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Abstract

We describe the cloning, sequencing and structure of the human fast skeletal troponin
T (TNNT3) gene located on chromosome 11p15.5. The single-copy gene encodes 19
exons and 18 introns. Eleven of these exons, 1-3, 9-15 and 18, are constitutively
spliced, whereas exons 4-8 are alternatively spliced. The gene contains an additional
subset of developmentally regulated and alternatively spliced exons, including a foetal
exon located between exon 8 and 9 and exon 16 or « (adult) and 17 or 8 (foetal and
neonatal). Exon phasing suggests that the majority of the alternatively spliced exons
located at the 5’ end of the gene may have evolved as a result of exon shuffling, because
they are of the same phase class. In contrast, the 3’ exons encoding an evolutionarily
conserved heptad repeat domain, shared by both TnT and troponin I (Tnl), may be
remnants of an ancient ancestral gene. The sequence of the 5’ flanking region shows
that the putative promoter contains motifs including binding sites for MyoD, MEF-2
and several transcription factors which may play a role in transcriptional regulation
and tissue-specific expression of TnT. The coding region of TNNT3 exhibits strong
similarity to the corresponding rat sequence. However, unlike the rat TnT gene,
TNNT3 possesses two repeat regions of CCA and TC. The exclusive presence of
these repetitive elements in the human gene indicates divergence in the evolutionary
dynamics of mammalian TnT genes. Homologous muscle-specific splicing enhancer
motifs are present in the introns upstream and downstream of the foetal exon, and
may play a role in the developmental pattern of alternative splicing of the gene. The
genomic correlates of TNNT3 are relevant to our understanding of the evolution and
regulation of expression of the gene, as well as the structure and function of the protein
isoforms. The nucleotide sequence of TNNT3 has been submitted to EMBL/GenBank
under Accession No. AF026276. Copyright © 2003 John Wiley & Sons, Ltd.
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Introduction

The regulation of vertebrate striated muscle con-
traction by Ca®t is mediated through the Ca?*

regulatory tropomyosin (Tm)—troponin (Tn), a
myofibrillar protein complex (Tm-Tn) located in
thin filaments (reviewed in Gordon et al., 2000).
The Tm-Tn complex binds to filamentous or
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polymerized actin (F-actin) to form the regu-
lated thin filament. The Tn complex consists of
three structurally and functionally different sub-
units: troponin C (TnC), troponin I (Tnl) and tro-
ponin T (TnT). TnC binds Ca®*, Tnl binds to
actin and prevents muscle contraction by inhibiting
actin—myosin interaction, whereas TnT attaches
the Tn complex to Tm. The binding of Ca’* to
TnC triggers muscle contraction through a pro-
cess of ‘information transfer’ that is propagated
by protein—protein interactions and conformational
changes in virtually all thin filament proteins. All
of these proteins play specific roles in, and are
therefore required for, reversible Ca’*-dependent
regulation of contraction. The final consequence is
the alteration of a kinetic step in the myosin ATPase
reaction scheme.

TnT is not only a structural link between the Tn
complex and Tm, but is also essential for Ca’*
sensitivity in striated muscle (Farah and Reinach,
1995; Perry, 1998). TnT increases the coopera-
tivity of actin—tropomyosin binding to myosin.
In addition to the in vitro biochemical studies,
genetic evidence also supports the importance of
TnT in the regulation of muscle contraction. For
example, mutants of a TnT homologue (mup-
2) in Caenorhabditis elegans are defective for
embryonic body wall muscle cell contraction, sar-
comere organization and cell positioning (Myers
et al., 1996), most probably due to hypercontrac-
tion and delayed muscle relaxation (McArdle et al.,
1998). Mutations in the Drosophila melanogaster
TnT gene (upheld and indented thorax) result in
myofibrillar abnormalities in flight muscles (Fyr-
berg et al., 1990). A certain form of familial
hypertrophic cardiomyopathy, which is an inherited
human disease, is caused by cardiac TnT mutations
(Thierfelder et al., 1994; Watkins et al., 1995).

In vertebrates, the proteins of the Tn complex
are encoded by separate multigene families whose
members are expressed in a muscle fibre type-
specific manner. Accordingly, there are three verte-
brate TnT isoform genes: slow skeletal, fast skele-
tal and cardiac. The three human TnT genes are
located on different chromosomes in the genome.
The human slow skeletal TnT (TNNT1) and the
human cardiac TnT (TNNT2) isoform genes have
been assigned to chromosomes 19q13.4 and 1q32,
respectively (Mesnard et al, 1995; Samson et al.,
1992). The human fast skeletal TnT (TNNT3) gene
has been mapped to 11p15.5 (Mao et al., 1996).

Copyright © 2003 John Wiley & Sons, Ltd.

R. Stefancsik et al.

The locus 11p15.5 harbours several genes that
are imprinted depending on the parental origin.
These imprinted genes include H19, IGF2 (insulin-
like growth factor II), INS (insulin), ASCL2
(achaete-scute homologue 2), CDKNI1C (P57KIP2),
IPL and IMPT1 clustered in this region of chro-
mosome 11 (Barlow, 1995; Dao et al., 1998; Mat-
suoka et al., 1996; Miyamoto et al., 1996; Qian
etal., 1997). Due to the presence of geneti-
cally imprinted genes in 11pl15.5, this chromo-
somal region has been intensively studied in
human genomic research. Although the TNNT3
gene shows biallelical embryonic expression (Yuan
et al., 1996), the comparison of the nucleotide
sequence of the imprinted genes in this locus
with that of TNNT3 may provide important clues
regarding the cis signals and mechanisms for
parent-of-origin specific regional imprinting on the
short arm of chromosome 11. For example, paral-
lel expression of H19 and TNNT3 in different adult
skeletal muscle types suggests that these genes may
share an enhancer (Yuan et al., 1996).

The sub-localization of TNNT3 to band p15.5 on
chromosome 11 (Mao et al., 1996) may have clin-
ical relevance. A clinical disorder, Beckwith—Wie-
demann syndrome (BWS) as well as various
childhood and adult tumour-related abnormalities
including rhabdomyosarcoma, have been mapped
to this locus (Pettenati et al., 1986; Henry et al.,
1993). The possible involvement of genomic corre-
lates of TNNT3 in muscular hypertrophy associated
with BWS remains to be studied.

