagtctctaggatgggagatacaatgggaagggaaattacctggggaaactctcccagggg
acatcggggtaggggccggggcactggtcagagcaaggggagcaaggccaagtccctgtgtee
tgggaggaggtcagtgggcagtgctggcaagggtcccggaggagttgtggtcactcatectee
tgcttatgcgccccctccag ACG GTG ACT GTG AAG GAG GAC CAG GTG TTG CA
T v T v K E D Q v L Q

G CAG AAC CCA CCC AAG TTC GAC AAG ATT CAG GAC ATG GCC ATG CTG

N P P K F K 1 Q D " A " L
ACC TTC CTG CAC GAG CCC GCG GTG CTT TTC AAC CTC AAG GAG CGC TAC
T F L H E P A v L F N L K E R Y
GCG GCC TGG ATG ATA TAT gtgagtagctcctgcacactgcagaggcttcectgtgetg
A A L] M I

cgtggaggcctaaataag tctcccaaga
ccaagtcccctteccccctecaccectagtcagetgcaggaggagtagagccagetggagtga
gggacatgcctggcetg tgcctgtcccaggetctecccaccaacctcatgecca

gccttgtctectgctccag ACC TAC TCG GGC CTC TTC TGT GTC ACT GTC AAC
L F c v T v N
CCC TAC AAG TGG CTG CCG G'I‘G 'l'AC AAT GCC GAG GTG GTG GCC GCC 'I'AC
14 Y K N A E \J v
CGG GGC AAG AAG AGG AGT GAG GCC CCG CCC CAC A'I‘C 'l“l'C ‘l'CC A'I'C 'l‘CC
R G K K R S E 1 s
GAC AAC GCC TAT CAG TAC ATG CTG ACA c gcgagcc:ggtggcccctggt.e:c:
o N A Y Q Y L
gctcctect tgcttctcctetttttt
cttccg AT CGG GAG AAC CAG TCC ATC CTC ATC AC gtgagcgagtgcca....
D R E N Q s I L I
....... D .
gaattccggatcccacctccccatctcttctcagetcttcttctectgggecgatagtectggte
gacaccgtgtatcttctcatcctcectctcaaccctgecctgtgecctgtetgeccgeecteca
ccccaccccttcccag GCC TCC CTG GAG CAC GAG GAG GGC AAG ATC CTC CG
A S L E H E E G K I L R
G GCC CAG CTA GAG TTC AAC CAG ATC AAG GCA GAG ATC GAG CGG AAG C
A Q L E F N Q I K A E I E R K
TG GCA GAG AAG GAC GAG GAG ATG GAA CAG GCC AAG CGC AAC CAC CAG
L A E K D E E M E Q A K R N H Q
CGG GTG GTG GAC 'I'CG C'I‘G CAG ACC TCC C’I‘G GA‘I' GCA GAG ACA CGC AGC
R VvV VvV »D Q T A E T R 8
CGC AAC GAG GTC CTG AGG GTG AAG MG MG ATG GAA GGA GAC CTC M‘l‘
R N E R v K K K L} E L
GAG ATG GAG A‘I'C CAG CTC AGC CAC GCC AAC CGC ATG GCC GCC GAG GCC
E M E I Q L S H A N R M A A E
CAG AAG CAA GTC AAG AGC CTC CAG AGC TTG CTG AAG gacatgggqchgqa
Q K Q v K s L Q S L L K
ggtcccctcagggcatggectccatgtggecctggagaagcagtggtgtctggatacaggcace
agattcctcct tgggttactg 99 tctgacaggtgccctcagtgaagggcacce
taggctggcttctgctcacacccactctcctgatgctcag GAC ACC CAG ATC CAG CT
T Q 1 Q L
G GAC GAT GCG GTC CGT GCC AAC GAC GAC C‘I'G MG GAG AAC ATC GCC A
A v R A N D D K E N 1 A
TC G‘l‘G GAG CGG CGC AAC AAC CTG CTG CAG GC'I' GAG CTG GAG GAG CTG
I v E R R N N L L Q A E L E E L
CGT GCC GTG GTG GAG CAG ACA GAG CGG TCC CGG AAG CTG GCG GAC AGG
R A v v E Q T E R S R K L A R
GAG CTG ATT GAG ACC AGC GAG CGG GTG CAG CTG CTG CAT TCC CAG gtg
E L E T S E R v Q L L H S
agggggtcaggagccaccttgtggaaacctactgagtgcagagcccaggacatctagaaaage
cagatgttctaatgtagcacatctagccagggtcacaaatcatttcctctcttaggccaacte
tcatctgtggtggctgcagtccttttgctatttgaagtcttttttcagagtttagtaatctta
gatacaatgtctagaatgtatgcactttcataggaaaagggaaagcaggtacaaaacgttacc
aatagtctaaaagtgggcttgttgotttaaaaaaaaaaatgaccacctttaattctctctggag
aaaggytatgaaatcaggtaacaaagtgtagtatatatttgatcatttttctctctccatgte
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CAGC‘I‘GCAGMGCTGGMGCGCGGGTGCGGGAGC‘I‘GGAGGG‘I‘GAGC‘I‘G
Q L Q K L E A R v R E L E E
GAG GCC GAG CAG AAG CGC AAC GCA GAG TCG GTG MGGGCA‘I‘GAGGMG
E A E S v K G L} R K
AgC G:G CGG CGC ATC AAG GAG CTC ACC TAC CAG gtgcggcggacgcagacac
R R I T Q
cgggagtagatgtggaagt............l 5 kb......... ....... cccca
gACAGAGGMGACMAMGMCCTGC‘I'GCGGC‘I‘ACAGGACCTGGTGG
T E E »] K K N L L R L Q D L v
AC AAG CTG CAA CTG AAG GTC AAG GCC TAC AAG CGC CAG GCC GAG GAG
D K L Q L K v K A Y K R Q A E E
Gﬁc gtgagttcagagctttcttcectttctcatcaacacacctactatttgtgagaaccaat

