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ABSTRACT The purpose of this study was to characterize
the complete cDNA sequence encoding the rabbit smooth
muscle myosin heavy chain (MHC) and determine the exon/in-
tron organization at the 5' end of the corresponding gene. The
full-length cDNA sequence of 6644 base pairs encoding a
protein of 1972 amino acids was generated from two cDNA
clones: PBRUC1 (==6.3 kilobases), isolated from a rabbit uterus
cDNA library, and PBRU-PCR33 (420 base pairs), produced
by primer extension and PCR amplification. Compared with
the chicken smooth muscle MHC sequence [Yanagisawa, M.,
Hamada, Y., Katsuragawa, Y., Imamura, M., Mikawa, T. &
Masaki, T. (1987) J. Mol. Biol. 198, 143-157] the rabbit MHC
shares about 90% amino acid identity in the S1 globular head
region but shows a striking sequence divergence at the junction
between the 25-kDa and 50-kDa proteolytic fragments of the
functionally important S1 head domain. Genomic cloning
shows that the rabbit smooth muscleMHC gene is large and has
an unusual exon/intron organization at the 5' end. The first
eight contiguous exons are located within a region of at least 70
kilobases ofgenomic DNA. Some introns span several kilobases
of DNA and others at the 5' end show a high degree of intron
conservation in the Mg2I-ATPase domain when compared with
more distantly related sarcomeric MHC genes. Primer exten-
sion and S1 nuclease mapping analysis demonstrate that tran-
scription initiates from a single site in the rabbit smooth muscle
MHC gene.

The contractile properties of smooth muscle cells show
distinct differences compared to striated muscle. In smooth
muscle cells, contraction is regulated by a Ca2+/calmodulin-
dependent myosin light-chain kinase. The tension produced
during contraction can be equal to or greater than that
produced in striated muscle despite the presence of a smaller
myosin/actin ratio in smooth muscle cells. Furthermore,
contractions in smooth muscle cells can be more economical
since tension can be maintained in the absence of ATP
splitting. To determine how myosin heavy chain (MHC)
contributes to the unique contractile properties of smooth
muscle cells, we began a detailed analysis ofthe structure and
expression of the smooth muscle MHC gene.

Previous work on smooth muscle MHC expression showed
that two polypeptides with estimated molecular weights of
204,000 (SM1) and 200,000 (SM2) could be identified by
SDS/polyacrylamide gel electrophoresis in a number of
smooth muscle tissues (1). However, cDNA cloning of my-
osin from chicken gizzard (2) and rabbit uterus (3) suggested
that MHC was encoded by a single gene in smooth muscle
cells. To determine the structure and complexity of MHC
isoforms in smooth muscle cells, we isolated two distinct
cDNA clones and demonstrated that they code for SM1 and
SM2 MHC isoforms (4, 5). Subsequently we showed that

SM1 and SM2 isoforms were alternatively spliced products of
the same gene (5). It is unknown whether specialized struc-
tural or functional domains in the MHC molecule or differ-
ences in SM1 and SM2 isoform expression contribute to the
unique contractile properties of smooth muscle cells.

In the present study we characterized the complete amino
acid and nucleotide structure of the rabbit smooth muscle
MHC (SM1) and determined the 5'-end exon/intron organi-
zation spanning putative functional domains of the MHC
gene.t Our studies show that the rabbit smooth muscle MHC
gene is large and has an unusual exon/intron organization at
the 5' end. Some introns span several kilobases of genomic
DNA and others show a high degree of intron conservation
in the Mg2+-ATPase domain when compared with more
distantly related sarcomeric MHC genes. The mammalian
(rabbit) and avian (chicken) smooth muscle MHC share about
90% amino acid homology in the S1 globular head region but
demonstrate a high sequence divergence at the junction
between the 25-kDa and 50-kDa proteolytic fragments of the
functionally important S1 head domain.

