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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 muscle MHC 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 of genomic DNA. Some introns span several kilobases
of DNA and others at the 5’ end show a high degree of intron
conservation in the Mg?*-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 Ca?*/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 of the 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
c¢DNA clones and demonstrated that they code for SM1 and
SM2 MHC isoforms (4, 5). Subsequently we showed that
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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.} 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 Mg?*-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 DN A 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 PBRUCI, 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.
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1 agcctt gt ] gttt ttggagggg 99 tcctetttgt
M AQ K GQL SDDEKTFTLTFVDK 18
151 aactt 99 ggccy ggtgtgggtcccttcgg caaggaggagaagggggatgaggtggtcgtggagctggtggagaatgggaagaag
N F I NSPVAQADUMWMVAKRLVWYVYPSEIKA QGTFTEA AASIKETEIKG GDTEVVVELVENSEGKHEK 68
301 gtcacggtggg: (-] ("] tctccaagg ggcggagctgacgtgtct gagggagaggtacttctctgggctcatctacacgtactce
VIVGKDT DTIOQKMNPPIKTFSKVETDMAETLTZ ECLNEANSVYLHNLRERYTFSGLIVYTYS 118
451 ggcctcttctgegtggtggt 9 act gtgg: ("] 99 99 ggcctacaggagcatgctgcaggat
G LFCVVVNPYKO QLZPTIYSETKTIVDMYIKGKT KR RUHEMPPIHIYAIADTAYRSMLO QD 168
601 tctet 99 gtacctggccgtggtggectect 99! cacgggggagc tt
R EDOQ@STI!ILCTGESGAGIKTENTIKKVYIQYLAVYVYASSHKSGKTI KTDTS SITGEILTET KS® QL 218
751 ct tttgg 99 cctcgegattcggcaagttcatccgcatcaactttgacgtcactggttacatcgtggg: atctgct
LQANPTILEAFGNAKTVEKNDNSSRFGKTFTIRINFDVTGEYIVGEANIETYLLEHK 268
901 tccacatcttttactacctgattgctggggccaaggagaagatgagaaatgacttgetcttggagggct acacatt ttgtgcccatccca
S RAI RQARTETERTTFUHTIFYYLI AGAKTETKMRNDLLLTESGTFNNYTTFLSNGTFUVPIP 318
1051 g g ggtggaggccatgt: 9gg! gtgaagagg gtgttgaaggtggtgtcttcagtcctgcagettgg gg!
A AQDDTEMTFAQETKVEAMSTIMGTFSETETENQ L S VLILKVVSSVLQLGNTIVEFIKIKETRNTD 368
1201 caggcgtccatgecgg catgggaat tt ccat tggacgggacgtagt ggcagac
Q ASMPDNTAARI GEK V C HLMGINVTDFTRSTILTPRIKVGRDVVAQKAQTIKTETU QAD 418
1351 ttcgctgtcgaggcettt at tt ggatcct cggcagggggcttccttcctggggatcctggacatcgetggatttgagatctttgaggty
F AVEALAKATYTETRTLF R W I LSRVNKALDIKTUHR@GASTFLGTILDTIAGTFETITFTEV 468
1501 aactcctt gtgcatcaact tgtt g ggaggagt 99gC ggaact gacttcgggctcgacct 9c
' N S FEQLCTINYTNEIKTLO QQLTFNHTMFILEAO QETEYO QREGTITEHWN F 1 DFGLDLOQPC 518
1651 attgagctcatt aggtgtgctggccctgctggatgaggagtgetggtt € tttgtggag gt t
1 E LI ERPNNPPGVYLALTLDTETETCUWEFPKATD K S FVEKLTCTENQ Q G N HPKFQKUZPKHA Q 568
1801 ctcaagg ggagt catccattacgctggg: gcctgg 9 gacctccctee tcgtgg: a
LKDKXTETFSITIHYAGKVDYNASAUWLTIKNMDZPLNDANYVYTITSLLNASSDIKTFVADIL 618
1951 ¢ 99 99 99 9 t gggcatg ggtggggcagetyg 9 9
W KDVDRTIVGLD Q@MAKMTES S SLPSASKTHIKSIKTG GMTFRTVGAaQLYIKEH® QLGKTLMTTL 668
2101 ttcgtgege ggt ggacgcgttcctggtgetag gcggtg 9999 99 g goct 99
R NTTPNFVRCTIIPNIHETKRSGKLDATFLVLES L R CNG V LEGIRTICR QGTFUPNR R 718
2251 atcgtctt goctt gcattctcatgat 99 99 tgtacaggatcgggcag C
1 VFQEFRQRYETILILAANAIPKGTFMDGKA QACTILMIKALETLTDTEP ll LYRIGOAQ@SK/ I 768
2401 ttcttccgcacgggcgtgctggcccacctggagg gggacttgaag catcatggccttccaggccatgtgtcgtgg ggcctt gaaggtg
F FRT V LAHLETETERDLIKTITDVIMNMAF QAMTCRGYTULARIKATFA AEK R Q Q QL T A H KV 818
2551 at t gaagctgcggaactggeagtgg ctt ggt gct ggcaggaggaggagatgcaggccaaggaggatgag caaggagcgacag
1 @ R NCAAYLKLRNUWOGQ@MWWRLFTIKVYKPLLAQQVTR QETETEMNMOQAKTEDETLOAQKTIIKTETRSE 868
2701 cagaagg tccaggag gt ] gcaggcggagacggagetgtacgcggaggccgaggagatgegegtccggetggeggecaagaageag
