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Structure of the Ascidian, Halocynthia roretzi, Troponin C Gene!
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Two distinct cDNAS encoding troponin C (TnC) isoforms were isolated from the ascidian,
Halocynthia roretzi. One is expressed in adult body wall smooth muscle and heart muscle,
and the other in larval striated muscle. The H. rorezti gene is composed of 7 exons separated
by 6 introns, and Southern blot analysis showed that TnC is a single copy gene product. The
two isoforms of TnC were derived through the alternative splicing of the third exon.
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Troponin C (TnC) is one of the three components of
troponin, a main regulatory protein of striated muscle
contraction, and belongs to the EF-hand calcium-binding
protein family. In mammalian and avian muscles, two
isoforms of TnC have been identified, one is fast skeletal
TnC (sTnC), which is expressed in fast skeletal muscle, and
the other is slow/cardiac TnC (¢TnC), which is present in
heart muscle and slow skeletal muscle. The gene structures
of these human and mouse TnC isoforms have already been
determined (I-4). Both isoforms possess four EF-hand
type calcium binding sites. All EF-hand calcium binding
sites of sTnC are functional, i.e., sTnC can bind four Ca**
per molecule, however, in ¢TnC, the first EF-hand site (site
I) is nonfunctional due to amino acid insertion and substitu-
tions, so ¢TnC binds three Ca?* per molecule.

We have isolated TnCs from two protochordate species,
Halocynthia roretzi (ascidian), a urochordate, and Blan-
chiostoma lanceolaturn (amphioxus), a cephalochordate,
and determined their amino acid sequences (5, 6). Ascidian
TnC was obtained from body wall muscle, being a rare
instance of a smooth muscle TnC. The only other case is the
smooth muscle TnC obtained from scallop adductor muscle
(7). Site I of ascidian TnC seemed to lack Ca** binding
ability due to a lethal amino acid insertion as in the case of
vertebrate ¢TnCs. The nonfunctional EF-hand sites of TnC
were well observed in invertebrate TnCs (8-12), but all
resulted from unsuitable amino acid substitutions, and not
insertion. Amphioxus TnC was obtained from striated
muscle and can bind three Ca?* per molecule. Site IV is
nonfunctional due to unsuitable amino acid substitutions,
but site I is functional as in vertebrate sTnCs.

H. roretzi adult body wall muscle, adult heart muscle,
and larval tail muscle consist of multinucleate smooth
muscle cells (13, 14), unicellular striated muscle cells (15),
and monocellular striated muscle cells (16), respectively.
In this study, to elucidate the relationship of adult smooth
and cardiac muscle, and larval striated muscle TnCs, we
determined cDNAs of these tissues. We identified different

! The nucleotide sequences have been submitied to the DDBJ under
the accession numbers, D88494 (H. roretzi body wall muscle TnC
c¢DNA), D88495 (H. roretzi larval TnC ¢cDNA), and D88496 (H.
roretzi TnC genome).
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¢DNASs in adult and larval tissues. On genomic structural
analysis, ascidian TnC was revealed to be a single copy gene
product, and two isoforms were expressed from the same
gene through alternative splicing.

MATERIALS AND METHODS

The solitary ascidian, Halocynthia roretzi, was obtained
from the Marine Biological Station of Asamushi, Tohoku
University, and at a seafood market in Sendai.

Total RNA of body wall muscle and heart muscle was
prepared according to the method of Chomczynski and
Sacchi (17), and mRNA was purified with an Oligotex dT-
30 Super (Japan Roche). The single-stranded cDNA was
synthesized with moloney murine leukemia virus reverse
transcriptase (New England Biolabs) using an oligo-dT
adaptor, 5-GGGATCCGAATTCT,,-3’, as a primer. The
¢DNA of body wall muscle TnC was amplified by polymer-
ase chain reaction (PCR) (18) using Ex Tag DNA polymer-
ase (Takara). The redundant oligomer used for PCR was
5-CARGARATGATHGARGARGTNGA.-3’, where R rep-
resents Aand G; H, A,C,and T; and N, A, C, G, and T. This
was designed based on the amino acid sequence, QEMIEE-
VD (residues 51-58), of body wall muscle TnC (5). The
oligo-dT adaptor was used as another primer.