METHODS

Construction and Screening of Rabbit Uterus Smooth Mus-
cle Library. The construction of a full-length rabbit uterus
cDNA library [size range, 5-10 kilobases (kb)] in AZAP has
been described (6). The library was screened with a 32p
labeled DNA fragment from the 5' end of the rat aorta cDNA
clone RAMHC 21 (5). Restriction fragments from the longest
cDNA clone, PBRUC1, -6.3 kb, were subcloned into
pUC18/19 and M13mpl8/19 vectors and sequenced com-
pletely by the dideoxy method using Sequenase (United
States Biochemical) (5).
PCR Cloning of the 5' End of the Rabbit Smooth Muscle

MHC mRNA. To obtain the missing 5'-end cDNA sequence
that was not present in PBRUC1, the technique for rapid
amplification of cDNA ends (RACE; ref. 7) was used in
conjunction with the polymerase chain reaction (PCR).
Poly(A)+ mRNA (8) from adult rabbit uterus was reverse-
transcribed with 200 units of Superscript (RNase H- Molo-
ney murine leukemia virus reverse transcriptase; Bethesda
Research Laboratories) using a 32P-labeled 26-mer primer
(5'-TGCACAACCTGAGGGAGAGGTACTTC-3') from the
5' end of PBRUC1. The extended product mixture was
treated with 10 units of RNase H (Boehringer Mannheim),
resuspended in alkaline loading buffer, and purified following
denaturing 6% polyacrylamide gel electrophoresis. The sin-

Abbreviations: MHC, myosin heavy chain; RACE, rapid amplifica-
tion of cDNA ends.
*Present address: Department of Physiology, University College
London, Gower Street, London WC1E 6BT, United Kingdom.
tTo whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M77812).
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MKI K G O L S D D E K F L F V D K
aacttcatcaacagssccctggcccaggccgactgggtggccaagaggctggtgtgggtcccttcggagaagcagggcttcga Wggccagcatcaaggaggagaagggggatgaggtggtcgtggagctg ctggagaatgggaagaag
N F I N S P V A Q D WS V A K R L V W V P S E K O G F E A SS I K E E K G D E V V V E L V E N G K K

gtcacggtgggcaaggatgacatccagaagatgaacccgcccaagttctccaaggtggaagacatggcggagctgacgtgtctcaacgaagcttccgtgctgcacaacctgagggagaggtacttctctgggctcatctacacgtactcc
V T V G K D D I O K M N P P K F S K V E D M A E L T C L N E A S V L H N L R E R r F S G L I Y T r s
ggcctct tctgcgtggtggtcaacccctacaagcagctgcccatctactcggagaagatcgtggacatgtacaagggcaagaagaggcacgagatgccaccacacatctacgccatcgccgacacggcctacaggagcatgctgcaggat
G L F C V V V N P r K Q L P I r s E K I V D M r K G K K R H E M P P H I r A I A D T A r R S M L Q D
cgggaggaccagtccattctctgcacaggcgagtctggagccgggaagacggagaacaccaagaaagtcatccagtacctggccgtggtggcctcctcgcacaagggcaagaaggacacgagcatcacgggggagctggagaagcagctt
R E D O S I L C r G E S G A G K T E N T K K V I O r L A V V A S S H K G K K D T S I T G E L E K Q L
ctgcaagcaaaccccatcctggaggcctttggcaacgccaagacggtcaagaatgacaactcctcgcgattcggcaagttcatccgcatcaactttgacgtcactggttacatcgtgggcgccaacattgagacctatctgctggaaaag
L a A N P I L E A F G N A K T V K N D N S S R F G K F I R I N F D V T G _Y I V G A N I E T r L L E K
tcacgagccatccgccaagcccgagaggagaggaccttccacatcttttactacctgattgctggggccaaggagaagatgagaaatgacttgctcttggagggcttcaacaactacacattcctctccaatggctttgtgcccatccca
S R A I R O A R E E R T F H I F Y Y L I A G A K E K M R N D L L L E G F N N Y T F L S N G F V P I P

gccgcccaggatgacgagatgttccaggaaaaggtggaggccatgtccatcatgggcttcagtgaagaggagcagctgtctgtgttgaaggtgtgtcttcagtcctgcagcttggaaacatcgtcttcaagoaggaaagaaacacagac
A A Q D D E M F Q E K V E A M S I M G F S E E E Q L S V L K V V S S V L Q L G N I V F K K E R N T D

caggcgtccatgccggacaacacagctgcccagaaagtttgccacctcatgggaattaacgtgacagatttcaccagatccatcctgaccccgcgtatcaaagttggacgggacgtagtgtagaaagctcagacaaaagaacaggcagac
Q A S M P D N T A A Q K V C H L M G I N V T D F T R S I L T P R I K V G R D V V Q K A Q T K E Q A D
ttcgctgtcgaggctttggcaaaggccacgtatgaacgccttttccgctggatcctcagccgtgtgaacaaagcctggacaagacccatcggcagggggcttccttcctggggatcctggacatcgctggatttgagatctttgaggtg
F A V E A L A K A T Y E R L F R W I L S R V N K A L D K T H R Q G A S F L G I L D I A G F E I F E V