In contrast to TnC and Tnl, which do not show
any alternatively spliced isoform, vertebrate fast
skeletal TnT is a paradigm for studying complex
exon-splicing patterns from a single gene (Breitbart
et al., 1985). Developmentally regulated splicing
of a new exon in the fast troponin T gene has
been described in foetal and neonatal rabbit and
rat muscle (Briggs and Schachat, 1993; Morgan
et al., 1993). It has been designated ‘f’, for foetal
exon (Briggs and Schachat, 1993). An ‘f* exon
homologue has also been proposed to be present
(Briggs et al., 1994) in the human fast skeletal
TnT B isoform cDNA reported by us (Wu et al.,
1994). By determining the complete exon—intron
organization of the human fast skeletal TnT gene,
we present conclusive evidence for the existence
of a ‘foetal’ exon in TNNT3 together with some
information on the potential cis elements regulating
its splicing during development.

Comp Funct Genom 2003; 4: 609—-625.



Structure of human fast skeletal troponin T gene

Comparative sequence analysis of human g TnT
with other vertebrate striated TnT isoforms, previ-
ously carried out by us (Wu et al., 1994) has shown
that the TnT isoforms have a conserved central
region flanked by the variable carboxy-terminal and
an extremely variable amino-terminal segment. The
Tm binding site and the interaction site with Tnl
are important segments of this conserved region in
TnT isoforms. With the availability of new TnT
sequences, particularly from invertebrate species,
extensive computer-assisted analysis of phyloge-
netically distant TnT amino acid sequences carried
out by us identified a highly conserved protein
domain that is characterized by a seven amino
acid heptad repeat units (HR) motif with a poten-
tial for «-helical coiled-coil formation (Stefanc-
sik et al., 1998). This conserved domain, spanning
over 60—70 amino acid residues, is present in TnT
sequences from mammals, birds, Caenorhabditis
elegans, Drosophila and the protochordate ascid-
ian Halocynthia roretzi. A similar HR domain is
also conserved in all known Tnl sequences. Inter-
estingly, the conserved HR domains of Tnl and
TnT show similarity at a statistically significant
level, suggesting that the HR domains of these
two polypeptides may have a common ancestry.
Furthermore, it was observed that the conserved
HR domains are primarily involved in Tnl-TnT
dimerization, presumably through the formation of
a-helical coiled coils (Stefancsik et al., 1998). It is
also of interest to investigate the molecular evo-
Iution of the conserved HR domain of TnT at
the genomic level. Information on the exon—intron
structure of TNNT3 can facilitate these studies.

In the present study we describe the characteriza-
tion and sequencing of TNNT3. Comparative stud-
ies with genomic and cDNA sequences available in
the public databases reveal interesting implications
for the regulation and evolution of this important
sarcomeric protein gene.

Materials and methods

Isolation of genomic fragments of TNNT3
representing the protein coding exons

Using information from the cDNA sequence of the
B embryonic isoform of human TNNT3 (Wu et al.,
1994) and the exon and intron organization of
the rat TNNT3 gene (Breitbart and Nadal-Ginard,
1986), two pairs of primers were designed:

Copyright © 2003 John Wiley & Sons, Ltd.

611

e P24 (5'-caccttcaccatgtctgacgaggaa-3'), which lo-
cates at the boundary of the 5’ untranslated
region and ATG start codon; and

e PO’ (5'-ggcttcaaagtggctgtegatg-3’), which is lo-
cated in the middle in the cDNA.

e P19 (5'-ctcatcgacagccactttgaag-3’) is located in
exon 11 of the cDNA; and

e P4 (5'-gagacccctgacaggattgtgg-3') is located in
the 3’ untranslated region.

The pair P24 and P6' was used to amplify a
genomic fragment of about 12 kb; the pair P19 and
P4 was used to amplify a fragment of about 5 kb.
The long polymerase chain reaction (PCR) for the
12 and 5 kb fragments was carried out according to
the manufacturer’s recommendations (Boehringer-
Mannheim). The amplified fragments obtained by
using these two pairs of primers overlap and
include the protein-coding region.

Subcloning of the PCR-generated DNA
fragments

The PCR products were purified from low melting
point agarose gel (Sambrook et al., 1989). The 5 kb
fragment was cloned into pBluescript II SK (Strata-
gene) at the Smal site, after T4 polymerase treat-
ment to generate a blunt-ended DNA fragment and
phosphorylation by polynucleotide kinase. Consid-
ering the large size of the 12 kb fragment and
the inefficiency of cloning large DNA fragments
into pBluescript II SK, we chose an alternative
approach to subcloning the 12 kb fragment. After
T4 polymerase and polynucleotide kinase reac-
tions, the 12 kb fragment was digested with Hincll.
This produced five smaller fragments with blunt
ends. These fragments were resolved and purified
from a low melting point agarose/EtBr gel and
subcloned into pBluescript individually. Fragments
were sequenced using standard methods. Using
information from the sequence, primer pairs were
designed to amplify by PCR the flanking regions of
Hincll sites to test the possibility that some frag-
ments may be lost because of their small size. Sim-
ilarly these fragments were subcloned into pBlue-
script and sequenced. The resulting PCR amplified
fragments cover all the boundary regions between
each of the adjoining five main fragments.

Comp Funct Genom 2003; 4: 609—-625.
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PCR amplification, cloning and sequencing of
intron | of TNNT3

Since the published nucleotide sequence of the
human BTnT cDNA (Wu et al., 1994) does not
extend to the first exon, we searched the human
expressed sequence tag (EST) database of Gen-
Bank (http://www.ncbi.nlm.nih.gov) using the
‘Gapped BLAST’ program for potential sequences
containing this region (Altschul ef al., 1997). We
indeed found a partial human cDNA sequence
(Accession No. AA194223) that includes a major
part of exon 1. After aligning this sequence with
the rat and mouse homologues (Figure 1), we were
able to deduce the boundary of exons 1 and 2.

Accordingly, we designed a sense primer cor-
responding to the 3’ end of exon 1 (INIls; 5'-
ccttctcacactcgaccegeag-3’) and an antisense primer
(IN12a; 5'-acttcctegtcagacatggtg-3’) corresponding
to the 5" end of exon 2. By using the IN11s—IN12a
primer pair with the long PCR kit of Boehringer-
Mannheim, a 3.1 kb genomic DNA fragment was
amplified. The PCR template was human genomic
DNA purchased from Boehringer-Mannheim. The
3.1 kb fragment was subcloned using the pCR®
2.1-TOPO cloning kit from Invitrogen (Carls-
bad, CA). The 3.1 kb fragment was mapped with
selected restriction enzymes. The appropriately
sized and overlapping Xbal and Nsil subfragments
were subcloned into pBluescript II-SK(+) (Strata-
gene, CA) and sequenced.

