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ABSTRACT. During development of the ascidian Halocynthia roretzi, the tadpole larva hatched from the
tailbud embryo metamorphoses to the adult with a body wall muscle. Although the adult body wall muscle is
morphologically nonsarcomeric smooth muscle, it contains a troponin complex consisting of three subunits (T,
I, and C) as do vertebrate striated muscles. Different from vertebrate troponins, however, the smooth muscle tro-
ponin promotes actin-myosin interaction in the presence of high concentration of Ca?*, and this promoting
property is attributable to troponin T. To address whether the embryonic/larval tail striated muscle and the
adult smooth muscle utilize identical or different regulatory machinery, we cloned troponin T cDNAs from each
¢DNA library. The embryonic and the adult troponin Ts were encoded by distinct genes and shared only <60%
identity with each other. These isoforms were specifically expressed in the embryonic/larval tail striated muscle
and the adult smooth muscle, respectively. These results may imply that these isoforms regulate actin-myosin in-
teraction in different manners. The adult troponin T under forced expression in mouse fibroblasts was unex-
pectedly located in the nuclei. However, a truncated protein with a deletion including a cluster of basic amino
acids colocalized with tropomyosin on actin filaments. Thus, complex formation with troponin I and C immedi-

ately after the synthesis is likely to be essential for the protein to properly localize on the thin filaments.

Troponin (Tn) complex, which consists of three sub-
units T, I and C, is the Ca2*-dependent negative regula-
tor of vertebrate striated muscle contraction (1). This
protein complex is associated with tropomyosin (Tm)
on the thin filaments with a periodicity of 38 nm. Tn
does not exist in vertebrate smooth muscle, and its con-
traction is primarily regulated by Ca?*/calmodulin-de-
pendent phosphorylation of myosin light chain (2, 3).
Tn/Tm-regulatory system also prevails in a variety of
invertebrate striated and obliquely striated muscles (4).
Tns in these invertebrate muscles also inhibit actin-myo-
sin interaction dependently on Ca2*. The presence of
Tn has not been demonstrated in smooth or nonstriated
muscles except for the adult body wall muscle of the as-
cidian Halocynthia roretzi (5, 6), a protochordate. The
ascidian body wall muscle is composed of multinucle-
ated but nonsarcomeric smooth muscle cells (7). Differ-

* Correspondence should be addressed to Takeshi Endo, Depart-
ment of Biology, Faculty of Science, Chiba University, 1-33 Yayoi-
cho, Inageku, Chiba, Chiba 263, Japan.

Tel and Fax: +81-43-290-3911

e-mail: tendo@cuphd.nd.chiba-u.ac.jp

Abbreviations: Tn, troponin; TnT, troponin T; Tnl, troponin I;
TnC, troponin C; Tm, tropomyosin; PAGE, polyacrylamide gel elec-
trophoresis; NLS, nuclear localization signal.

197

ent from Tns from the other sources, the ascidian Tn ac-
tivates actin-myosin interaction in the presence of high
concentration of Ca2?* (6, 8). The activating property of
ascidian Tn is ascribable to TnT, because the isolated
TnT promotes actin-myosin interaction regardless of
Ca?* concentration (6). The ascidian TnT shares with
vertebrate counterparts some other properties including
Tm-binding ability (6), basic plI, consisting of multiple
isoelectric forms, and crossreactivity to the monoclonal
antibody NT302 (9) raised against chicken skeletal mus-
cle TnT (10).

During development of the ascidian, the tailbud em-
bryo hatches out to generate the swimming tadpole lar-
va, which metamorphoses to the sessile adult. The tails
of the embryo and the larva contain mononucleated
striated muscle cells or their precursor cells. A myosin
heavy chain gene and an «-actin gene are specifically ex-
pressed in the striated muscle cells and the precursor
cells but not in the adult smooth muscle (11, 12). In con-
trast, a Tm gene is expressed in the adult body wall mus-
cle as well as striated muscles of adult heart and larval
tail in another ascidian Ciona intestinalis (13). As to Tn
subunits, there has been no report regarding their ex-
pression at the embyonic or larval stage. Thus, it re-
mains to be determined which type of regulatory system



of muscle contraction dominates in the embryonic and
larval striated muscles.