aactccttcgagcagctgtgcatcaactataccaacgagaagctgcagcagctgttcaaccacaccatgttcatcctggagcaggaggagtaccagcgcgagggcatcgagtggaacttcatcgacttcgggctcgacctgcagccctgc
N S F E O L C I N Y T N E K L Q Q L F N H T M F I L E Q E E Y Q R E G I E W N F I D F G L D L Q P C

at tgagctcattgagcggccgaacaaccctccaggtgtgctggccctgctggatgaggagtgctggttccccaaagccacagataagtcttttgtggagaagctgtgcacagagcaaggcaaccaccccaagttccagaagcccaagcag
I E L I E R P N N P P G V L A L L D E E C W F P K A T D K S F V E K L C T E Q G M H P K F Q K P KQ

ctcaaggacaaaacggagttctccatcatccattacgctgggaaggtggactacaacgcgagtgcctggctgaccaagaacatggacsccctgaatgacaacgtgacctccctcctcaacgcctcctcggacaagttcgtggccgaccta
L K D K T E F S I I H Y A G K V D Y N A S A W L T K NM D P L N D N V T S L L N A S S D K F V A D L
tggaaggacgtggaccgcatcgtggggctggaccagatggccaagatgacagagagctcactgcccagcgcctccaagaccaagaagggcatgttccgcacggtggggcagctgtacaaggagcagctggggaagctgatgaccacgctg
W K D V D R I V G L D O M A K M T E S S L P S A S K T K K G M F R T V G Q L Y K E Q L G K L M T T L
cgcaacaccacgcccaacttcgtgcgctgcatcatccccaaccacgagaagcggtccggcaagctggacgcgttcctggtgctggagcagctgcggtgcaacggggtgctggaaggcatccgaatctgccgccagggcttccccaacagg
R N T T P N F V R C I I P N H E K R S G K L D A F L V L E Q L R C N G V L E G I R I C R Q G F P N R

atcgtcttccaggagttccgccaacgctacgagatcctggcagccaacgccatccccaagggcttcatggatgggaagcaagcctgcattctcatgatcaaagctctggaactggaccccaacttgtacaggatcgggcagagcaaaatc
I V F Q E F R Q R Y E I L A A N A I P K G F M D G K Q A C I L M I K A L E L D P N L Y R I G Q S K I

ttct tccgcacgggcgtgctggcccacctggaggaggagcgggacttgaagatcaccgacgtcatcatggccttccaggccatgtgtcgtggctacctcgcccgcaaggccttcgccaagcggcagcagcagctgaccgccatgaaggtg
F F R T G V L A H L E E E R D L K I T D V I M A F Q A M C R G Y L A R K A F A K R Q O Q L T A M K V

atccagaggaactgcgccgcctacctgaagctgcggaactggcagtggtggcgcctcttcaccaaggtgaagccgctgctgcaggtgacacggcaggaggaggagatgcaggccaaggaggatgagctgcagaagatcaaggagcgacag
I Q R N C A A Y L K L R N W Q W W R L F T K V K P L L Q V T R Q E E E MNQ A K E D E L Q K I K E R Q

cagaaggcggagagcgagctccaggagctgcagcagaagcacacgcagctgtccgaggagaagaacctgctgcaggagcagctgcaggcggagacggagctgtacgcggaggccgaggagatgcgcgtccggctggcggccaagaagcag
Q K A E S E L Q E L Q Q K H T Q L S E E K N L L Q E Q L Q A E T E L r AE A E E M R V R L A A K K Q
gagctggaggaaatcctgcatgagatggaggcccgcctggaggaggaggaagaccggggccagcagctgcaggccgagaggaagaagatggcccagcagatgctggacctggaagagcaactggaggaggaggaagctgccaggcagaag
E L E E I L M E M E A R L E E E E D R G Q Q L Q A E R K K M A Q Q M L D L E E Q L E E E E A A R Q K

ctacagctcgaaaaggtcaccgccgaggccaagatcaagaagttggaggacgacatcctggtcatggacgatcagaacaacaagctctcaaaagagcgaaaactcctggaagagaggattagtgatttaacaacaaatcttgccgaggag
L Q L E K V T A E A K I K K L E D D I L V M D D Q N N K L S K E R K L L E E R I S D L T T N L A E E