Isolation and sequencing of 5 end of TNNT3
gene

The 5’ end of TNNT3, including exon one, pro-
moter and 5" flanking region, was isolated using the

1 15 16 30 31 45
Mouse ----GCCTGCTGCTG GTCCTETCCACAAGG AGCCCCcaceoTITC
Rat CAGTGCCTGCTGCTG GTCCTGTCCACAAGG AGCCCCCAACCTTTC
Human ---------~----- ------ TCCACAGGG AGCTCC-AGCCCTTC

(RN
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standard protocol accompanying the GENOME-
WALKER kit (Clonetech). Briefly, two antisense
primers were used as the gene specific primers.
These primers were designed from the same
alignment of a human EST (GenBank Acces-
sion No. AA194223) with the mouse and rat
fast skeletal TnT cDNA sequences, as described
for isolating TNNT3 intron 1 (see above). The
primer pDW1 (5'-ctgcgggtcgagtgtgagaag-3') was
used in the primary PCR. The primer pDW?2
(5'-agggctggagctecctgtgg-3') was used in the sec-
ondary ‘nested” PCR. A two-temperature PCR
amplification method was used for both reactions.
The primary PCR was performed for seven cycles:
94°C for 25 s; 72°C for 4 min; followed by 32
cycles of 94 °C for 25 s, 67 °C for 4 min; followed
by 67°C for an additional 4 min after the final
cycle. After amplification, we obtained a single
1.7 kb and a single 350 bp fragment for each of
the two human genomic DNA templates (digested
with different restriction enzymes) supplied by the
vendor. 2 pl aliquots were used for ligation into
the TA cloning vector, following the standard pro-
tocol for ligation as supplied by the vendor (Invit-
rogen). Recombinant plasmids were analysed by
restriction enzyme digestion and agarose gel elec-
trophoresis. Single plasmids containing the 1.7 kb
and 350 bp inserts were isolated using the Qiagen
Midi Prep protocol, as supplied by the manufac-
turer. Both plasmids were sequenced bidirection-
ally, using m13 forward and m13 reverse universal
primers. To augment the sequencing of the 1.7 kb
fragment, the plasmid was subjected to exonuclease
III digestion using the Exo-Size kit from New Eng-
land Biolabs. The standard protocol was followed
using Nsil as the 3’ overhang protected end, and

intronl
exonl exon2

46 60 61 5 76
TCAGACTCAACT-AC AG|ATACAACCCACCG CCACTATGTCTCGACG
TCAGACTCAACT-GC AG|ACACAACCCACCG CCACTATGTCTGACG
TCACACTCGACCCGC AG' AAACCACCCACCT TCACCATGTCTGACG

90
85

68

< pDW2

<

91 105 106
Mouse AGGAAACTGAACAAG
2 Rat AGGAAAC- ~ =~ = - s mmmm e
3 Human AGGAAGTTGAACAGG TGGAGGAGCAGTACG AA

120 121 135

-

100
96
100

INlls - > < 1INl2a
pIOW

136 150 151 165 166 180

Figure I. Multiple alignment of mouse (L49471), rat (M15202) and human (AA194223) fast skeletal TnT cDNA sequences,
representing the boundary region of exons | and 2. Gaps in alignment are indicated by — . The start codon located in
exon 2 is in position 81 —-83. The first nucleotide in the rat transcript is number |

Copyright © 2003 John Wiley & Sons, Ltd.
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Structure of human fast skeletal troponin T gene
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Figure 2. Schematic representation of TNNT3. Constitutive exons are marked above the gene, while alternatively spliced
exons are indicated below the line representing TNNT3. The positions of splicing enhancers, TC and CCA repeats and a

LINE-I element are also shown. For further details, see text

Xhol as the 5" overhang exonuclease III suscepti-
ble end. Six pools of decreasing insert sizes were
religated using T4 DNA ligase supplied with the
kit. Individual white colonies were selected. The
inserts present in the plasmids ranged in size from
1.7 kb (control) to a few hundred base pairs. The
inserts from two selected plasmids (~1.4 kb and
~800 bp) were sequenced using m13 forward and
m13 reverse universal primers.

Computer-aided sequence analysis

We used the gapped BLAST program (Altschul
et al., 1997) for searching in GenBank at its World
Wide Web server (http://www.ncbi.nlm.nih.gov/).
For sequence analysis, the Genetics Computer
Group (GCG; Madison, WI) program package ver-
sion 8.0 was used. Putative transcription factor
binding sites in the promoter region of TNNT3
were identified using the MAP program from the
GCG package and a muscle-specific subset of
GCG Transcription Factor Database. The puta-
tive muscle-specific splicing enhancers (MSEs) in
TNNT3 were identified by a FASTA search using
the reported MSE sequence in the chicken cTNT
gene (Ryan and Cooper, 1996).

Copyright © 2003 John Wiley & Sons, Ltd.

Results

Nucleotide sequence and genomic organization

The structure and complete sequence of the human
fast skeletal TnT gene is reported in this study. The
TNNT3 gene is encoded by 19 exons spaced by
18 introns within approximately 19 kb of genomic
DNA (Figure 2). We determined the sequence
of 20369 nucleotides of TNNT3 spanning from
—1.7 kb relative to the transcriptional start site and
including the 3’ untranslated region. We identified
all the 19 exons in the TNNT3 gene based on
the published cDNA sequence of the human fast
skeletal 8 TnT (Wu et al., 1994) and the rat fast
skeletal TnT gene (Breitbart and Nadal-Ginard,
1986). The sizes of these exons range from 12
bp to more than 160 bp. The length of each
intron and exon, the position and main features
of each exon, and the sequences of exon—intron
boundaries are shown in Table 1. The complete
sequence of TNNT3 (GenBank Accession No.
AF026276) is available as supplementary material
Insert URL[INSERT URL HERE].