Determination of the primary and higher structures
of the adult H. roretzi TnT and embryonic or larval
counterparts, if present, may answer the questions how
the adult TnT accelerates actin-myosin interaction, how
its multiple isoelectric forms are generated, and how the
embryonic or larval striated muscle contraction is reg-
ulated. To these ultimate ends, we cloned the TnT
c¢DNAs by screening adult body wall muscle and tailbud
embryo cDNA expression libraries with NT302. The em-
bryonic and adult proteins encoded by these cDNAs
were only <609% identical to each other. In addition,
they were specifically expressed in the embryonic/larval
tail striated muscle and the adult smooth muscle, respec-
tively, suggesting their functional difference. Forced ex-
pression of the adult TnT in cultured mammalian non-
muscle cells further suggest that complex formation
with the other troponin subunits is required for the pro-
tein to associate with thin filaments or microfilaments in
vivo.

MATERIALS AND METHODS

All the materials and methods used in this study are de-
scribed elsewhere (14).

RESULTS

Sequence of TnT clones from adult body wall
smooth muscle and tailbud embryo. To clone adult
H. roretzi body wall smooth muscle TnT cDNAs, we
exploited crossreactivity of the monoclonal antibody
NT302 to TnTs from various vertebrate and protochor-
date animals including the ascidian TnT isoelectric
forms (9). The body wall muscle Agtll cDNA expres-
sion library was screened with the antibody and over-
lapping three clones were isolated. The longest clone,
aTnT2, was 923 bp and contained an open reading
frame encoding a 248-amino acid protein. To investi-
gate whether similar but distinct TnT mRNAs exist in
the body wall muscle, we further screened the igtl0
cDNA library with aTnT2 and isolated ~30 clones.
One of the longest clones, aTnT19, was 1,164 bp and
completely overlapped with aTnT2 between nucleotides
208 and 1130, where a common open reading frame ex-
isted (Fig. 1). aTnT19 contained additional 207 bp nu-
cleotides upstream of the 5" end of aTnT?2 and addition-
al 34 bp nucleotides downstream of the 3’ end. A pro-
tein encoded by aTnT2 and aTnT19 consisted of 248
amino acids with a calculated molecular mass of 29,770
Da and a calculated pl of 9.56. These values were close
to those estimated by SDS-PAGE (6) and two-dimen-
sional isoelectric focusing/SDS-PAGE (9).

We next screened the tailbud embryo Agtl1l cDNA ex-
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Fig. 1. Schematic representation of aTnT19, aTnT2, and eTnT11
c¢DNA:s. Stippled and hatched areas represent TnT-encoding regions.
The positions of the initiation and termination codons and poly(A)
tails are indicated. Their nucleotide sequences and predicted amino
acid sequences are reported by Endo et al. (14).

pression library with NT302 to determine which type of
regulatory system governs in the tail striated muscle of
H. roretzi tailbud embryo and tadpole larva. Two posi-
tive clones obtained (eTnT11 and 14) were 1,012-bp
long and their nucleotide sequences were identical to
each other (Fig. 1). Since no in-frame termination
codon was present upstream of the A3TG in these
clones, they may contain a partial coding sequence lack-
ing the 5-terminal sequence including the initiation
codon. If this is true for these clones, they code for an
N-terminal-truncated protein consisting of 242 amino
acids with a calculated molecular mass of 28,615 Da
and a calculated pI of 10.22. The identity of sequence
between aTnT2/aTnT19 and eTnT11/eTnT14 was only
~60%, and identical sequences were extremely dis-
persed. This implies that they were derived from differ-
ent genes.

Comparison of the amino acid sequence among ascid-
ian and vertebrate TnTs. The amino acid sequences of
the proteins encoded by aTnT2/aTnT19 (hereafter the
protein is referred to as adTnT) and by eTnT11 (the pro-
tein is designated as embTnT) were compared with each
other and with those of chicken skeletal (15) and cardi-
ac (16) and rabbit skeletal (17) and cardiac (18) muscle
TnTs. adTnT and embTnT were only 58.9% identical
to each other, but they were still more similar to each
other than to vertebrate TnTs. In addition, it is worth
noting that the identity between skeletal and cardiac
muscle TnTs is only 54 and 56% in chicken and rabbit,
respectively.