gaagagaaggccaagaacctgaccaagctgaagaacaagcatgaatccatgatctcagaactggaagtgcggctgaagnaagaggagaagagccggcaggagctggagaagctgaagcggsagatggacggcgaggccagtgacctccac
E E K A K N L T K L K N K H E S M I S E L E V R L K K E E K S R Q E L E K L K R K M D G E A S D LM

gagcagatcgccgacctccaggcgcagatcgcagagctcaagatgcagctggccaagaaggaagaggagctgcaggcggccctggccaggctggaggatgaaacgtctcagaagaacaacgccctgaagaagatccgggagctggagggg
E Q I A D L Q A Q IA E L K M O L A K K E E E L Q A A L A R L E D E T S Q K N N A L K K I R E L E G

cacatctccgacctgcaggaggacctggactcagagcgggccgccaggaacaaggccgagaagcagaagcgagacstgggggaggagctggaggcgctgaagacggagctggaggacacgctggacaccacggccactcagcaggagctc
H I S D L Q E D L D S E R A A R N K A E K O K R D L G E E L E A L K T E L E D T L D T T A T O Q E L

cgggccaagcgggagcaggaggtgacggtgctgaagaaggccctggacgaggagacccggtcccatgaggcccaggtccaggagatgaggcagaaacacacacaggtggtggaggagctcacggagcagctggaacagttcaagagggcc
R A K R E O E V T V L K K A L D E E T R S H E A O V O E M R O K H T O V V E E L T E O L E Q F K R A

aaggcgaacctcgacaagaccaagcagacgctggagaaggagaacgcagacctggccggcgagctgcgggtcctgggccaggccaagcaggaggtggagcacaagaagaagaagctggaggtgcagctgcaggagctgcagtccaagtgc
K A N L D K T K Q T L E K E N A D L A G E L R V L G Q A K Q E V E H K K K K L E V O L Q E L Q S K C

agcgatggggagcgggcccgggcggagctcaacgacaaggtccacaagctgcagaatgaagtggagagcgtcacgggcatgctcagcgaggccgaggggaaggccatcaagctggccaaggaggtggcgtccctcgggtcccagctccag
S D G E R A R A E L N D K V H K L Q N E V E S V T G M L S E A E G K A I K L A K E V A S L G S Q L Q

gatacccaggagctgctccaagaagaaacccggcagaagctcaacgtgtccaccaagctgcggcagctggaggacgagaggaacagcctgcaggagcagctggacgaggagatggaggccaagcagaacctggagcgccacatctccacc
D T O E L L O E E T R O K L N V S T K L R O L E D E R N S L O E Q L D E E M E A K Q N L E R H I S T

ctgaacatccagctctccgactcaaagaagaagctgcaggactttgccagcaccgtggagtccttggaggaaggcaagaagaggttccagaaggaaattgagagcctcacccagcagtacgaagagaaagcagctgcttacgataaactg
L N I O L S D S K K K L Q D F A S T V E S L E E G K K R F O K E I E S L T Q Q Y E E K A AA Y D K L

gaaaagaccaagaacaggcttcagcaggagctggacgacctggtcgtagacttggataaccagcggcaactggtgtccaacctggaaaagaagcagaagaagttcgatcagttgttagccgaggaaaagaacatctcttccaagtatgcg
E K T K N R L Q Q E L D D L V V D L D N Q R Q L V S N L E K K QOK K F D Q L L A E E K N I S S K Y A

gatgaaagggaccgagccgaggctgaagcaagggaaaaggaaaccaaggccttgtccctggctcgggccctcgaggaggccttggaggccaaagaggagctcgagagaaccaacaaaatgctcaaggccgagatggaagacctcgtcagc
D E R D R A E A E A R E K E T K A L S L A R A L E E A L E A K E E L E R T N K I L K E E I E D L V S

tccaaggacgacgtgggcaagaacgtccatgagctggagaagtccaagcgggccctggagacacagatggaggagatgaagacgcagctggaagagctagaggacgagctgcaggccaccgaggacgccaagctgcggttggaggtcaac
S K D D V G K N V H E L E K S K R A L E TE M E E M K T N L E E L E D E L Q A T E D T K L R L E V N

atgcaggccctcaaagtccagttcgagcgggatctccaggcccgggatgagcagaacgaggagaagaggaggcagctgcagaggcagctgcatgagtacgagacggaactggaagacgagcgcaagcagcgggccctggccgcggcagcc
M E V N A I K S K 1 R G N E T S F V P T f f S G L R V LH E N A E T E L E D E R K Q R A L A N A A