Regarding the numbering of exons, for more con-
venient comparisons we followed the convention

Comp Funct Genom 2003; 4: 609—-625.
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Table I. Exon/intron structure of TNNT3

R. Stefancsik et al.

Exon Position Size (bp) Acceptor Exon Donor Intron (bp) Features
I |-52 52 C...CAG GTGGGT... 3090 5 UTR

2 3143-3177 35 ...CTGCAG A...AGT GTGAGT... 156 5" UTR, ATG start

3 3334-3347 14 ...CCACAG T...AGG GTAAGT... 493 Constitutive

4 3841-3858 18 ...ATGCAG A...AAG GTAATT... 517 Alternative splicing

5 5376-5393 18 ...TCTCAG  A...AAG GTAAGT... 137 Alternative splicing

6 55315551 21 ...CCTCAG C...AAG GTATIGA... 1190 Alternative splicing

7 6742-6753 12 ...GTGAAG T...CAG GTACGT... 214 Alternative splicing

8 6968—6982 I5 ...CTGCAG A...AAG GTMCGC... 2394 Alternative splicing
Foetal ~ 9377-9400 24 .. TGGAAG  A...AAG GTAAGG... 657 Alternative splicing

9 10058—10076 19 ...GACCAG A...CAA GTGAGT... 2624 Constitutive

10 12701 —12746 46 ...CTTCAG A...GAT GTAAGT... 1206 Constitutive

I 13953—14069 17 ...CCACAG G...ATC GTAAGT... 93 Constitutive

12 [4163—14240 78 ...CTGCAG G...GCG GTTIAGG... 321 Constitutive

13 14562—14675 14 ...CCACAG G...AAG GTGIGT... 98 Constitutive

14 14774—14883 10 ...CTGCAG G...GAG GTGAGT... 168 Constitutive

I5 15052—-15142 91 ...GGCGGTG  G...GAC GTGAGT... 1284 Constitutive

l6() 1642716467 41 L TTCTAG ALL.GTT GTAAGT... 702 Alternative splicing
17(8) 17170-17210 41 ...TCACAG A...GCA GTGAGT... 1417 Alternative splicing

18 18628—(18787) > 16l ..TTGCAG C... Constitutive, stop codon, 3/ UTR

For details, see also text and Figure 2.

The underlined letters indicate non-conserved residues at exon—intron boundaries according to the acceptor site consensus YYNCAG—G

and the donor site consensus AG—GTRAGT (Senapathy et al., 1990).

established for numbering the rat fast skeletal TnT
gene (Breitbart and Nadal-Ginard, 1986). Accord-
ingly, the embryonic isoform-specific ‘foetal’ exon,
which was proposed subsequently (Briggs and
Schachat, 1993), is not numbered. The putative
promoter at the 5" flanking region, the nucleotide
sequence of exon 1 and upstream region to posi-
tion —262 is shown in the inset (Figure 3). The
genomic sequence further upstream to —1.7 kb is
reported in the supplementary material. This is the
first description of the 5" flanking region for a gene
coding for any TnT isoform and should provide
new information about the regulation of the gene. A
canonical TATA-box is present at —36 from the cap
site. We find a typical CAAT-box at position —67.
Notably, there are several potential E-boxes (tar-
get sequences for basic helix—loop—helix transcrip-
tion factors, such as MyoD) and MEF-2 binding
sites. It should be noted that only those elements
that match perfectly to the binding sites of the
above-mentioned transcription factors are shown
in Figure 3. It is currently believed that these
transcription factors are responsible for muscle-
specific activation of several contractile protein-
specific genes during skeletal myogenesis (Firulli
and Olson, 1997). Therefore, it is suggested that
these cis elements, together with their trans factors,

Copyright © 2003 John Wiley & Sons, Ltd.

may play a role in the transcriptional regulation of
TNNTS3.

Hypermethylated fragment and LINE-| element
in intron 9

A gapped BLAST nucleotide database search
(Altschul et al., 1997) using the nucleotide se-
quence of TNNT3 identified a human genomic
DNA sequence, clone 5a2 (GenBank Accession
Nos Z61 863 and Z61 862), which corresponds to
the 13 151-13 714 region of intron 9 of the TNNT3
gene. Clone 5a2 was not identified as part of
TNNT3 by the depositors of the sequence. This
DNA fragment was cloned by affinity purifica-
tion of putative CpG island genomic DNA using
the methyl-cytosine binding protein MeCp2 (Cross
et al., 1994). We carefully examined the frequency
of CG dinucleotides in the TNNT3 gene using
the STATPLOT and WINDOW programs of the
GCG program package. We found that neither the
13151-13714 region nor any other part of the
TNNT3 gene contained a sufficient amount of CG
dinucleotides to be classified as a CpG island.
Indeed, CG dinucleotides are under-represented in
the TNNT3 gene sequence. This reflects the charac-
teristics of non-CpG island sequences in the human
genome (Cross and Bird, 1995).

Comp Funct Genom 2003; 4: 609—-625.
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ARAAATAGCA GCTGACACCT CCTGGAGGCE GAGGGAGGAC CTTGCCTCCT

CGTCCTCTGC ATCCTGGCCT CCTTCAGCCT CCTCCTCTGG CCATTCCTAT

GEGCCTGCAC GGGCATAGCC CCCCCCAGCA AGACTCCOGCA CACACCCCGG
MyoD

GAAGATCARR TGTCACTATA ACACGAGGGT

CGCCAGTGCC TGCAGCCGGT GCTGTCCACA GGGAGCTCCA GCCCTTCTCA

MEF-2 MyoD
-262 TGCTGGGAGT
-202 TCTCCAAGC
142 ACTTGGTAGGE
CAT-box
-82 CCACCCAGTC ACTGGUCAAT GGGCCCCTAG
-22 GTGAGCCGGG
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Exonl = s=====
+38 CACTCGACCC GCAGGTGGGT +58

TATA

Exonl

Figure 3. Promoter region of TNNTS3. Putative cis regulatory sequences, the TATA box, and exon | are indicated. Only
those elements that match perfectly to binding sites of transcription factors acting in muscle are shown. For further details,

see text

However, further examination of the intron 9
sequence revealed the presence of a cryptic long
interspersed nuclear element (LINE-1) overlapping
the clone 5a2 region (Figure 2). A similar cryp-
tic LINE-1 sequence is also present in the rat fast
skeletal TnT gene at a homologous position. It
is believed that suppression of parasitic sequence
elements is the primary function of cytosine methy-
lation (Yoder et al., 1997). This may explain the
presence of hypermethylation in intron 9, because
it is currently believed that LINE-1 elements are
degenerate copies of transposable elements (Boeke,
1997; Sassaman et al., 1997; Smit, 1996).

Comparison of TNNT3 with mammalian
homologues

Comparison of the rat orthologue with TNNT3 by
dot-plot analysis reveals a high degree of similarity

Copyright © 2003 John Wiley & Sons, Ltd.

and co-linearity between the two genes (Figure 4).
However, there are two short regions in the human
gene that are not co-linear. Self-comparison of
TNNT3 using dot-plot analysis (Figure 5) reveals
that the interruptions in co-linearity are due to the
presence of simple sequence repeats in the human
TNNT3 gene. One repeat (TC repeat, Figures 2, 4
and 5), is located between nucleotides 4228 and
4498 relative to the transcription initiation site,
while the other repeat (CCA repeat) lies between
nucleotides 12938 and 14 028.