The 5" end of cDNA was determined as follows. The
EcoRI-ended double-stranded cDNA was synthesized from
mRNA using a TimeSaver cDNA Synthesis Kit (Pharma-
cia). The EcoRI Cassette (Takara) was ligated to each end
of the cDNA. The 5" upstream region was amplified by PCR
using cassette-specific primer C1, 5-GTACATATTGTCG-
TTAGAACGCG-3' and R1 (Table I). The heart muscle TnC
¢DNA was amplified by PCR with primers F4 and R3 (Table
I).

The cDNA library of larvae was constructed in Agt10
using mRNA prepared from mid-tailbud stage embryos.
The larval TnC ¢cDNA was also amplified by PCR using a
c¢DNA library as a template. The primers used were the
Agt10-specific reverse primer and F4 (Table I).

The genomic DNA was prepared from a single specimen
of H. roretzi by the conventional phenol-chloroform
method. Several sets of primers were used to amplify the
genomic DNA fragment by PCR. The primers were design-
ed so as to correspond to the cDNA sequence of ascidian
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body wall muscle TnC, and the primers used are listed in
Table I. The strategy for amplification of the ascidian TnC
gene is shown in Fig. 4. The 5’- and 3’-flanking regions were

TABLE 1. Primers used for amplification of the H. roretzi TnC
genomic DNA fragments.

Primers (positions of

H.J. Yuasa et al.

amplified as follows. The EcoRI cassette was ligated to
EcoRI-digested genomic DNA. Then the 5 -upstream and
3’-downstream regions were amplified with cassette-speci-
fic primer C1 and R5, and C1 and F3, respectively. Some of
them were reamplified by using inner primers. All the
amplified products were subcloned into the pCR II plasmid
vector (TA-cloning kit; Invitrogen) or pUC18 for sequenc-
ing. The sequences of the products were determined by the

Sequence . A . . R .
cDNA sequence) dideoxy chain termination method with a Dye Primer Cycle
g‘; g_lggg ”igg; Zg‘éggﬁg‘éTTnggg‘%AGG Sequencing Kit (Applied Biosystems) and an automated
F3 ( 453to 472) GACAATGATGAAGTTTGTGC DNA sequencer (Applied Biosystems 373A). .
R5( 7to 26 TGATCTTCTGTCAAATGTTC To determine the specificity of expression of. TnCs in
R4( 123t0 142) TCTCAGTTGGATTTTGTCCC adults and larvae, RT-PCR was performed using their
R3( 480to 499) GAAACACTGTTGCGGGTTTG specific primers. The adult and larval TnC specific forward
R1( 725t0 742) TCTTAGAATTGACATCTG primers were F2 (Table I) and 5'- AGGACACCGAGGATG-

adult: -156  GTGATCGTCAGCAACATTGGTAGAAGGTCAGTTARAGAAAGAAGGTTGATCAGCTCATTGCAGAAT -91

larva: L 3 e T S =91

adult : TGARTAAACGACCCTGAAGTATATATTGACGGGAGAC TTTCGGATTTAC TATTCTTCAATTTCC TAGTTATTICCAACARAACARGTARA -1

1AL VAL . teivtereesceeaatovsacecnssossesnsssssases S -1

B VEEHETLTZEDG QE KT SETFRTI1TFDTITFVADAIKTDTGTTIS S 30

adult 1 ATGGTGGARC ATTTGACAGARGATCAAAAATC TGARTTTAGMGC TGCGTTTGATATATTCGTTGCTGATGCARAAGACGGTACCATCAGT 90

LATVA L et eeesncesannnsonsessnsonsnsssansonnns Cev AATGC..CouCrrennnnnnn AG..CA.CG.G..T..A..G....CG 90

¢ . ... .E.TE . . . . T 30

8§ KELGIXUVMZEKUHMNTLSGO QUNTP?TTET KTDTLTG OQTEHWMMTITETEUVTDTITD 60

adult s TCCAARGAGTTGGCTAAAGTAATGARAATG TTGGGACARARTCCAAC TGAGAMGGATTTACAGGAARTGATCCARGAAGTCGACATAGAC 180

1larvaiG.G..... AC.Te Rt TeGeunrsnrannsens Guvernannn T.C...C....GC.TA.A...... Grveenrnnncanes T.G..T 180