aagaagaaSctggagggggacStgaaagacctggagcttcaggcggactccgccatcaaSgggcgggaggaagccatcaagcagcttctgaaactgcaggctcagatgaaggacttccagagaEaactggaagatgcccgtgcctccaga
K K K L E G D L K D L E L Q A D S A I K G R E E A I K Q L L K L Q A Q M K D F Q R E L E D A R A S R

gacgagatctttgccacagccaaggagaacgagaagaaagccaagagtctggaggcagacctcatgcagctacaagaggatctggccgcggcagagagggctcgcaaacaggcagacttggagaaggaggagctggccgaggagctggcc
D E I F A T A K E N E K K A K S L E A D L M Q L O E D L A A A-E R A R K O A D L E K E E L A E E L A

agcagcttgtccggaaggaacgcgctgcaggatgagaagcgccgcctggaggcccggatcgcacagctggaggaggagctggaggaggaacagggcaacatggaggcaatgagcgaccgcgtccgcaaggctacgsaagcgggcgagcag
S S L S G R N A L O D E K R R L E A R I A O L E E E L E E E Q G N M E A M S D R V R K A T O O A E O

ctcagcaacgagctggccacagagcgcagcacag~cccagaagaatgagagcgcacggcagcagctcgagcggcagaacaaggagctcaagagcaagctgcaggagatggagggggcagtcaagtccaagttcaagtccactatcgcggcg
L S N E L A T E R S T A a K N E S A R O O L E R Q N K E L K S K L O E M E G A V K S K F K S T I A A

ctggaggccaagattgcgcagctggaggagcaggttgagcaggaggccagagagaagcaggcggccgccaaggcgctgaagcagagggacaagaagctgaaggagatgctgctgcaggtggaagacgagcgcaagatggctgagcagtac
L E A K I A O L E E O V E O E A R E K Q A A A K A L K Q R D K K L K E M L L Q V E D E R K M A E Q Y

aaggagcaggcagagaaaggaaacgccaaggtcaagcagctcaagaggcagctggaggaggcCgaggaggagtcgcagcgcatcaacgccaaccgcaggaagctgcagcgggagctggacgaggccacggagagcaacgaggccatgggc
K E Q A E K G N A K V K Q L K R Q L E E A E E E S Q R I N A N R R K L O R E L D E A T E S N E A M G

cgcgaggtgaacgcgctcaagagcaagctcaggcgaggaaacgagacctcgt tcgttcctaccagaaggtctggagggcgtagagttattgaaaacgcagatggctctgaggaggaagtggacgctcgcgacgcagacttcaatggaacc
R E V N A L K S K L R R G N E T S F V P T R R S G GR R V 1. E N A D G S E E E V D A R D A D F N G T

aaatccagtgaatgaacgacttcgagttttgcaccacagcagaaggtcccaccaaagaacagattcaaccaaacccaacccagcaaaccctacttagcatcgtccaaccctgtcttcaagtttcaaacatcacggacaaccccagaacat
K S S E * 1972
aaaaaccactgcctgagtcagggtacagaattccaagtttttatgatgtggcagaggaaaaagccaacaggaacaaaaacaccctcgctctaccgatcaggcagagatgttaagttttttggaagatacagccacatgaaccggtcactg
gtcaattcgtttacatgacatgggtgaagttcaccacgatgggtgccgctgccccactcccactcccagttcattccctaacctctgtgcccttccaagsccctgagtaaggccctggtttgagaatcccttctccctctcctggctacc
acacctcagacatgcacagttcaccccgcccaagtgccttctgtagtcacaagaagtaaaaaaggagacactgttccatggatgagaacagggacggtccactgtcttatgtgcacccaattgtacttcggacaccttcactaataaaang
gtcatacgtcaaaaaaaaaaaaaaaaaaaactcgtgccgaattc
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FIG. 1. Rabbit uterus smooth muscle MHC full-length cDNA sequence. The nucleotide (nt) sequence and deduced amino acid (a.a.) sequence

are composites of clones PBRUC1 [6314 base pairs (bp)] and PBRU-PCR33 (420 bp). Sequences used for synthesis of complementary

oligonucleotides used in primer extension analysis of RNA (primers A and B) are indicated.