TNNT3 possesses a weaker but considerable
similarity to the rat cardiac TnT gene (Jin et al.,
1992). There appears to be no homologue of exon
12 of the rat cardiac TnT gene in comparison with
TNNT3. Exons 6 and 7 of TNNT3 are similar
to a single exon (exon 5) in the rat cardiac TnT
gene. Also, there is no homologue of exon 17 of

Comp Funct Genom 2003; 4: 609—-625.
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RatTNNT3

pe(ﬂ
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Ve g

15000

Figure 4. Dot-plot analysis of the similarity between TNNT3 and its rat homologue. Coordinates of common points
between the two sequences obtained by matrix analysis are plotted. CCA and TC repeats are indicated

TNNT3 in the cardiac TnT gene. The cardiac TnT
paralogue possesses only a constitutive exon (exon
15) in place of the alternatively spliced exons 16
and 17 of TNNT3.

Several lines of evidence suggest that the alter-
natively spliced « (16) and 8 (17) exons of TNNT3
are the result of exon duplication: (a) they are of
equal length; (b) the nucleotide sequence shows
high similarity (47.5% identity; Figure 6A); and
(c) the amino acid sequences encoded by them
show 60% identity (Figure 6B). Since the genetic
code is degenerate, this nucleotide sequence homol-
ogy (Figure 6A) strongly suggests that the o and
B exons originated by exon duplication.

Exon and intron phasing in TNNT3:
implications on the evolution of the gene

The phase classes of introns according to their posi-
tion relative to the reading frame of the genes con-
taining the introns have been defined (Sharp, 1981)

Copyright © 2003 John Wiley & Sons, Ltd.

as described below: (a) introns present in the 5
or 3’ untranslated regions of transcripts; (b) introns
lying between the first and second nucleotides of a
codon (phase 1 intron); (c) introns lying between
the second and third nucleotides of a codon (phase
2 intron); (d) introns lying between two codons
(phase O intron). Introns are considered homolo-
gous if they can be shown to be derived from
the same ancestral intron. However, homology of
some introns may be recognized simply from their
position in the sequence (Patthy, 1987). For exam-
ple, they lie in the same position of the aligned
sequences of homologous genes or gene segments
and split the reading frame in the same phase.
Intron 16 of TNNT3 splits the reading frame in the
same phase as its rat, avian, insect and nematode
homologues. Furthermore, as shown in Figure 7,
equivalents of intron 16 lie in a homologous posi-
tion in the amino acid sequence alignments of TnT
isoforms. All of the conserved intron 16 homo-
logues are located in the region encoding for the

Comp Funct Genom 2003; 4: 609—-625.
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Figure 5. Dot-plot analysis of the self similarities in TNNT3.

are plotted. CCA and TC repeats are indicated

HR domain of TnT (cf. Figure 7 with amino acid
sequences of the conserved HR domains of TnT
isoproteins shown in Stefancsik et al., 1998). The
HR domain represents the most conserved region
in the entire poypeptide sequences of TnT iso-
proteins present in phylogenetically distant species
(Stefancsik et al., 1998). The position of homolo-
gous introns may differ because of splice-junction
sliding. Thus, the correct reading frame is only pre-
served if the original intron phase is maintained.
Also, evolutionary selection generally prefers the
conservation of intron phase classes.

Exon shuffling is believed to be very impor-
tant for the molecular evolution and diversification
of proteins, by allowing recombination of protein
modules (Gilbert, 1978; Long et al., 1995). Exons,
or exon sets, can be classified with respect to the
position of their 5" and 3 splice junctions in the
reading frame. Exons with symmetrically phased
flanking introns differ markedly in their versatility

Copyright © 2003 John Wiley & Sons, Ltd.
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in exon shuffling. In particular, only those exons
that have introns of the same phase class at the
5" and 3’ ends (symmetrical exons of classes 1-1,
2-2, 0-0) can be inserted into introns of the same
phase class. They can undergo tandem duplica-
tion into adjacent introns, or can be deleted by
intronic recombination without disrupting the read-
ing frame (Patthy, 1987). Analysis of the phase dis-
tribution of introns in TNNT3 and other available
TnT genomic sequences (Tables 2 and 3) shows
the following features: as is apparent from the dis-
tribution of intron phases, there is a high degree
of similarity among vertebrate cardiac and skeletal
TnT genes (Table 2). However, we also find some
differences, e.g. the number of phase ‘0’ introns,
located in exons encoding for short acidic peptides
at the amino-terminus of TnT, differ between TnT
isoform genes. These exons are also flanked by
symmetrically phased introns (Figure 8). To iden-
tify symmetrically phased exons, we also plotted
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A.
1 41
human 16 (¢t) ATCAtghatg TCcGGgcCaG agTgcAgatG ctggccRAGEt t
rat_16 (o) ATCAtgACtg TCcGGgcoCaG ggTgGAgatG ctggccAAGEt t
human 17 (B) ATCAccACgc TCaGGagCcG caTtGAccaG gcccagAAGe a
rat_17 (B) ATtAccACcc TCaGGagCcG caTtGAccaa gcccaghAhGe a
Consensus ATCA--AC-- TC-GG--C-G --T-GA---G ------ ARG- -
B.
1 14
chick f§ IVILRNRIDQ AQKH
quail B IVITLRNRIDO AQKH
human 17 ITTLRSRIDQ AQKH
mouse_B ITTLRSRIDO AQKH
rat_ 178 ITTLRSRIDQ AQKH
rabbit_[ﬁ ITNLRSRIDQ AQKH
chick o ILTLRCRLQE LSKF
guail oo ILTLRCRLQE LSKF
mouse o IMTVRARVEM LAKF
ratle o IMTVRARVEM LAKF
human_ 160 IMNVRARVQOM LAKF
rabbit o0 IMNVRARVEM LAKF