A . ... .L .+« 4+« .+ <. .8 .QE.K ..V .. ..0L 60

G 8§ GTIDTPFETETFTCTLMMTYROQMOQATETETEARKTITPETRTE 90

adult t GGARGTGGAACGATCGATTTCGAAGAATTTTGTCTTATGATGTATCGTC AAATGCARGCGGARGAAGAMGCGARAATCCCAGAGAGGGAR 270

BT o B Ceesrecennn 270

. 90

EXKELSERATPFRTLTPETTDTLTDGNG GLTIG WODTETLTEKTA AALLTDG 120

adult 1 GAAAAAGARCTTTCAGAAGCGTTCCGATTATTCGATTTGGACGETAACGGTTTAATCGGATGGGATGAATTGAAGGCTGCTCTAGACGGA 360

LA VAL o o v vt veeenesnsssssssesnsesossasssssosrnssesesnrsssoncsosssssesssasassnstocsssstrasnsanssanns 360

120

T G ENVETUWEVDTEUMHMADGDI KTNTEHDSOQTIDTYTETETW 15

adult 1 ACGGGTGAGAACGTCGAAAC TTGGGAACTTGACGARATGATGGCCGATGOGGACAARAATCACGATTCGCAARTTGATTACGAGGAATGG 450

LA VA I ¢ttt esveeennseossonsonsosasesssosossosossesnsosssssssiosssasssssssanesosssoncnsnsss A...... 450

150

VT MMKTEUVQ * 158

adult 1 GTGACAATGATGAAGTTTGTGC AGTAAAAC AARCCCGC AACAGTGTTTCAATTGAGGATATC TTACACACARGTTARAGTATAGGATATA 540

LA VAT ettt eesccossonsosnessosasassasocissosetocososecssoanasssanenorasacssetoneresssonancssssosn 540

. * 158

adult : AACCAAACTTGAARCGAATATTTATCTACAATTACATATTATCG TTATATTTACGAAC TGGGTTCAAATATTTTCAMCARTGTTTATGAT 630

LA VA . s st v vt s uesneoossoansssassssasacotosecotossovosssoesesassssosssessavosrsonsecansranaseos 630

adult : CTATGGATGTCCGARAATATCACATTAAARAC TGTATCATGACCACATGCC TGTTGCATATAATTCTGACTACAAATATTTTTTCTTICA 720

B T 720

adult s AATACAGATGTCAATTCTAAGATAR 744

larvat....coeeeeanne 734

Fig. 1. Comparison of the cDNA and derived amino acid se-
quences of H. roretzi TnC isoforms. Upper lanes: adult body wall
muscle TnC ¢cDNA and the deduced amino acid sequence; lower lanes:
larval TnC ¢cDNA and the deduced amino acid sequence. Identical

nucleotides and amino acids to those in adult muscle are indicated by
dots (.). Stop codon is indicated by an asterisk (*). No typical
polyadenylation signal was observed. The N-terminal methionine
(underlined) must have been removed after translation.
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GAACG-3, based on the sequence of 65 to 84nt of larval
TnC ¢DNA, respectively. R3 (Table I) was used as a
coOmmon reverse primer.

For Southern blot analysis, the 648 bp body wall muscle
TnC ¢DNA was labeled with the DIG-DNA Labeling
Mixture (Boehringer Mannheim) by PCR using primers F4
and R3 (Table I). Ten micrograms of genomic DNA digest-
ed with restriction enzymes was separated on a 0.8%
agarose gel, and then transferred to a nylon membrane.
Hybridization and washing were carried out according to
the manufacturer’s instructions (Boehringer Mannheim),
and the TnC gene was detected with a DIG Luminescent
Detection Kit (Boehringer Mannheim).