Analyses of cyanogen bromide- or chymotrypsin-
digested fragments of rabbit skeletal muscle TnT have
shown that Tm- and Tnl-binding abilities reside in
Glu™-Ser!0 and Lys?23-Tyr??7, respectively (19). When
the amino acid sequences of adTnT and embTnT were
aligned with those of the rabbit skeletal and cardiac
muscle TnTs to search similarity according to Lipman
and Pearson (20), central regions were more conserved
than the N- and C-terminal regions (Fig. 2). The above
Tm- and Tnl-binding sites were located in these con-
served areas. Adult H. roretzi TnT binds to Tm as deter-
mined by electron microscopic observations of the bind-
ing to Tm paracrystals (6). In addition, the fact that the
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1 SDLEEVVEEYEEEQEEQEAGEEEEAGG 27
Rab(Card) 28 GAEAEAETEETQAEEDGQEEEDKEDEDGPVEE SIYPK 87
adTnT 1 MSGEEEEPQQHHEDVEISP HSTTSI--IgR 41
embTnT 1 DSTGI 31
Rab (Sk) 1 SDEEVEHVEEEAEEEAPSPAEVHEPAPEHVVPEEVHEEEKPRKLT 60
Rab (Card) 88 147
adTnT 42 101
embTnT 32 91
Rab (Sk) 61 120
Rab (Card) 148 199
adTnT 102 161
embTnT 92 151
Rab (Sk) 121 179
Rab (Card) 200 :NHINAVIRA TIERENE DOIRYH:E:KI SI FINLOEKFKQORSYENVIBANINTIND- 258
adTnT 162 I\ DHL SIZVKLREKAGE LWL Y IR YEVRIDIS IROANNY 221
embTnT 152 WsDid E: A St S YINFETR I EORe ORISR0y 211
Rab (Sk) 180 < FNKIAND'T TDIYFE FGEKLKI§ AIY~-EM 238

Tn I-binding
Rab (Card) 259 N TR————[€NA~——KVT| 276
adTnT 222 MGYY| K-———SINVKVAGH MQAASAFK 248
embTnT 212 MGYFRINTKRQTP TG. SSKTGVFS 242
Rab (Sk) 239 LAFRIEKA--~—[€TTAKGK 259
Fig. 2. Comparison of the amino acid sequences of adTnT and embTnT with those of rabbit skeletal and cardiac muscle TnTs. Amino acid se-

quences of adTnT, embTnT, and rabbit skeletal and cardiac muscle TnTs were aligned to search similarity by the method of Lipman and Pearson
(20). Insertion made during optimization is marked with a dash. Amino acids at positions of >75% identity are shown in white on black. Tm-
and Tnl-binding sites of rabbit skeletal muscle TnT are marked by single and dotted underlines, respectively.

ability of adult TnT to accelerate actin-myosin interac-
tion is inhibited by Tnl (6) suggests that the TnT in-
teracts with Tnl. The identity between adTnT and
embTnT in the corresponding areas to Tm-binding and
Tnl-binding was 60.0 and 80.0%, respectively, which
was higher than the identity in the whole length of the
molecules. This may indicate that embTnT also has abil-
ities to interact with Tm and Tnl, implying that it func-
tions as TnT.

In rabbit skeletal muscle TnT, Ser! is acetylated and
phosphorylatable by casein kinase (17, 19). Ser!® or
Ser!%® and Ser!5¢ or Ser!S” are also phosphorylatable by
phosphorylase kinase (19). Existence of these multiple
phosphorylation sites in addition to isoforms produced
by alternative splicing may account for multiple iso-
electric variants of TnT (9, 10). If Met! in adTnT is
removed by a methionine-specific aminopeptidase, the
first residue is Ser as in rabbit skeletal and cardiac mus-
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cle TnTs, and this Ser might also be acetylated and phos-
phorylated. In this context, it should be noted that this
Ser, as well as Ser! in rabbit skeletal and cardiac muscle
TnTs, fits in the consensus phosphorylation site by ca-
sein kinase II [(S/T)XX(D/E)] (21) (Fig. 2). Residues
corresponding to Ser!4%/150 and Ser!5%/157 in rabbit skele-
tal muscle TnT were, however, replaced by other amino
acids in adTnT and embTnT.