Consensus I-TLE-R--- --K-

Figure 6. Comparison of the alternatively spliced « and 8 exons of vertebrate species. (A) Nucleotide sequence alignment
of exons 16 and |7 of the rat and human fast skeletal troponin T genes. Consensus positions in the alignment are marked
by capitalization. (B) Alignment of the peptides encoded by the « and B exons. Consensus positions are shaded

the phase changes in TNNT3. We defined the
phase change (A®) for introns as the difference
between phase values of introns following and pre-
ceding a given exon: A® = ¢, — &, where n
is the serial number of an intron following the
nth exon; n € {1, 2, ... N —1}; N = number of
introns. Exons 4—8 and the ‘foetal’ exon that pre-
cedes exon 9, exhibit 0 phase change. Interestingly,
all of these exons are alternatively spliced. Exons
11-13, which are constitutively spliced, also show
0 phase change. Thus, both of these exon groups
(4-8 and foetal; 11-13) represent potential prod-
ucts of exon shuffling. Exon 17 (the embryo or
foetal specific B exon) is also symmetrically phased
and shows alternative splicing. By comparing the
intron phase distribution of vertebrate and inver-
tebrate TnT genes, it appears quite unlikely that
the HR domain in TnT genes originated by exon
shuffling (Tables 2 and 3), because of the presence
of non-symmetrically phased exons. In contrast,
similar analysis indicates that Tnl genes almost
exclusively consist of symmetrically phased exons

Copyright © 2003 John Wiley & Sons, Ltd.

flanked by phase O introns (unpublished observa-
tion), suggesting that exon shuffling also played an
important role in their evolution (Patthy, 1987).

Potential regulatory elements for alternative
splicing

An exonic splicing enhancer that is required for the
inclusion of the alternatively spliced exon 5 of the
chicken cardiac TnT (cTnT) gene in mRNA has
been previously reported (Ramchatesingh et al.,
1995). Interestingly, a sequence element similar
to the above-mentioned nine nucleotide splicing
enhancer motif (GAGGAGAA) is also present in
the ‘foetal’ exon of TNNT3 (supplementary mate-
rial). The alternative exon 5 of the chicken car-
diac TnT gene is included in mRNA from embry-
onic skeletal and cardiac muscle and excluded in
mRNA from the adult tissues. A similar embry-
onic mRNA-specific inclusion is observed for the
‘foetal’ exon of TNNT3 (Briggs et al., 1994).
Another feature related to the potential regulation

Comp Funct Genom 2003; 4: 609—-625.
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TNNT3 (human fast skeletal TnT)
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.. .LysLeulLysArgGlnLysTyrAsp | | IleMetAsnValArgAlaArgVal

exon15...AAGCTGAAACGCCAGAAATATGAC|‘ATCATGAATGTCCGGGCCAGAGTG... exonlé
RATTNT (rat fast skeletal TnT)

...LysLeuLysArgGlnLysTyrAsp| | IleMetThrValArgAlaArgval
exonls. . .AAGCTGAAACGTCAGAAATACGAT | | ATCATGACTGTCCGGGCCAGGGTG. .. exonlé
RATCTTG (rat cardiac TnT)

.. .LysPheLysGlnGlnLysTyrGlu| |IleAsnValLeuArgAsnArgIle
exon14...AAGTTCAAGCAGCAGAAATATGAA|]ATCAACGTTCTGCGAAACAGGATC... exonlhb
CHKTINTC {(chicken cardiac TnT)

...LysPheLysArgGlnLysTyrGlu|]IleAanalLeuArgAsnArgVal
exonl5. . . AAGTTCAAGCGGCAGAAGTACGAG | |ATCAACGTCCTTCGARATCGTGTC. .. exonlé
DMTROPT {Drosophila TnT)

...ArgGlnLysArgGlnAspTyrAsp | |LeuLysGluLeuLysGluArgGln
exon 6...AGGCAGAAACGTCAGGACTACGAT||TTGAAAGAGTTGAAGGAAAGACAG... exon 7
CeTNT1 (Caenorhabditis TnT-1)

..ArgArgGluArgGlnAspTyrAsp||MetLysGluLeuHisGluArgGln
exon 5...AGACGTGAACCTCAACACTATGAC | |ATGAAAGAGTTACACGAGCGTCAA... exon 6
CeTNT2 (Caenorhabditis TnT-2)

. .ArgArgGluArgGlnGluTyrAsp | |LeuLysGluLeuAsnGluArgGln
exon 4...AGACGTGAGCGTCAAGAGTACGAC||TTGAAAGAGCTCAACGAGCGTCAA... exon 5
CeTNT3 (Caenorhabditis TnT-3)

. .ArgHisGluArgGlnGluTyrAsp | |MetLysGluLeuAsnGluArgGln
exonlO...CGTCACGAACGGCAAGAGTACGAC|]ATGAAAGAGCTCAACGAGCGTCAA... exonll
CeTNT4 {(Caenorhabditis TnT-4)

.. .ArgHisGluArgGlnGluTyrAsp | |LeuLysGluLeuAsnGluArgSer
exon 3...AGACACGAGAGACAGGAGTACGAT|]CTGAAAGAATTGAATGAGCGTTCC... exon 4

Figure 7. Conserved intron position (||) in TnT genes. Sources of DNA sequences: TNNT3, present work; RATTNT,
Breitbart and Nadal-Ginard (1986); RATCTTG, Jin et al. (1992); CHKTNTC, Cooper and Ordahl (1985); DMTROPT, Fyrberg
et al. (1990); CeTNTI, Myers et al. (1996); CeTNT2, GenBank Accession No. 746561; CeTNT3, GenBank Accession No.

861386; CeTNT4, GenBank Accession No. 2736369

of alternative splicing of chicken cardiac TnT is
that the introns flanking exon 5 of the chicken cTnT
gene contain muscle-specific splicing enhancers
(MSEs) acting in a positive manner to mediate
the embryonic splicing pattern of exon inclusion
(Ryan and Cooper, 1996). We have identified a
homologue of this intronic MSE motif in the intron
upstream (following exon 8), and downstream (pre-
ceding exon 9) from the ‘foetal’ exon of TNNT3
(Figures 2 and 9). This homologue of the MSE
motif in TNNT3 shows 77.8% identity with the
reported chicken cardiac MSE sequence. Similar

Copyright © 2003 John Wiley & Sons, Ltd.

MSE motifs are also found in homologous posi-
tion in the rat cardiac and fast skeletal TnT genes
(Figure 9). In view of these observations, it is sug-
gested that the homologue of the MSE element in
TNNT3 may play a role in regulating the inclusion
of the ‘foetal’ exon into human foetal and embry-
onic TnT mRNAs.