RESULTS AND DISCUSSION

The ¢cDNA of the smooth muscle TnC was amplified by the
PCR method and the complete cDNA sequence of 900
nucleotides was constructed from two overlapping frag-
ments (Fig. 1). The open reading frame was composed of
477 nucleotides and encoded a protein of 158 amino acid

648bp

43
Control A >bp

W 415bp

M1234567829

Fig. 2. Tissue-specific expression of the two TnC isoforms.
Lane M, molecular markers. Lanes 1-3, primers F4 and R3 (larval
and adult TnC common primers) were used for PCR. The amplifica-
tion of a 648 bp-product was expected (control). Lanes 4-6, primers
F2 (adult TnC-specific primer) and R3 were used, a 415 bp-product
being expected. Lanes 7-9, a larval TnC-specific primer and R3 were
used, a 435 bp-product being expected. Lanes 1, 4, and 7, cDNA
prepared from adult body wall muscle was used as a template. Lanes
2, 5, and 8, a tailbud embryo ¢cDNA library in Agt10 was used. Lanes
3, 6, and 9, cDNA prepared from adult heart muscle was used.
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residues. Several amino acid substitutions and insertions
were observed, on comparison with previously reported H.
roretzi body wall muscle TnC (5); Gln was Glu in place at
residue 8; Glu in place of Gln at residues 11 and 80; Asn in
place of Asp at residue 105; and Leu-107 and Trp-110 were
inserted. The ¢cDNA sequence was also confirmed by the
genomic sequence (see below), thus the sequence difference
was presumably due to peptide sequencing errors. Accord-
ing to the cDNA-derived amino acid sequence, the first
EF-hand site is unlikely to bind Ca?* due to amino acid
substitutions and insertion, as in the case of vertebrate
¢TnCs. The other three EF-hand sites might have the
ability to bind Ca?*, consistent with the results of the Ca®*
binding experiment (2.5 mol of Ca?*/molecule) (19).

We amplified the cDNA of heart muscle TnC by the PCR
method and confirmed the nucleotide sequence of the open
reading frame was exactly identical with that of body wall
muscle TnC (data not shown).

The ¢cDNA of the larval TnC was composed of 883
nucleotides and the open reading frame comprised 477
nucleotides, encoding a protein of 158 amino acid residues,

Kb
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Fig. 3. Southern blot analysis of the H. roretzi TnC gene.
Genomic DNA prepared from body wall muscle of a single specimen
of H. roretzi was digested with restriction enzyme BamHI (lane B),
EcoRI (lane E), or Pstl (lane P), and then hybridized to the DIG-label-
ed body wall muscle TnC ¢cDNA. Left, size markers in kb.

1kbp
| S ——
Eco Eco Eco Eco Eco Eco
a. L b1 | )
E3  Ex3
B B2 Lva  Adul Exd ExS  Ex6 Fig. 4. Structureof the H. roretzi TnC
b. s —{1 . gene and strategies used for PCR am-
H ﬁ J ‘D_D ’ plification of DNA fragments. a: EcoRL
ot o2 fo3 tod I3 1n6 cleavage sites. b: Exon/intron map of the
cly RS H. roretzi TnC gene. The 5'- and 3'-flank-
¢ g ing regions are indicated by thick bars.
T P Exons (Ex1-Ex6) and introns (In1-In6)
| —] are shown as boxes and thin bars, respec-
N B3 tively. c: Strategies used for PCR amplifi-
' - cation. The primers used for PCR are
B, a ghown by arrows and their sequences are
— given in Table L.
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the same as the adult TnC, as shown in Fig. 1. There were  except for those of two nucleotides were restricted to the
43 nucleotide substitutions reflecting 14 amino acid differ-  segment comprising nucleotides 38 to 180 which was in
ences between the adult and larval TnCs. All substitutions  exon 3 (Figs. 4 and 5). Two nucleotide substitutions, A in

