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ABSTRACT: W e  have isolated and sequenced a cDNA encoding rat cardiac troponin I. The predicted amino 
acid sequence was highly identical with previously reported chemically derived amino acid sequences for 
rabbit and bovine cardiac troponin I. Clones for slow skeletal muscle troponin I were also obtained from 
neonatal rat cardiac ventricle by the polymerase chain reaction. The nucleotide sequences of these clones 
were determined to be more than 99% identical with a previously reported rat slow skeletal troponin I cDNA 
[Koppe et al. (1989) J. Biol. Chem. 264, 14327-143331. The troponin I clones hybridized to R N A  from 
the appropriate muscle from adult animals. However, RNA from fetal and neonatal rat heart also hybridized 
with the slow skeletal troponin I cDNA, demonstrating its expression in fetal and neonatal rat heart. Slow 
skeletal troponin I steady-state mRNA levels decreased with increasing age, but cardiac troponin I mRNA 
levels increased through fetal and early neonatal cardiac development. Thus, during fetal and neonatal 
development, slow skeletal and cardiac troponin I isoforms are coexpressed in the rat heart and regulated 
in opposite directions. The degree of primary sequence differences in these isoforms, especially at phos- 
phorylation sites, may result in important functional differences in the neonatal myocardium. 

T o p o n i n  I (TnI),] the inhibitory component of the troponin 
complex, has an important role in the calcium-dependent 
regulation of striated muscle contraction [see El-Saleh et a]. 
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(1986) and Zot and Potter (1987) for reviews]. As calcium 
binds to troponin C (TnC), protein-protein interactions occur 
among TnC, TnT, tropomyosin, and TnI which remove the 
inhibition of TnI on actin-myosin cross bridging. Chemically 
determined amino acid sequences for TnI isoforms have been 
reported from slow skeletal, fast skeletal, and cardiac muscle 
(Grand et al., 1976; Wilkinson & Grand, 1978; Leszyk et al., 

I Abbreviations: TnI, troponin I; ssTnI, slow skeletal troponin I; cTnI, 
cardiac troponin I. 
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1988). These isoforms are likely transcribed from different 
genes, as suggested by the degree of primary sequence dif- 
ference among the isoforms in a single species. In addition, 
nucleotides encoding a cardiac-specific NH,-terminus were 
not found in the upstream sequences of the fast skeletal muscle 
genomic clones of Baldwin et al. (1985). Finally, Koppe et 
al. (1989) recently examined RNA blots using slow and fast 
skeletal cDNA probes for TnI and found no evidence for 
hybridization with cardiac tissue, as would be expected for 
products which share exons from the same gene. 

Cardiac TnI amino acid sequences, as chemically deter- 
mined from purified rabbit and bovine heart protein, differ 
from skeletal sequences because they contain NH2-terminal 
sequences which include one or two serines which may be 
phosphorylated by protein kinase A in vitro or P-adrenergic 
stimulation in  situ (Moir & Perry, 1977; Moir et al., 1980; 
Swiderek et al., 1988). Phosphorylation of cardiac TnI by 
protein kinase A decreases the myofibrillar Mg-ATPase 
calcium sensitivity and thus may be functionally significant 
in cardiac muscle (Holroyde et al., 1979). 

Troponin 1 isoforms may also be developmentally regulated. 
Toyota and Shimada (1981) presented evidence that a poly- 
clonal antibody to fast skeletal TnI reacted with myofibrils 
from early embryonic chick heart, although Nikovits et al. 
(1 986) could not find evidence for expression of fast skeletal 
TnI mRNA at a later embryonic stage in the chick. Recent 
evidence from protein gels and immunoblots indicates that the 
cardiac isoform of TnI may be regulated during fetal and 
postnatal development in the rat and dog (Solaro et al., 1986; 
Dieckman & Solaro, 1990) and that slow skeletal-like TnI may 
be expressed in fetal and neonatal rat and embryonic and 
neonatal chicken heart (Sabry & Dhoot, 1989; Saggin et al., 
1989). None of these studies have definitively identified the 
TnI isoform expressed in embryonic or fetal heart. 