gaatatctéct 99 agagtttgctataaactttaactctcaaacattt
gtttgacacatctqqtatgctcagagctgtcaggtgttctgaattaacaaaggcaccacctac
aagctgcttacaattcagataccataagggaacagaaqqcagtgtagatgctaqtgcaggacg

tgaa ggaattg

ggggcagccgaag 99 g9
tag gggcagt g ’Ptggqtqqatgtgagttgctqattagcitgcctqcac
gt

tggggt

catqggatt.tgtctgqggcagtqgatggccgtgaaggactctgaqtqctggacatgtttqaga
agagtgcaaggcagttgcaggatacccttgggaaggctgttgcaggaatatgcatgaggtatg
ggtgcct tcaggttgagaggctgagaatcccatage
ccatctccagctcattcacccatccccactgtcccaccacag GAG GAG CAA GCC AAC

Q
Accucc‘m'rccm‘nccccmc‘rccnccummcucmcca

T N L S K F R Q D E A
GAGGAGCGGGCGGACATCGCTGAG'I‘CCCAGG‘I‘CMCMGC‘H‘CGAGCC
E E R A ] 1 A s Q v N K L R A

AAG AGC CGT GAC ATT GGT GCC AAG gtgggtccctccectgggcttcactagtcac
K s R ] 1 G A K
ttccacattagcatgccccctgatatgggtgcccttcagagtggecactgettgecctatatgt
aqgcagttctgagggtrccltagctt.cata)cctgagaatccactctcctgctcaaaacagc
tga ttctg gttccat tgccte
tllcqtgggaccacaqqatccctggqgcccctqcctctccctccaagggcatctcccttaggc
ctctgaaag: tcteectett cacac
(3¢ uT)
ctcttattctttttgcag CAA MA A'I'G CAC GAT GAG GAG TGA CACTGCCTCGGG
D E E END
MCC‘I‘CAC‘I‘C‘I“I‘GCCMCC‘IGTMTMATA‘I‘GAG‘IGCC aaactctgecttg

Fi16.3. Partial nucleotide sequence of the human cardiac a- and B-MYHC genes. The nontranscribed strand is displayed in 5’ to 3’ orientation.
The exon and flanking sequences are given in uppercase letters. Amino acids encoded within the exons are labeled in the one-letter code beneath
the second nucleotide of each codon. CAAT and TATA boxes and AATAAA polyadenylylation signal are underlined. The putative cap site

of the mRNA is 29 to 31 nucleotides downstream of the TATA box.

nucleotides toward ATG (data not shown). Conservation of
sequences in the 5'-flanking region of these genes may
indicate putative regulatory sequences. We discovered, how-
ever, that the 5'-flanking region of the human - and g-
MYHC genes diverge extensively from one another. Neither
human nor rat cardiac a-MYHC 5’'-flanking region showed
homology with the human 8-MYHC sequence. These results
suggest that the human cardiac a- and B-MYHC genes are
regulated independently. Comparisons of the 5’'-flanking re-
gion of B-MYHC gene of other mammals as well as genes
under similar control may give more information about the
importance of these regions.

The nucleotide sequences in Fig. 3 were used to generate
the corresponding amino acid sequences of the a- and B-
MYHC genes. These amino acid sequences, as well as the

amino acid sequences of rat cardiac (3) and embryonic
skeletal (26) and rabbit MYHC proteins (27) are compared
and presented (Fig. 4). The first coding exon of the three
sequenced cardiac genes encode 67 amino acids. Of these 67,
there were only 6 dissimilar amino acids between rat and
human a-form MYHC genes, representing 91% identity,
whereas there were 13 dissimilar amino acids between the a-
and B-form human MYHC genes, representing 81% identity.
Within the amino acids encoded by the first coding exon, the
magnitude of change between the two cardiac a isoforms
(human and rat) is much smaller than between the « and 8
forms of human cardiac MYHC genes. The sequencing in the