gaattcaatcgtgttctgatgtttgatagagaacgccagcgaacaatcaaccgatgccattaaggtgtactggectgaaaagaacccagecgetgageotyg 100
cegoccteatacggatcggttatgagttcatecagteaatcaacggcatcateagttdeagatghcaactetttcteaaantaagtttgaagtatgggat 200
ttatgagttgoattggattattagacgttgtgacctatcgaactgacaatcs : gtattgccggtactttgagccgaacatacataagacatat 300
ccaacaacggcggaaccaacctgtggttaatgaagttttcattgttgttcaacattatgtasactastaaaaggaataagagtgtaatcgaagaaattca 400
ttoggactttaagttagggttatgatgcectaaaatatcttttatttattttaattttcaattecaacccgaaccececcaagaatgaggtagactgegeget 500
aasatagcgctacatatttgactacatcagtagtataggttatatataacttgctaatatttccatcatcatgggatgtaactgtcacaacttgtittaa 600
aacgtaaatatctgaaactcaataaattctatactacagcaccaaagtatcacgttacctaaaagacatagaacggacttaaactagtgagagaaaatct 700
agatatcgtctogs ataataatggtggcaagtttagtgccttcttttgataagagttgttttttggagatcgtgtgagggtattategcccg 800
tattgtgcaaatatteccatgtatcaaatcgttaggagaagatgaacgttctaagecgagaacqgegaataagacgtctgectgettgctegecttgetcaag 900
ttttmcgcqtmctuttttgatuuttgtccacamuagctactcwctcauctacattmgaqttcagugctctg 1000
TCATTGCAGAATTGAATAAACGACCCTGAAGTATATATTGACGGGA 1100
GACTTTCGGATTTACTATTCTTCAATTTCCTAGTTATTTCCARCAAMACARGTAAAATGgtaagtacgttttatccttatacacttaggaaagacactaa 1200
agtactttaataaatgtgcogtatttaagtaagttgcatatctaaatttacatagacegetigttctttgaagtagatatgaatacattgcatccgecage 1300
aataagtttaatgatacaacgttattagccagaaatataaaatagtattcacttgtgtgtgattgaaatttaaaacgagattgggaaagtttaggaaatt 1400
atgtcgcatacaatcgatcacatttattttattctttactagGTGGAACATTTGACAGAAGATCAAAAATCTGgtaagtgatttctaatgttttccanat 1500
ttagataaaatatttgatatttaagttattattttaagaaactcctattctaagtaatagagtattggatgacgcctacattccgaggttagtttgecta 1600
attactgtggcatttaacggactaacgcgaacgaaacattttaaccaatatttttcaacaacttttgacttgtaagggggacttaggtaagattttegtt 1700
catactcaacagggttatagtgggaanaactgtctagataaggaaccactttctggagttcctttccagecgacecttgtggttctactettatccatgtat 1800
agaagtacacagctgaatatcctacttgecgectataataagaagtgacgattacatatcacattccotecaggagegtegeeggectctgttacacagacggt 1900
acgatagcgtattatgggatcagccacaccagttacgcaggaatacttatcttcatcagtacattaaccagttgecctaaatacaacttcagtaaatgtca 2000
ttactcatcactgacaaccctgatgoctctttcaacacaagaccaaggagtcgaatcaaattgegatgecaataacactataccttcaaatagggactgtag 2100
atcagtacaaacatatttcacgcactagcgacgatattaaaaccagatgtagaccagattaaaactttacacagtaatttaaattattttattacaccac 2200
atatttgttggtgaacatatctcatttcctttcactatgttatggtgacaattcacatttaacagattggatttttaccatttgettatatcegtttctg 2300
aacacctcacttcocaaatgcttgaagattatttegtttgggttctgtcatttgtacggatgacggttttattgegctcaatagctaagtaaagtcagttt 2400
tacgaatggaaatacagtttattcatactgctgtgtgaattatttgaattttttctactegtaggagecgtgtgtttatgtacagaaacatagaaacaac 23500
acaattaaaaaattaagagttagcagttttttcactacctatcttgcoctegegtattgtatccactgtatgecgecatacattaaaacccgactctttaaaca 2600
atcttetgectcgaaaatcaaacaccagAATTCAGAACATOCTTCGACATATTCGTTGAGGACACCGAGGATGGAACGATCACGGCGAAAGAACTTGGAA 2700