Discussion

In this report we describe the structure and com-
plete nucleotide sequence of the TNNT3 gene. This

Comp Funct Genom 2003; 4: 609—-625.
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Table 2. Intron phasing of vertebrate TnT genes
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Intron No./phase 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Human TNNT3 2 X X X X X
| X X X X X X X
0 n X X X X XI
Rat fast skeletal TnT 2 X X X X X
| X X X X X X X
0 n X X X X XI
Rat cardiac TnT 2 X X X X
| X X X X X X
0 n X X X XI
Chicken cardiac TnT 2 X X X X X
| X X X X X X
n X X X X XI

For details, see also text. n, intron in non-coding region; X1, intron located in the region coding for HR domain. Sources of DNA sequences:
human TNNT3, present work; rat fast skeletal TnT, Breitbart and Nadal-Ginard (1986); rat cardiac TnT, Jin et al. (1992); chicken cardiac TnT,

Cooper and Ordahl (1985).

Table 3. Intron phasing of invertebrate TnT genes

Intron No./phase | 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Drosophila TnT 2 X X X
| X
0 X X X1 X X
C. elegans TnT-1 2 X X
|
0 X X X
C elegans TnT-2 2 X X
| X
0 X X1 X
C elegans TnT-3 2 X X X X X
| X X
0 X X X X Xl X X X
C. elegans TnT-4 2 X X
|
0 Xl X X

For detalils, see also text. XI, intron located in the region coding for the HR domain. Sources of DNA sequences: Drosophila TnT, Benoist
et al. (1998), Fyrberg et al. (1990); C. elegans TnT-1, Myers et al. (1996); C. elegans TnT-2, GenBank Accession No. 746561; C. elegans TnT-3,
GenBank Accession No. 861386; C. elegans TnT-4, GenBank Accession No. 2736369.

is the first report on the characterization of any
human striated TnT isoform gene. Furthermore,
we have attempted to study the contribution of
genomic correlates of TNNT3 to several interest-
ing features of TnT biology that have relevance to
the structure and function of the polypeptide and
the evolution of the gene.

The structure of the promoter and sequence of
the 5’ regulatory regions of the TNNT3 gene are
the first description of the 5’ flanking region for

Copyright © 2003 John Wiley & Sons, Ltd.

any TnT gene. This information will be useful in
understanding how the tissue-specific expression of
TnT isoform genes in muscle cells is regulated.
The presence of MyoD and MEF-2 binding sites
at the TNNT3 promoter suggests a regulatory role,
because these transcription factors are essential for
muscle-specific activation of myofibrillar protein
genes (Firulli and Olson, 1997). However, further
experimental evidence will be required to eluci-
date the role for any of the identified potential cis

Comp Funct Genom 2003; 4: 609—-625.
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3 4 5 6 7 8 fetal

10 11 12 13 14 15 16 17

Figure 8. Phase change of flanking introns in TNNT3. Phase change for exons |, 2 and 18 are not applicable, because of
the presence of non-coding regions (5" and 3" UTRs). The HR domain is encoded by exons 14—17. Phase change (A ®) for
introns is defined as the difference between phase values of introns following and preceding a given exon: A® = &, | — O,
where n is the serial number of an intron following the nth exon; n € {I,2,...N — I}; N = number of introns. Note that
symmetrically phased exons possess 0 phase change. For explanation of intron/exon phasing, see also text

1 ggg----- tecggtgtgtectgtg------------ cetttecectgect----- tgggaaacgc
2 --g--t--tgtttetgtece-tg------------- ctttcec-tgctectectgggectectg-
3 tt---tactctatctgtceca-tgtectgtetgtetteetttte----te--cectgg-------
4 cctegiccEECccEREgEERt - -~~~ ~~=~~~ ctttctck--te--cctggcacgg--

Figure 9. Homology of the muscle-specific splicing enhancer (MSE) elements in vertebrate striated muscle TnT genes.
I, Chicken cardiac TnT; 2, rat cardiac TnT; 3, rat fast skeletal TnT; 4, human TNNT3. Nucleotides showing sequence

similarity are shaded. For details see also text

regulatory elements. The sequence information pro-
vided in this report is a prerequisite for carrying out
studies on the biological role of these presump-
tive regulatory elements. In addition, a detailed
understanding of the genomic correlates that are
involved in regulating the tissue-specific expres-
sion of striated muscle TnT isoforms, has clinical
relevance to human muscle disorders of genetic ori-
gin. Mutations in cardiac troponin T account for
approximately 15% of human familial hypertrophic
cardiomyopathy cases (Watkins et al., 1995). Infor-
mation on the 5’ flanking region of the TNNT3
gene may lead to the development of therapeutic

Copyright © 2003 John Wiley & Sons, Ltd.

strategies based on the ectopic activation of the
fast skeletal TnT gene in the cardiac muscle of
individuals affected by familial hypertrophic car-
diomyopathy.

Comparison of the human and rat fast skeletal
TnT genomic sequences reveals high nucleotide
sequence similarity, with the exception of two
repeat regions comprised of ‘CCA’ and ‘TC’
repeats. We identified a LINE-1 element in TNNT3.
A homologous sequence is also present in the rat
fast skeletal TnT gene, indicating that the inser-
tion of this sequence element occurred in a com-
mon ancestral line of primates and rodents. The
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presence of a cryptic LINE-1 element in intron
9 may explain the hypermethylation in the neigh-
bouring genomic region, since defective transpos-
able elements (Smit, 1996) are believed to be the
targets of DNA methylation and silencing (Walsh
and Bestor, 1999; Yoder et al., 1997). The 5a2
region in intron 9, which was cloned by Cross et al.
(1994), was believed to be part of a CpG island.
However, our sequence analysis did not identify
any CpG island in TNNT3. A possible explana-
tion for the high affinity of the 5a2 region for
the MeCp2 column used for cloning this fragment
could be hypermethylation or unusual DNA struc-
ture (Cost and Boeke, 1998), presumably due to
the presence of a LINE-1 element adjacent to it.

The identification of MSEs acting as cis regula-
tory elements in tissue and developmentally regu-
lated manner in the cardiac TnT gene was reported
previously (Ryan and Cooper, 1996). We also find
homologous MSE motifs in the introns upstream
and downstream of the human ‘foetal’ exon. More-
over, the constitutive splicing enhancer required
for the inclusion of the alternative exon 5 of the
chicken ¢TnT gene (Ramchatesingh et al., 1995)
has a homologue in the ‘foetal’ exon of TNNTS3.
These observations suggest that the regulatory
pathway for the developmental pattern of alterna-
tive splicing in troponin T genes has been con-
served from birds to humans. However, this view
needs to be supported by experimental evidence
that the homologous MSE elements of TNNT3 play
a regulatory role in the alternative splicing of the
‘foetal’ exon.