gle-stranded DNA was tailed at its 3' end with adenine a HindIll restriction site, was used for subsequent rounds of
nucleotides by using terminal deoxynucleotidyltransferase amplification by PCR. The complementary set of 5' and 3'
(Boehringer Mannheim). A second, 28-mer primer (5'- primers used for DNA amplification in the RACE protocol
CTGACGTGTCTCAACGAAGCTTCCGTGC-3') from was identical to that described in the original method (7). The
PBRUC1, located internally to the first primer and containing DNA was extended with 0.5 unit of Taq polymerase (Cetus)
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FIG. 2. Restriction map (S, Sac I) of complete cDNA sequence
for rabbit uterus smooth muscle MHC. Primer extension and PCR
cloning were used to isolate the 5' untranslated sequence represented
by cDNA clone PBRU-PCR33. The amplified DNA (420 bp) includes
31 bp of primer sequence at the 5' end, 96 bp of 5' untranslated
sequence, 234 bp of coding sequence, and 59 bp of 3' sequence that
overlaps with cDNA clone PBRUC1.

using 35 cycles of amplification (Perkin-Elmer). DNA se-

quence analysis of this MHC cDNA clone (PBRU-PCR33)
revealed that it contained 5' untranslated sequence plus the
missing coding sequence.

Isolation of Genomic Clones Corresponding to the 5' End of
the Rabbit Smooth Muscle MHC Gene. A rabbit genomic
library constructed in EMBL3 (Clontech) was screened both
with the PBRU-PCR33 cDNA subclone and with restriction
fragments from the 5' end of PBRUC1. Several positive
clones were identified and characterized by Southern blot-
ting. Selected genomic subclones that hybridized to the
cDNAs were sequenced in both orientations to map exon/
intron boundaries at the 5' end of the MHC gene.

Identification of Transcription Initiation Site. A combina-
tion of primer extension and S1 nuclease mapping was used
to locate the transcription initiation site in the MHC gene.
Two oligonucleotides, A (18-mer) and B (19-mer), were

synthesized to complementary sequences in the 5' untrans-
lated region of the smooth muscle MHC mRNA (Fig. 1). The
primers were 5' end-labeled with 32P and annealed to RNA
(see Fig. 5) in 40 mM Pipes, pH 6.8/1.25 mM EDTA, pH
8.0/125 mM NaCl/75% (vol/vol) formamide for 60 min at
420C. Hybrids were ethanol-precipitated and reverse-
transcribed with 200 units of Superscript in a mixture con-

taining 0.06 ,ug of actinomycin D (9). Extension products
were analyzed in denaturing 8% or 20% polyacrylamide gels.
For S1 nuclease mapping, a 900-bp Pst I fragment from

genomic clone ARG-4 (see Fig. 4) containing the first exon
was subcloned into M13mpl8 and uniformly labeled as de-
scribed (10). The labeled DNA was cut with Sac I and Pst I
to release a 220-bp fragment that was purified in a strand-
separating 5% polyacrylamide gel. The single-stranded probe
was hybridized (4) to rabbit uterus poly(A)+ RNA and to total
RNA samples from different smooth muscle tissues. After S1
nuclease treatment, protected fragments were phenol-

extracted and analyzed in denaturing 8% polyacrylamide
gels.

RESULTS AND DISCUSSION
Characterization of Full-Length cDNA Sequence for Rabbit

Smooth Muscle MHC. A cDNA library made from adult
rabbit uterus was screened with a 32P-labeled DNA fragment
from the 5' end of the rat aorta cDNA clone RAMHC21 (5).
Several positive MHC cDNA clones were identified and the
longest cDNA (PBRUC1, -6.3 kb) was completely se-
quenced (Fig. 1). The missing sequence from the 5' end
(encoding -80 amino acids) was obtained using primer ex-
tension in conjunction with PCR in the RACE protocol. The
complete nucleotide sequence of rabbit smooth muscle MHC
determined from the two overlapping clones PBRUC1 (-6.3
kb) and PBRU-PCR33 (420 bp) is shown in Fig. 1. The
full-length rabbit uterus MHC cDNA is 6644 bp long and
encodes a protein of 1972 amino acids, which is similar in size
to the 1979-amino acid sequence reported for chicken gizzard
MHC (2). The cDNA clone PBRUC1 represents a longer
version ofSMHC 40 reported previously (4) and corresponds
to the SM1-type (204-kDa) MHC. The PCR product (PBRU-
PCR33) encoding the 5' untranslated and missing coding
sequences is shown in Fig. 2. The 3' end of PBRU-PCR33
contains 59 nucleotides that are identical to and overlap with
the 5' end of cDNA clone PBRUC1. The missing coding
sequence and start codon were identified by comparison with
chicken gizzard (2) and rat skeletal embryonic (11) MHC
genes. Based on this comparison, PBRU-PCR33 encoded 78
amino acids including the start codon and the complete 5'
untranslated sequence of96 nucleotides. This was verified by
primer extension and S1 nuclease mapping analyses (see
below).