We report here the characterization of the first cardiac- 
specific Tnl clone. Slow skeletal TnI (ssTnI) isoform ex- 
pression in the fetal and neonatal heart was also examined by 
using the polymerase chain reaction and blotting techniques. 
These data provide definitive evidence of the expression and 
regulation of slow skeletal and cardiac isoforms in the im- 
mature rat heart. 

EXPERIMENTAL PROCEDURES 
cDNA Library Screening, Subcloning, and Sequencing. A 

XgtlO adult rat cardiac cDNA library available in our labo- 
ratory was screened (lo5 plaques) with a 54-mer synthetic 
oligonucleotide (5'-AAGCAGGTGAAGAAGGAGGAC- 

3') derived from the published rabbit cardiac TnI amino acid 
sequence (Grand et al., 1976). The oligonucleotide was labeled 
to high specific activity with the random primer method 
(Feinberg & Vogelstein, 1984). The filters were washed to 
a stringency of 15  mM NaCI, 1.5 mM sodium citrate, 1 mM 
EDTA, and 0.1% SDS at ambient temperature. Five positive 
clones were isolated from the rat library. Only a single clone 
contained the entire coding region. The isolates were subcloned 
into the plasmid vectors PGEM 32 or 42 (Promega). Se- 
quencing was by the dideoxy method of Sanger et al. (1977), 
using the Sequenase kit (US.  Biochemical). Both the universal 
primers SP6 and T7 and synthetic oligonucleotides derived 
from the nucleotide sequence were employed to generate the 
sequence of both strands. 

RNA and DNA Blot Analysis. Total cellular RNA of rat 
tissues was prepared by lysis in guanidinium isothiocyante 
buffer and cesium gradient centrifugation (Chirgwin et al., 
1979). Five micrograms of RNA per lane was separated 
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FIGURE 1 : Map of cDNA for rat cardiac TnI. This clone is a 745 
bp clone which encompasses the entire coding region, as well as parts 
of the 5'- and 3'-untranslated regions. The nucleotide sequencing 
strategy is shown by the small arrows. This clone was 100% sequenced 
from both strands. 

electrophoretically on 1.2% agarose/formaldehyde gels and 
transferred onto Genescreen membranes (New England Nu- 
clear). Hybridization conditions were according to the man- 
ufacturer's instructions. Probes were labeled by the random 
primer technique with [(u-~*P]~CTP (Feinberg & Vogelstein, 
1984). Final washing was 15 mM NaCI, 1.5 mM sodium 
citrate, 1 mM EDTA, and 0.1% SDS at 55-65 OC. 

Taq Polymerase Amplijiication of Slow Skeletal TnI in 
Neonatal Cardiac Muscle. Two cDNAs encoding slow 
skeletal TnI were obtained by Taq polymerase amplification 
(Saiki et al., 1988). The template was first-strand cDNA 
synthesized with reverse transcriptase from immature (7 day 
old) rat cardiac ventricular muscle total cellular RNA. 01- 
igo(dT) was used as the annealing primer for the first-strand 
synthesis. For amplification, the primer sequences were se- 
lected from the 5'- and 3'-untranslated regions of the published 
cDNA sequence of slow skeletal TnI (Koppe et al., 1989). A 
restriction enzyme site was included in the primer sequence 
to facilitate subcloning. An annealing temperature of 55 "C 
was used in the reaction. A single product, of the predicted 
length for ssTnI, was evident on agarose gel electrophoresis. 
After being cloned into plasmid vectors, the amplified DNA 
product was subjected to sequence analysis. Two separate 
clones were analyzed. RNA blots were probed with the 
product after purification from an agarose gel. 