AATTGATGAAGATGTTGGGGCAAAATCCATCCGAGCAGGAGC TTAAAGAAATGGTCGAAGAAGTCGACTTGGATGgt tcgtcgaagaaaattctactctg 2800
tatttaggatgttgttttctgetgaagaatgegattgectgtggaattctgtagattatttateccgtgetgtgtggttggegatttataatgecqgaaacgy 2900
aattattgcgttocttttoctaaaacttcttcaacattctatttagetgctgacacaaaatgegectogaagaaaacaattecgteccggaatacatacaaca 3000
catataaagcatatctctagggatttttttaaatataatttaacttattcttttgagaatteggccatttattttcatgecagAATTTAGAGCTGCGTTTG 3100
ATATATTCGTTGC TGATGCAAAAGACGGTACCATCAGTTCCAAAGAGTTGGGTAAAGTAATGAAAATGTTGGGACAAAATCCAACTGAGAAGGATTTACA 3200
GGAAATGATCGAAGAAGTCGACATAGACGgtttgtgcaaatcacgcaaatcataacacatcacattatctcatatcacaacacaacatcaatagtcattc 3300
tcactttagaagttgaggtcatttcatcaacctcattacaatggaactatgttggttcactattgageccgaatectcteecttttcaatcanatccgaaat 3400
tatatacgataatctataactcaatgaaattaaaacqgaatttgecgatagasagcaagttgtaaagaaagagtttacaaaggaaaactaattatcgecggaa 3500
gatattccattaattccagtgttgeacgtttactagttttctgtattgcatgactacttgtatgggtgteccattgagggttacaaactgaggagttgete 3600
cactggatcataatccatagatatacttcgttatactctgctgatagtccattcatacteggtttcattactgctaagttataatttaatgttttgcace 3700
tccaaaaagcaatttaaaatatatgataacgaaagtaatgatatgcttgatatctcatgggaaaattgtagecggactctegtgectacctatgecatgett 3800
gagattgtttcactgtgaataatttgtaatgcatggtctatataacatcttgttttagaaattaacatttttttaacccatttecacttagegcatgacaa 3900
tcaatataagccaatgtcatatcaagttacccatataggtctaagtattggagtctaattaacccataccttgaacagGAAGTGGAACGATCGATTTCGA 4000
AGAATTTTGTC TTATGATGTATCGTCAAATGCAAGCGGAAGAAGARGC GAAAATCCCAGAGAGGGAAGAARAAGAAC TTTCAGAAGCGTTCCGATTATIC 4100
GATTTGGACGGCTAACGGTTTAATCOGATGGGATGAATTGAAGgtaataaaaagacgctcanatgttgcaaatattttatctaacgtacagtatcgagatg 4200
cattaaggatctatatgtatatcgcgtcataagtacttaacaatttggaaacgctccaaaaggttaattatatagcataaagttcaccaataacatctte 4300
tacagagcaattacgcttaattgctaagactatgttggegtatgcattagecagttttgtgttgtttctaggcatttcaaataccagcgaaacctegctaa 4400
atgatataaatatcgcgagaaaactaaatctgttaatgttaagttggaaagaaattggtacatattatggttatcaataatagaatacaatttattcaac 4500
ttactattcacaacaacgttacgacacgaggacttacaaatactattcctaaatacagGCTGCTC TAGACGGAACGGGTGAGAACGTCGAAACTIGGGAA 4600
mmmc&mmmtumathtumﬁuttaumaga 4700
tataaaaaactaaaacattaatctgaatagctaaagctaatacattaatctgaatagctaaagctaatacattaatctgaatagctaaagcgaattctaa 4800
taataaatcttggttoctttacagAATGGGTGACAATGATGAAGTTTGTGCAGTAAAACAAACCCGCARCAGTGTTTCAATTGAGGATATCTTACACACA 4900
AGTTAAAGTATAGGATATAAACCARACTTGAAACGAATATTTATC TACAATTACATATTATCGTTATATTTACGAACTGGGTTCAAATATTTTCAACAAT 5000
GTTTATGATCTATGGATGTCCGAAAATATCACATTAAAAACTGTATCATGACCACATGTC TGTTGCATATAATTC TGACTACARATATTTTTTCTTTCAA 5100
ATACAGATGTCAATTCTAAGATatttcggtctgcactgaatte 5143
Fig. 5. Nucleotide sequence of the H. roretzi TnC gene. The exons are indicated by capital letters. The sequences of the 5°- and 3’-flanking