Rabbit Uterus and Chicken Gizzard MHC Deduced Protein
Sequences Diverge at the 25-kDa/50-kDa Junction in the
Globular S1 Head Region. Fig. 3 compares the amino acid
sequence corresponding to part of the S1 head region of the
rabbit uterus MHC with chicken gizzard (2) and chicken
nonmuscle (12) MHCs. Overall the amino acid sequences are
highly conserved, showing -90%o identity. The putative
Mg2+-ATPase and actin-binding domains are virtually iden-
tical for all three MHCs. However, an interesting difference
in amino acid sequence between rabbit and chicken smooth
muscle MHCs was evident in the Si head precisely at the
junction of the 25-kDa and 50-kDa proteolytic fragments.
Comparison of the two sequences in this region shows that
the two MHCs are homologous up to amino acid 205 but then
diverge completely from amino acid 206 with respect to rabbit
uterus MHC. From this point of divergence, the rabbit uterus
MHC encodes 6 unique amino acids whereas chicken gizzard
MHC encodes a stretch of 13 unique amino acids before the
high degree of homology is restored (Fig. 3). The extra amino

MAQKGQLSDDEKFLFVDKNFINSPVAQADWVAKRLVWVPSEKQGFEAASIKEEKGDEVVVELVENGKKVTVGKDDIQK
-S--P.--------------V-N-L-----S--K--------H-E-------------T---Q-------LS------
---R....-AD-Y-Y----I--N-LT----A--K--------S------L---V---AI---A------K-N------

aa

78

156
---------------N---------N---------------------I-------------I-----------------
--------------------------K---Y---------------I----N------E--E----------------

IADTAYRSMLQWEDQSIL^TGESGAGKTENTKKVIQYLAAASSHKG TSIT......1GELEKQLLQANPILEA 227

.--TPASLKVHLFP-
-T-------M------------------------------H------S --Q...........--R---

FGNAKTVKNDNSSRFGKFIRINFDVTGYIVGANIETYLLEKSRAIRQAREERTFHIFYYLIAGAKEKMRNDLLLEGFN 305
------------------------------------------------KD--------------S-Q-----------
-------------------------N----------------------K-----------LS--G-HLKT-----PY-

NYTFLSNGFVPIPAAQDDEMFQETVEAMSIMGFSEEEQLSVLKVVSSVLQLGNIVFKKERNTDQA Rabbit SMHC
-------------- Q---------L- --T----T----T-I-R---------------------- Chick SMHC
K-R-----H-T--GQ--KD-----N---R--- IPD--- IGL---I-G------------------ Chick NMHC

FIG. 3. Comparison of deduced amino acid
(aa) sequences of S1 globular head region of
rabbit uterus smooth muscle MHC (SMHC),
chicken gizzard SMHC (2), and chicken nonmus-
cle MHC (NMHC) (12). Dashes represent iden-
tical sequence, dots represent spaces inserted for
optimal alignment of amino acid residues. Boxed
area identifies unique region in MHC molecule
where sequences diverge. Bracket shows puta-
tive Mg2+-ATPase domain (residues 159-194)
with respect to rabbit uterus sequence. Solid
triangles represent exon/intron boundaries iden-
tified in the rabbit smooth muscle MHC gene (see
Fig. 4).
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experiments that the chicken smooth muscle MHC gene was
5678 alternatively spliced at the 5' end to generate vascular and

intestinal isoforms. The putative splicing region was localized
to the 25-kDa/50-kDa boundary in the S1 head, thus impli-
cating heterogeneity in the ATPase domain as a factor
involved in the functional differences between vascular and
visceral smooth muscle cell types. Furthermore, a remark-