Q K AE S ELOQETL Q@Q@KTHKTO QL SEEIKNLLAO GQE® QL QATETETLYA AEAETEMRYVR RLAAKEKDE 918
2851 gaget cctgcatgag 9gaggagg: gcagg 99 ggacctgg 99aggagyg: gccagg
E L EE I L HEMEA KRLTETETETEDR RGQQLQ@AERTIKTIKMAG QGO N L DLETEA Q@LTETETETEAARDZ QK 968
3001 ctacagc tggagg: cctggtcatggacg ct tagtgattt
L QL EKVTAEAKTIKKTLEHDDTITLV MDD Q@NNIKTLTSIKERIKTLTILETERTISDLTTNLAETESTE 1018
3151 9 gaatccatgatctcagaactggaagtgcgget 99 99 gaagc! 9! ggc {1
E E KAKNIULTIKTLTIKNIKTBHETSMTISETLTEVRLIEKTEKTETETIKSRAQQETLETIKTLIKRTIKMDGEA ASDTLH 1068
3301 g agg gcagctgg gcaggcggcccetggccaggct 9929999
E QI ADLQAGQGTI AEL K M Q@ L AKKETETETLG QAALARLETDETSQKNNALTKTEKTIRETLES G 1118
3451 cacat ggact 99 99gggaggagctggagacy 99 99 gcaggagctc
W1 S$DULOQETDTLTDTSTETRAARNIKAETIKA QKRDLGETETLEALKTEHTLE D TLDODTTATA QQEH!L 1168
3601 cggg ggaggtgacggtgct ggacgaggagacccggtcccatgagg aggagat gaggagct ggaacagttcaagagggcc
R AKREG QEVTVLKIKALTDTETETRSHEAQVQEMROKIHTO QYV V E ELTEQLEU QFKRA 1218
3751 99: 99 9cgggtcctgg 9g9aggtgg ggaggtgcagctgcaggagctgcagtccaagtge
K ANLDIKTI KO QTTULETKTENADTLAGETLTR RVYVLGOQAK QEVEHU KKK KT KTLEVaeLAOQQEL Q s X C 1268
3901 agcgatggggagcgggcccgg 99 cacgggcatgct 99gaaggc 99 9gtggcgt gggtcccagetccag
S DGERARATETLANGODTIKTVYVTHIEKTLO GONETVET SVTGMLSEANEGKAIKLAKEVASLGSO QLOQ 1318
4051 gatacccaggagctg: gcggcagetgg 99 gcagg: ggacgaggagatggagg: g99ag
0D T QE L LQ@ETETR® Q@KTLN V s T K L R QL EDERNSTL® GE® QLDETEMEAKSQNLERHIST 1368
4201 ctgaacatccagctctccg gca: ggagtccttggaggaagg ggaaat gcttacg tg
L NI QL SDSKIKIKTL® Q@D F ASTVEGSLETEGKIKRTF QKETLIES SLTOQQYEEIKAAAYDKIL 1418
4351 gaaaagaccaagaacaggcttcagcaggagct ggtcgtagacttggat 9gtg g gttgtt tccaagtatgeg
E KTKNRL QQETULTODTODTLVVDLDNQR LV SNLEIKIKS KK KTFDO QLLAEEKNISSKY A 1468
4501 gat 999 ggccttgtccctggetcgggecctcgaggaggecttggagg ggagct 9 1agg cgtcage
D ERD R A E A E A R EKTETIKALSLARALTETEALEAKETETLERTNKHML K AEMEDL VS 1518
4651 t gagctggagaag gggccct 99 gcggttggaggtcaac
S KDDUVGIKNVIHTETLTETKSIKRALTETA QMETEMEKTOQLETETLEDETLS® GATE D A KLRLEVN 1568
4801 atgcaggccctcaaagtccagttcgagegggate gcagaggcagctgcatgagt 99: 99
M Q ALKV QTFTERGDTLG GARDTET GNTETET KRR QLOQGRO QLUHEYETETLTETDETRI K EGRALA A A A 1618
4951 tggagggggacct ggagcttcaggcggact 2gg9cgg tctgaaactgcaggctcagat t ggaagatgcccgtgcctccaga
K K KLEGDLTKTDTULTETLG GQADTSAIKGRTETEAIK QLLEKL® QAQMNKDTFQRETLETDARASHR 1668
5101 ctttg ctggagg tgg gggct ggcagact tggagaaggaggagctggccgaggagetogee
D E 1 FATATKTERNTETKTEKA ATEKSTSTULTEADTLMOQLGO Q@EDTLAAAERARK® GADTLTETKTETETLAE E L A 1718
5251 agcagcttgtccggaagg 9g9agg ggaggaggagct ggaacagg 99 ggct ggccg
s SLSGRNATLG GDTETKRRLTEA ARTIAQLETETETLTETETEQGNMEAMSDRVRKA T @ a A E Q 1768
5401 ct 99 g gcaggag tcaagtccactatcgeggcg
L SNELATTETRTSTAGKNESARO QQLETR QNTEKETLSIKSK KL QEMEGAVKSKTFKSTTIAA 1818
5551 ct t 99 t 99! gctgctgcagg ggct ac
LEAKTIAQLTETET GVEG QEA ARTET K QAAAKALTEK® Q@RDI KK KTLTIKEHMLLG®QQ@VEDETRTIKMA E QY 1868
5701 99a9g: ggaggagtcgcag gcagcgggagetgg ggccatg!
K E Q AEKGNA AIKVI KA QLTE KRG GLTETEA AETETESOQRINANRRKLO GRETLDEATESN E A MG 1918
5851 tcgttcgttect ctgg agagttatt ggctctgaggaggaag ttcaat
R EVNALIKSI KTLTRRGANTETSTFVPTRRSGGRRVYVTILENADTGS SETEEVDARDADTFNG T 1968
6001 aaatccagtgaat ttcgagttttg t acttagcatcgt tgtcttcaagttt 99
K S S E * 1972 !
6151 gcctgagtcaggg tccaagtttttatgatgt 99 ggaacaaaaacaccctcgctctaccgatcaggcagagatgttaagtttttt ggtcactg
gtcaattcgtttacatg gaagtt gggtgccg cccactcccagttcatteccctaacctetgtgecct gagt tggtttgag tcteccctctectggctace
6451 acacct gccttctgtag ggagacactgttccatgg gggacggt gtcttatgt tgtactt tcact g
gtcatacg gtgccy: tc 6644
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
nucleotides by using terminal deoxynucleotidyltransferase
(Boehringer Mannheim). A second, 28-mer primer (5'-
CTGACGTGTCTCAACGAAGCTTCCGTGC-3') from
PBRUC1, located internally to the first primer and containing