Existence of embTnT in the embryonic/larval tail stri-
ated muscles. In Northern blotting, aTnT2 hybridized
to the adult body wall muscle mRNA apparently as a
single broad band of ~1.1 kb but neither to the larval
mRNA nor to the vertebrate muscle mRNAs examined
(Fig. 3). eTnT11 hybridized to the larval mRNA as dou-
blet bands of ~1.6 and ~1.4 kb but not to the adult
body wall muscle or vertebrate muscle mRNAs (Fig. 3).
These doublet bands might correspond to mRNAs gen-
erated by alternative 3’ end processing because the differ-
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Fig. 3. Schematic drawing of Northern blots of RNAs from H. rore-
tzi, chicken, and mouse muscle tissues probed with eTnT11 and
aTnT2. The blots were hybridized with eTnT11 (A) and with aTnT2
(B). Subjected to the blotting were RNAs from larval H. roretzi, adult
H. roretzi body wall muscle, chicken skeletal and cardiac muscles,
and mouse skeletal and cardiac muscles. The positions of mouse 28
and 18 S rRNAs are indicated.

ence in the size of the mRNA bands is close to the
length between the proximal and distal putative poly(A)
addition signals present in eTnT11.

Although eTnT11 was specifically expressed in the lar-
va, it was necessary to examine whether eTnT11 was ex-
pressed in the tail striated muscle or other tissues such
as heart muscle and visceral smooth muscle because
poly(A)* RNA derived from whole body of the tailbud
embryos was used to construct the cDNA library (22).
To address this issue, we applied whole mount in situ hy-
bridization probed with the antisense eTnT11 tran-
script. The hybridization was already detected in the im-
mature tail muscle cells of the early and middle stages
of the embryos. Even after the development of various
organs in the late stage of the embryos and the hatched
larvae, the hybridization was restricted to the striated
muscle cells and excluded from heart or viscera (Fig.
4). Antisense aTnT2 transcript did not hybridize to
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Fig. 4. Whole mount in situ hybridization of the tailbud embryos.
An early (A) and a late (B) tailbud embryos were hybridized with dig-
oxigenin-labeled antisense eTnT11 transcripts. Only the tail striated
muscle cells exhibited specific staining. Scale bar, 200 #m (Modified
from Ref. 14).

mRNAs in any tissues of the embryos or the larvae.
These results indicate that embTnT is exclusively pre-
sent in the tail striated muscle at stages of the tailbud
embryos and the tadpole larvae, whereas adTnT is re-
stricted to the adult body wall muscle.

Localization of transfected H. roretzi TnT in mam-
malian fibroblasts. To investigate whether adTnT is
able to bind to Tm in vivo, we transfected the recombi-
nant plasmid, pSRTnT, harboring aTnT2 cDNA under
the control of strong SRa promoter (23) to the mouse fi-
broblast cell line C3H10T1/2. Immunofluorescence mi-
croscopy by staining with NT302 showed that the exoge-
nous adTnT unexpectedly accumulated in the nuclei in-
stead of being associated with Tm-containing microfila-
ment bundles (Fig. SA and B). This ectopic nuclear loca-
tion suggest either that adTnT has a sequence corre-
sponding to the nuclear localization signal (NLS) or
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Fig. 5.

Immunofluorescent localization of exogenously expressed entire and truncated adTnT. C3H10T1/2 fibroblasts were transiently trans-

fected with pSRTnT (A and B) or pSRTnTAAva (C-F). The cells were doubly stained with NT302 (A, C, and E) and rhodamine-phalloidin (B
and D) or affinity-purified anti-chicken gizzard tropomyosin rabbit IgG (F). Scale bar, 20 gm.

that adTnT is imported to the nucleus in association
with some nuclear protein.

We scrutinized the amino acid sequence of adTnT
and noticed two clusters of basic amino acids: the N-
terminal (R197K-K!"6KRK) and the C-terminal (K!3R-
K!5S’KKK) clusters (Fig. 2). Since these basic amino acid
clusters are similar to the NLS of the SV40 large T an-
tigen (PKKKRKYV) or the bipartite NLS of nucleo-
plasmin (KRPAAIKKAGQAKKKK) (24), they may
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have served as NLSs in the transfected cells. To confirm
this postulation, we transfected the cells with the plas-
mid pSRTnTAAva, which contains a deletion-mutated
aTnT2 cDNA specifying a truncated adTnT lacking the
C-terminal cluster (Fig. 2). The truncated protein was lo-
cated along the microfilament bundles detected by rho-
damine-phalloidin staining (Fig. 5C and D). Double im-
munostaining with NT302 and anti-Tm showed that the
exogenous TnT and endogenous Tm were colocalized



on the microfilament bundles (Fig. SE and F). Observa-
tions at a higher magnification revealed that they coex-
isted with a periodic distribution. These results suggest
that the sequence including the C-terminal basic amino
acid cluster is responsible at least in part for the nuclear
localization of adTnT and that adTnT is indeed able to
interact with Tm in vivo when the sequence is hindered.