The genomic correlates of TNNT3 reported in
this study provide some insight into the struc-
ture, function and pattern of sequence conservation
of TnT and its two proteolytic fragments, the C-
terminal T2 (amino acid residues ~160-260) and
the N-terminal T1 (amino acid residues ~1-159).
The T2 segment together with TnC and Tnl con-
stitutes the ‘globular head’ region of Tn complex.
It is involved in intersubunit interactions with TnC
and Tnl and plays a role in the Ca’* regulation of
vertebrate striated muscle contraction, particularly
in the ‘information transfer’ process, presumably
in the order TnC — Tnl — TnT — Tm-actin
(Perry, 1998; Gordon et al., 2000; Jha and Sarkar,
1998). The high degree of sequence conservation
in T2 segments among the vertebrate inter-and
intraspecies isoforms reflects three features, the first
being that the amino acid sequences in T2 segments

Copyright © 2003 John Wiley & Sons, Ltd.
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are primarily derived from constitutively spliced
exons located in the 3’ end of the gene (Table 1;
Breitbart and Nadal-Ginard, 1986). The second fea-
ture is that, in contrast to the multiple alternatively
spliced 5’ exons, there is a single alternative splice
site in the 3’ segment of TNNT3 (Table 1). This
involves exons 16 («) and 17 (8), which code for
a similar but non-identical 14 amino acid peptides
(Figure 6). These two exons are spliced in a devel-
opmentally regulated and mutually exclusive man-
ner (Perry, 1998; Wu et al., 1994) in both birds and
mammals. The third feature is the evolutionarily
highly conserved HR domains (residues ~179-241
in skeletal fast TnT) previously identified by us
in phylogenetically distant TnT sequences are also
located in the T2 segment (Stefancsik et al., 1998).
Interestingly, the @ and f exons are located at the
distal C-terminal part of the conserved HR domain.
This suggests that binary Tnl-TnT interactions
mediated by HR domains may be developmentally
regulated in embryonic or foetal stages in both
birds and mammals. The sequence conservation in
the T2 segments of vertebrate TnT isoforms reflects
the stringent constraints for maintaining the tertiary
structure of the C-terminal half of the polypep-
tide that is required for intersubunit interactions
and Ca’*-dependent binding of Tm. This view is
also strongly supported by the genomic correlates
of TNNT3 (Figure 2, Table 1).

The T1 segment of vertebrate TnT isoforms
anchors the Tn complex to Tm-actin. It is also
responsible for the cooperativity of the Ca>* activa-
tion of the acto-myosin ATPase (Perry, 1998; Gor-
don et al., 2000; Schaertl et al., 1995). The T1 seg-
ments contain a hypervariable N-terminal region
(residues 1-41 in skeletal fast; 1-45 in cardiac and
slow skeletal TnT) that flanks the central conserved
region of about 160 amino acids (residues 42—-204
in fast and 46-204 in slow and cardiac TnT)
present in mammalian TnT isoforms (Wu et al.,
1994). This conserved region constitutes the Tm
binding site. It is partly located in the T1 fragment
(residues ~42—-159), whereas the Tnl binding site
involving the conserved HR domain is restricted
to the T2 segments. The N-terminal hypervariable
region of T1 segments spans the head-to-tail over-
lap region of contiguous Tm molecules. This region
may play a modulatory ‘fine tuning’ role in the
interaction with Tm, leading to variation in Ca’>*
sensitivity of individual muscle fibres (Briggs and
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Schachat, 1989; Tobacman and Lee, 1987; Mal-
nic et al., 1998). The alternative splicing involving
the 5’ mini exons (exons 4—9) in a combinatorial
manner generates the variable N-terminal sequence
divergence observed in mammalian skeletal TnT
isoforms (Breitbart and Nadal-Ginard, 1986; Wu
et al., 1994). Furthermore, together with the single
alternative splice site involving exons 16 and 17
at the 3’ end of the gene, the ‘foetal’ exon located
between exons 8 and 9, contributes to the pattern of
an additional subset of developmentally regulated
isoforms of vertebrate skeletal fast TnT.

The exon phasing of TNNT3 suggests that the
alternatively spliced 5’ exons (exons 4—foetal), as
well as exons 11-13 and 17, may have evolved as
a result of exon shuffling (Figure 8). The introns
flanking the exons encoding for the HR domain of
TnT do not possess symmetrically phased exons.
Thus, this region may not have evolved by exon
shuffling. Indeed, the HR domain in TnT iso-
forms represents the most ancient part of the TnT
polypeptide. This view is supported by the presence
of a highly conserved intron position that is located
in the HR encoding genomic region and also lies
in a homologous position in the amino acid align-
ment from TnT sequences from both protostomes
and deuterostomes (Stefancsik, 1999).

The evolutionarily conserved HR domains pre-
sent in phylogenetically distant TnT and Tnl
sequences show similarity at a statistically sig-
nificant level. We suggested that these domains
may have a common ancestry (Stefancsik et al.,
1998). Examination of exon phasing suggests that
the presumptive ‘ancestral genes’ of TnT (see also
Results) and Tnl (Patthy, 1987; our unpublished
results) have diversified by exon shuffling. For
TnT, this process may have involved the gener-
ation of additional domains necessary for interac-
tion with other thin filament proteins such as actin,
Tm and TnC, as well as the modulatory hyper-
variable N-terminal region. For Tnl, this process
may have generated the multiple sites involved
in interaction with actin and TnC. For TnT alter-
native splicing of exons at both the 5 and 3
regions of the gene, together with the develop-
mentally regulated expression of ‘foetal’ and o/p
exons, provides an additional complex mechanism
for generating distinct sets of isoproteins. Tnl, on
the other hand, shows only tissue-specific isoforms,
e.g. fast and slow skeletal and cardiac, and these
are not regulated by alternative splicing. It appears

Copyright © 2003 John Wiley & Sons, Ltd.
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that alternative splicing of the TnT gene developed
before the divergence of mammalian and avian sys-
tems, since this phenomenon is observed in both
birds (Hastings et al., 1985; Butcher et al., 1989)
and mammals (Medford er al., 1984). These fea-
tures of TnT and Tnl, at both the genomic and
polypeptide levels, reflect their distinct role in the
‘information transfer’ process during Ca’>* regula-
tion of vertebrate striated muscle contraction.

Note

The nucleotide sequence of TNNT3 can be found at
http://www3.interscience.wiley.com/cgi-bin/
jabout/77002016/suppmat/index.html
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