a HindIlI restriction site, was used for subsequent rounds of
amplification by PCR. The complementary set of 5’ and 3’
primers used for DNA amplification in the RACE protocol
was identical to that described in the original method (7). The
DNA was extended with 0.5 unit of Tag 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 DN A (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 PBRUCI1.

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 PBRUCI1. 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
42°C. 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 M13mp18 and uniformly labeled as de-
scribed (10). The labeled DNA was cut with Sac I and Pst 1
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-
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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 PBRUCI] represents a longer
version of SMHC 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 PBRUCI1. 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 of 96 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% identity. The putative
Mg?*-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 S1 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

aa

MAQKGQLSDDEKFLFVDKNFINS PVAQADWVAKRLVWVPSEKQGFEAAS TKEEKGDEVVVELVENGKKVTVGKDDIQK 78
. V-N-L----- [ S H-E--cocommnonnn ToeoQe---n-- LS------

“R....-AD-Y-Y----T--N-LT----A--K-------- Se--n-- Lo--Ve--Al---A---cn- K-N------

FiG. 3. Comparison of deduced amino acid

MNPPKFSKVEDMAELTCLNEASVLHNLRERYFSGLIY TYSGLFCVVVNPYKQLPTYSEKTVDMYKCKKRHEMPPHIYA 156 (aa) sequences of S1 globular head region of

NYTFLSNGFVPIPAAQDDEMFQETVEAMS IMGFSEEEQLSVLKVVSSVLQLGNIVFKKERNTDQA Rabbit SMHC

-------------- o T
K-R-----H-T--GQ--KD~---- N---Re--IPD---IGL---T-G-vvsvvcucmmconoanmn-

Chick SMHC

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
305 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).