- first coding region may be characteristic of either « or B8

isoform, considering the degree of conservation between rat
and human sequencing.
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Exon 1
Rat a-MHC (M)-[TDA QMADFGABAAPYLRKSERERLEAQT
a-HMHC (M)-|TDAOMADFGAAA[QJYLRKSEKERLEAGQT
8-HMHC (M)-GD[SEMA[V]FGAAAPYLRKSEKERLEAQT
Rat emb sk(M)S s[p|r E|M[E v|F G[T]a A P[EJL R K S E K E R[T|E A Q[N
Rabbit sk s s{p A]p|m !FGEAAPYLRKSEKERIEAQl:
1
RPFDIRTECFVPDDKEEYA[KAKIA|P[REGG
RPFDIRTECFVPDDKEEFVKAKI[L[SREGG
R PF D FVPDDK@EFVKAKIVSREGG
o]p F D|a K[TJY[C F V[VID[S]K E E K[Glk_I & s[5 0 DbJG
K{p FDJA KN s VIE V|a[p|P|k E[SS[VKIATV OIS REGG
v ¥ E
KVTAETENGK
k VJAETENG K
KV TAETE[YleK
k v T[VIE T E[D N R
I(V'l‘el( ejafg]a
Exon 2
Rat a-MHC [TVTVKEDQVMOONPPKFDKIODMAMLTEL
a-HMHC TVTVKEDOQUV[LIOONPPKEDKIQDMAMLTEL
8~HMHC TVTVKEDOQUVM NPPKFDKIQDMAMLTEL
Raten\bsle(VlYAHlNPPKFDKIEDHAML‘l‘HL
Rabbit sk S[V.T VKEDOUV|FPM[NPEPEK[Y|DKIJEIDMAMM|T[H|L
HEPAVLYNLEKERYA[-[WMITY
HEPAVL[FINLKERYAAWMIY
HEPAVLYNLKERYWHIY
EPAVLYNLEKMDR YT Sslwmry
EPAVLYNLKERYAAWMIY
Exon 3
Rat a-MHC [T Y SGLFCVTVNPYKWLPVYNAEVVAAYRG
a-HMHC TYSGLFCVTVNPYKWLPVYNAEVVAAYRG
8-HMHC TYSGLFCVTV. _P_Y__I(_‘!_L_P_y_Y_EVVAAYRG
Rat enb sk|T Y SGLFCVTVNPYKWLPVY EVVI—D_'EYRG
Rabbit sk [T Y SGLECVTVNPYKWLPVYNAEVV|TAYRG
KKRSEAPPHIFSISDNAYQVYMLT
KKRSEAPPHIFSISDNAYQYMLT
KKRSEAPPHIFSISDNAYQYMLT
KKR[QIEAPPHIFSISDNAYQ[FMLT
KKRIO[EAPPHIFSISDNAYOQIFMLT
Exon 4
a-HMHC DRENQSILIT
8 -HMHC DRENQSILIT
Rat emb sk DRENQS ILIT
Rabbit sk D RENQSTLTIT

Fic. 4. Comparison of the amino acid sequences from the first
four coding exons of the cardiac and skeletal MYHC genes. The
deduced amino acid sequences from human a- and B-MYHC-
encoding genes are compared with the amino acid sequences of rat
cardiac MYHC (3), rat embryonic skeletal MYHC (26), and rabbit
skeletal MYHC (27). Gaps represent deletion of an amino acid.
Identical residues are boxed. The ATP-binding sites are indicated by
dashed lines. One-letter amino acid code is used.

Tong and Elzinga (27) proposed that at least part of the
ATP-binding site is located in the third coding exon (Fig. 4),
based on the charge distribution of the peptide sequence
within this region. a-MYHC, with its high ATPase activity,
and B-MYHC, with its low ATPase activity, showed striking
sequence conservation in and around this region. Although a-
and B-MYHC are needed for optimum ATPase activity, this
region of conserved sequence suggests a minimum require-
ment for an active ATPase domain.

Because there were some differences between the nucle-
otide sequences of the B forms of the cardiac cDNA clone
(pHMC3) (15) and the skeletal cDNA clone (pSMHCZ) (28),
we decided to characterize the 8-MYHC-encoding gene (Fig.
3). The sequence of the B-MYHC gene reveals that the
reported 21-nucleotide divergence for skeletal MYHC occurs
in a mid-exon region. It is unlikely that a single exon could be
spliced into two different transcripts. Thus, we suggest that
only one gene exists for B-MYHC, which is expressed in
cardiac muscle and slow-twitch skeletal muscle (20). South-
ern blot analysis (Fig. 2) confirms our findings by exhibiting
only two bands that correspond to the identified cardiac a-
and B-MYHC genes. The expression of a single B-MYHC
gene in cardiac muscle and slow-twitch skeletal muscle may
be due to either the sharing of a common muscle-gene
regulatory mechanism or the coexpression of genes that have
a complex of distinct cardiac-specific and slow skeletal-
specific control elements that modulate muscle-specific gene
expression.

Proc. Natl. Acad. Sci. USA 86 (1989)
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