DISCUSSION

In the present study, we cloned two distinct TnT mole-
cules from adult and tailbud embryo of the ascidian H.
roretzi. This is the first case of cloning deuterostome
invertebrate TnTs. Probable Tm- and Tnl-binding abili-
ty of these TnTs was suggested by the existence of the
conserved sequences in these TnTs corresponding to
Tm- and Tnl-binding domains in rabbit skeletal muscle
TnT. Colocalization of the truncated adTnT and endo-
genous nonmuscle Tm in the transfected cells corrobo-
rated its Tm-binding ability.

Although aTnT2 and aTnT19 were derived from
distinct mRNA species, they coded for the identical
protein (adTnT). In addition, eTnT11-encoded protein
(embTnT) was not detected in the adult body wall mus-
cle. Thus, so far only a single TnT protein has been iden-
tified in the adult smooth muscle. Isoelectric focusing
/SDS-PAGE analyses, however, have detected multiple
isoelectric forms of body wall muscle TnT (9). At least
some of these forms are likely to be generated by post-
translational modifications such as phosphorylation. In
fact, there are several possible phosphorylation sites in
adTnT by known protein serine/threonine kinases:
(S/T)XX(D/E) for casein kinase II (21) and (S/T)P for
Cdc2 (25). S’GEE, T!S3ERE, S'2LEE, and S!7P meet
these consensus sequences. Particularly, the first site is
likely to be phosphorylated by casein kinase II because
this sequence is similar to S'DEE, which is phosphoryl-
atable by casein kinase (presumably casein kinase II,
considering the sequence), in rabbit skeletal muscle
TnT. If various levels of phosphorylation take place at
these sites, they are able to be responsible for at least
some of the multiple isoelectric variants. Alternative
pre-mRNA splicing generates multiple TnT mRNAs en-
coding separate protein isoforms in vertebrate skeletal
and cardiac muscles (16, 26). In addition, we have to
consider the possibility that multiple TnT genes are ex-
pressed in muscle tissue. It remains to be determined
which of these three mechanisms governs the produc-
tion of multiple isoelectric forms of body wall muscle
TnT.

Striated and smooth muscles in higher vertebrates
usually express their tissue type-specific isoforms of
muscle proteins. In addition, transition of developmen-
tal stage-specific isoforms often occurs. In the case of
H. roretzi, discrete TnT cDNAs were cloned from the
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tailbud embryo and the adult body wall muscle. North-
ern blotting and in situ hybridization further showed
that embTnT mRNA was specifically present in the em-
bryonic/larval tail striated muscle but absent from the
adult smooth muscle. In contrast, adTnT mRNA was
detected in the adult muscle but not at the larval stage.
In another ascidian C. intestinalis, one major isoform
of Tm expressed in the adult body wall muscle is also
present in striated muscles of heart and larval tail (18).
If a single species of Tm persists throughout the devel-
opment of H. roretzi as in C. intestinalis, the tem-
porospatial expression pattern of Tm is different from
that of TnT. Considering the difference in contraction
rate between the embryonic/larval tail muscle and the
adult body wall muscle, Tns in these muscles would
differentially regulate the contraction, i.e., Tn in the tail
muscle might be a Ca2*-dependent repressor like verte-
brate Tn, whereas Tn in the adult body wall muscle is a
Ca?*-dependent activator. The difference in the regula-
tion would be ascribable at least in part to the function-
al difference between embTnT and adTnT. Neverthe-
less, both types of TnTs are likely to interact with the
same species of Tm, because adTnT seems to interact
even with the mouse fibroblast Tm. These postulations
may explain the different temporospatial expression pat-
tern of Tm and TnT.

Despite the thin filament-associated localization of
H. roretzi Tn in the body wall muscle (6), the exogenous-
ly expressed entire length of adTnT was mainly located
in the nuclei of the mouse fibroblasts. Deletion of the se-
quence including the C-terminal basic amino acid clus-
ter suggested that this region functioned as the NLS. If
Tnl and TnC are synthesized concurrently with the in-
tact TnT in vivo, however, prompt complex formation
may occur. Association of the Tn complex with thin fila-
ment-linked Tm in vivo suggests that the complex for-
mation results in concealment of the NLS. Hence we
have to be careful when we analyze the localization and
effects of certain proteins by introducing the proteins or
their cDNAs into cells. This is particularly applicable to
subunit proteins that comprise a complex molecule.
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