regions and introns are shown by small letters. Four E-boxes (CANNTG) are boxed and the M-CAT consensus sequence (CATTCCT) is
underlined.
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place of C at 50 and A in place of G at 441, had no influence
on the amino acid sequence, probably due to individual
differences.

As shown in Fig. 2, when the larval TnC specific primer
was used for PCR amplification, only larval TnC was
amplified, i.e. adult TnC was not amplified. In contrast,
only adult TnC was amplified when the adult TnC-specific
primer was used. These results suggested that two TnC
isoforms were expressed specifically in larval and adult
muscles, respectively.

Restriction enzyme-digested genomic DNAs were hy-
bridized to the 613-bp body wall muscle TnC ¢cDNA probe
(Fig. 3). The ascidian TnC gene has no BamHI and Pstl
cleavage sites, but has 6 EcoRI sites, as shown in Fig. 4.
Although only two large fragments (2.6 and 1.7 kbp) were
hybridized on EcoRI digestion, other fragments were in the
intron and outside of the probe (see Figs. 4 and 5). These
results were confirmed using five different individuals (data
not shown), suggesting that H. roretzi TnCs are encoded by
a single gene, and two isoforms are expressed from the
same gene.

The complete nucleotide sequence of the ascidian TnC
gene is shown in Fig. 5, which was constructed from 4
overlapping fragments separately amplified by the PCR
method, as shown in Fig. 4. The genomic structure showed
that it was composed of 5,143 bp and divided into 7 exons
by 6 introns. The third and fourth exons were adult and
larva specific ones, respectively. The other exons were
common to both TnCs. The nucleotide sequences of the
exons were exactly identical with the adult and larval TnC
c¢DNAs except for one nucleotide, i.e. the codon encoding
larval TnC Lys-39, AAA changing to AAG in the genome.
This transition was presumably caused by an individual
difference. These results clearly indicate that the H. roretzi
TnC gene is alternatively selected in adult or larval muscle.
Thus, based on the amino acid sequence, both adult and
larval TnCs are separated into 6 exons by 5 introns the
same as in vertebrate s and ¢TnCs. All introns start with gt
and end with ag. The positions of introns 1, 2, 3, and 5 are
identical to those in vertebrate ¢TnC. However, intron 4
was placed at 3.24/0, which means site III, the 24th amino
acid and before the triplet codon, according to the nomen-
clature of Kretsinger and Nakayama (20), the correspond-
ing vertebrate intron being 3.11/2.

As judged on comparing the vertebrate s and ¢TnC genes,
the position of the first intron is at —10/0 (just after the
initiator ATG) in sTnC and at —17/0 (21 bp downstream of
the initiation codon) in ¢TnC, and the other 4 introns are at
identical positions (I-4). The first intron of the ascidian
TnC gene is located just after the initiator ATG, like that of
vertebrate sTnC. However, the ascidian TnC lacks 7 amino
acid residues at the N-terminus compared to vertebrate
¢TnC, thus the position of the first intron could also be
considered to be 21 bp downstream from the initiator ATG,
like in the vertebrate ¢TnC gene. The ascidian TnC is a
particular case which is expressed in smooth, cardiac, and
striated muscles.

For myofibrillar proteins, including troponin T (21-24),
myosin heavy chain (25), myosin light chain (26-29), and
tropomyosin (30), alternatively spliced isoforms have been
observed, however, as for troponin C, H. rorefzi is the first
case of alternative splicing. The spliced region encoded by
exon 3 contains the entire site I and a part of site II. Site I
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of both isoforms is unlikely to bind Ca?* due to amino acid
insertions and substitutions, whereas the amino acid sub-
stitutions observed in site II have no effect on Ca?* binding.
Thus, there seems to be no difference in Ca** binding
function between the two isoforms. Another function of
TnC is interaction with troponin I. One of the binding sites
for troponin I is the N-terminal helix region of site II (31).
In this region, two charge difference substitutions were
observed at residues 48 (K to Q) and 51 (Q to K), however,
the total charge is not different. Thus a functional difference
between the two isoforms was not suggested.

In the 5" upstream region, a typical TATA-box or
CCAAT-box sequence was not found, however, muscle
specific regulatory elements were present, i.e. four E-box
sequences (CANNTG) (32) and an M-CAT sequence (CAT-
TCCT) (33) at —179, as shown in Fig. 5. Other regulatory
elements, such as a CArG-box (34) and MEF-2 (35), were
not observed. The absence of these sequences is commonly
observed in vertebrate TnC genes.

In this study, we revealed that H. roretzi TnC is a single
copy gene product, and two isoforms (adult and larval
types) are produced through alternative splicing. However,
there are little data on the genomic structure of TnCs,
particularly nonvertebrate ones, to determine the evolu-
tional relationship.

We wish to thank Dr. T. Numakunai of the Marine Biological Station
of Asamushi, Tohoku University, for collecting the H. roretzi.
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