227



Biochemistry: Babij et al.

A SMHC RG 4
ic L I
g i
clones L RGS 4kb
RG25
| S|
RG1-3
| R |
Exon# 1 2 3 4 5678
5.1 1 1
LN | |
/ AN (ATGI
/ ~
/ ~
~
/ N
/ N
/ ~
| TATAA N N 200 bp

N PP Sacl pwi™\PH RGA4-R-H3

sUT

Fic. 4. Exon/intron organization at the 5’ end of the rabbit
smooth muscle MHC (SMHC) gene. Black boxes represent exons
and horizontal line represents intervening sequence; dotted horizon-
tal line represents regions where no overlapping genomic clones have
been identified and therefore represents intervening sequence of
unknown length. A detailed restriction map of the nucleotide se-
quences immediately upstream and downstream of the first noncod-
ing exon is shown. R, EcoRI; P, Pst 1I; H, HindIIl; 5’ UT, 5’
untranslated.

acid sequence found in chicken gizzard MHC is not present
in chicken nonmuscle MHC.

In the MHC molecule, the globular S1 head region is
known to contain ATPase activity and actin-binding proper-
ties (13). Tryptic digestion of the S1 head results in the
production of three proteolytic fragments of about 25, 50, and
23 kDa. In general the mammalian MHCs (sarcomeric and
nonsarcomeric) show high amino acid homology in the S1

Proc. Natl. Acad. Sci. USA 88 (1991) 10679

region, so the finding of divergent sequences (Fig. 3) between
the two smooth muscle MHCs at the 25-kDa/50-kDa junction
may be structurally and functionally significant. Recently it
was proposed (14) on the basis of S1 nuclease mapping
experiments that the chicken smooth muscle MHC gene was
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-
able arrangement of duplicated exons is known to encode
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
tissue-specific manner. The results shown in Fig. 3 provide
direct evidence that the smooth muscle MHC 25-kDa/50-kDa
junction differs between species and may represent a func-
tionally important domain in the MHC molecule.
Exon/Intron Organization of the 5’ End of the Rabbit
Smooth Muscle MHC Gene. Two overlapping genomic
clones, ARG-4 and ARG-5, hybridized with PCR-amplified
cDNA clone PBRU-PCR33, indicating that these genomic
clones contained the 5’ end of the MHC gene (Fig. 4).
Mapping of the exon/intron boundaries in this region of the
gene was based on the consensus GT ... AG for splice
junctions and comparison of the genomic sequence with
cDNA sequence. DNA sequence analyses revealed an un-
usual exon/intron organization at the 5’ end (Fig. 4) in that
the first eight exons (equivalent to only 1.0 kb of the 6.6-kb
mRNA) are located within a region of at least 70 kb of
genomic DNA. The precise intronic distance between exons
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FiG. 5. Identification of transcription initiation site for rabbit smooth muscle MHC gene. The source of RNA for primer extension and S1

nuclease mapping was poly(A)* RNA (1 ug) from rabbit uterus and total RNA (30 ug) from adult rabbit tissues. (a) Primer extension with primer
A produces a fragment with a predicted size of 98-100 bp in denaturing 8% polyacrylamide gel. A band is evident at =180 bp but is nonspecific
since it is not present in poly(A)* RNA or tRNA samples. No extension product is seen for liver RNA or tRNA, which act as negative controls.
Sequencing ladder (lanes G, A, T, and C) is from 5’ end of PCR33. (b) Primer extension with primer B produces a fragment with a predicted
size of 41-43 bp in a denaturing 20% polyacrylamide gel. (c¢) S1 nuclease mapping of 5’ end of rabbit smooth muscle MHC gene. The probe
protects a major fragment with a predicted size of 78—84 bp. No protection is evident in brain and tRNA samples, which act as negative controls.
A nonspecific band is present at =200 bp in all RNA samples and probably results from incomplete strand separation of the DNA probe.
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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 of the magnitude shown in Fig. 4 are unknown, it has
been shown that regulatory sequences do reside in the §’
introns of some muscle genes (19).

The putative Mg?>*-ATPase domain is encoded in exons
3-5; exon 4 is a 28-bp miniexon that encodes 8 central amino
acids of the putative Mg?*-ATPase domain. The beginning
and end of the miniexon are formed by two split codons. The
second half of the Mg?*-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 Mg?*-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 of MHC
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
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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. SC) 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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