200 bp able arrangement of duplicated exons is known to encode
t-H3 Drosophila muscle MHC (15), and alternative splicing of

these exons can result in multiple potential MHC isoforms,
some of which are known to be expressed in a stage- and
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cDNA clone PBRU-PCR33, indicating that these genomic
clones contained the 5' end of the MHC gene (Fig. 4).
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inding proper- cDNA sequence. DNA sequence analyses revealed an un-
results in the usual exon/intron organization at the 5' end (Fig. 4) in that
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3 and 4 and between exons 4 and 5 is unknown, since two
rounds of genomic library screening and Southern blotting
failed to identify overlapping genomic clones in these regions.
The unusually large sizes of the intervening sequences at the
5' end of the smooth muscle MHC gene are not evident in
other characterized vertebrate sarcomeric MHC genes (11,
16, 17).
Primer extension cloning (7) of the 5' end of the smooth

muscle MHC cDNA led to the finding that the 5' untranslated
sequence (95 bp) in the MHC gene was encoded in two exons
separated by >20 kb of intervening sequence (Fig. 4). The
first noncoding exon is 78 bp long, and the remaining 17 bp
of 5' untranslated sequence is contained in the first coding
exon (exon 2, 366 bp). Other MHC genes also show this type
of split organization in the 5' untranslated region (11, 15-17).
In the case of Drosophila nonmuscle MHC (18), one of two
possible 5' untranslated sequences participates in 5'-end
alternative splicing to generate nonmuscle MHC isoform
diversity. Although the significance of large intronic se-
quences ofthe magnitude shown in Fig. 4 are unknown, it has
been shown that regulatory sequences do reside in the 5'
introns of some muscle genes (19).
The putative Mg2+-ATPase domain is encoded in exons

3-5; exon 4 is a 28-bp miniexon that encodes 8 central amino
acids of the putative Mg2+-ATPase domain. The beginning
and end of the miniexon are formed by two split codons. The
second half of the Mg2+-ATPase domain is encoded in exon
5, whose coding sequence ends at the 25-kDa/50-kDa junc-
tion in the S1 head region. This is the region of the MHC
molecule that shows divergence from the chicken gizzard
sequence (2). Our results show that the exon/intron bound-
aries are conserved between rabbit smooth muscle MHC
(exons 3-6) and rat sarcomeric MHC (exons 5-7) over the
Mg2+-ATPase and 25-kDa/50-kDa domains. In this region
the smooth muscle MHC and the sarcomeric MHC showed
65% amino acid sequence identity, thus emphasizing the
importance of this conserved region for myosin function. The
beginning of exon 6 (Fig. 4) represents the point at which the
rabbit uterus, chicken gizzard, and chicken cellular MHC
sequences restore their conservation. Surprisingly, the pres-
ence of a 28-bp miniexon encoding part of the smooth muscle
MHC Mg2+-ATPase domain resembles almost exactly the
28-bp exon in both the rat and chicken skeletal embryonic
MHC genes which codes for a similar amino acid sequence
(11, 16). The miniexon of the two embryonic MHC genes is
also flanked on either side by two split codons. Strikingly, of
the first 10 introns that split the rat skeletal embryonic MHC
gene, the last 7 are located in identical positions in the rabbit
smooth muscle MHC gene. It has been suggested (20) that
conservation of intron positions in the 5'-end regions ofMHC
genes might be important for regulated gene expression.
These observations therefore support the idea that the MHC
gene family originated from a common ancestral gene.

Transcription Is Initiated From a Single Site in the Smooth
Muscle MHC Gene. Two separate primers located within the
5' untranslated region of the MHC cDNA were used for
primer extension analysis of smooth muscle cell RNA. Prim-
ers A and B led to predicted extension products with lengths
of 98-100 bp and 41-43 bp, respectively (Fig. 5 A and B).
Based on the strongest visible signal observed for primer A,
at 98 bp, and primer B, at 41 bp, the start site could be

assigned to the guanine residue that appears as nucleotide +2
in the composite cDNA sequence (Fig. 1). It is possible that
the adenine nucleotide at + 1 in the cDNA sequence is a
cloning artifact from the PCR reaction, although an adenine
nucleotide does occur in the corresponding genomic se-
quence (data not shown). The next upstream base in the
genomic sequence is also a guanine, indicating that any
member of the GAG triplet could be the true start site. S1
nuclease mapping (Fig. 5C) with a genomic fragment con-
taining the 5' untranslated region produced a partially pro-
tected fragment of 78-84 bp that corresponded to the same
position identified by primer extension analysis. Further,
Fig. 5 indicates that in all smooth muscle samples studied,
transcription is initiated at a single site in the smooth muscle
MHC gene. The presence of a canonical TATAAA sequence
26 nucleotides upstream of the putative start site (data not
shown) provides indirect evidence that the start site is
genuine for the smooth muscle MHC gene.
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