Primer Extension Analysis. Synthetic oligonucleotide 
primers were prepared as corresponding to sequences ap- 
proximately 100 bp downstream from the transcriptional start 
site. The oligonucleotides were end-labeled with y-32P in a 
kinase reaction. Approximately (0.5-1.0) X lo6 cpm per 
reaction was hybridized with 5-7 pg of total RNA at 42 "C 
for 1 h. The primers were extended with unlabeled nucleotides 
and reverse transcriptase for 1.5 h at 42 "C. The products 
were precipitated with ethanol, resuspended in sample buffer, 
and analyzed on a DNA sequencing gel with a sequencing 
reaction of known length. 

RESULTS 
Primary Sequence of Cardiac Tnl. The restriction enzyme 

map and sequencing strategy for the longest rat cardiac TnI 
clone are as indicated in Figure 1. The clone contains 745 
bp which span the coding region, 87 bp of 5'-untranslated 
sequence, and 25 bp of 3'-untranslated sequence. The nu- 
cleotide sequence of TnI clone 4C and its derived amnio acid 
sequence are as shown in Figure 2. The rat TnI clone lacks 
a polyadenylation site but contains the entire coding region. 
Primer extension analysis was performed as illustrated in 
Figure 3. This primer was designed to anneal with bp -27 
to +3 of the cDNA sequence. The results indicated that the 
5'-untranslated region of the cardiac TnI mRNA extends to 
-120 nucleotides, and thus there are an additional 33 nu- 
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FIGURE 2: Nucleotide sequence and translation of the cDNA. The protein encoded is 210 amino acids long and was identified as rat cardiac 
TnI by the degree of sequence identity with other chemically determined cardiac TnI amino acid sequences. The primer extension oligonucleotide 
(-27 to +3) is in boldface and underlined, as is the oligonucleotide used for screening (+523 to +576). 

-120- 

G T  
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FIGURE 3: Primer extension analysis of cTnI mRNA. The 30-mer 
oligonucleotide complementary to nucleotides -27 to +3 of the cDNA 
sequence was end-labeled and hybridized with adult cardiac RNA 
as indicated in the text. The extended product was -1 20 nucleotides 
from the start codon as indicated by its comigration with a sequencing 
ladder (G and T lanes indicated). 

cleotides transcribed upstream to clone 4C in rat cardiac 
mRNA. This was also confirmed by repeating the analysis 
with a second antisense oligonucleotide which was comple- 
mentary to bp +4 to +33 of the cDNA sequence (data not 
shown). 

The derived amino acid sequence of rat cardiac TnI is 
compared to the chemically determined amino acid sequences 
of rabbit and bovine cardiac TnI in Figure 4. There is 91-93% 
amino acid identity among these sequences. The greatest 
divergence is in the NH,-terminus of TnI. This region also 
distinguishes the cardiac from the skeletal protein isoforms 
(Wilkinson & Grand, 1976). 

The rat cardiac and slow skeletal TnI-derived amino acid 
sequences are compared in Figure 5. The 801 bp slow skeletal 
TnI clones obtained by Taq polymerase amplification from 
neonatal rat heart contained 36 bp of 5’-untranslated sequence, 
561 bp of coding sequence, and 201 bp of 3’-untranslated 
sequence. The two clones contained only two consistent dif- 
ferences in nucleotide sequence to that reported by Koppe et 
al. (1989). These differences occurred in the coding region, 
and one is at the third base in a codon resulting in no change 
in the derived amino acid sequence. The only difference in 

10 20  3 0  4 0  50 80 70 80 90 

QLHARVDKVDEERYDVEAKVTKN I TE I ADLTQK II+LRGKFKRPTLRRVR I SADAMMQALLGTRAK KENREVGDWRKN I DAL Rat TNI 
n I 1  n 
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FIGURE 4: Comparison of sequences among rat, rabbit, and bovine cardiac TnI. Other sequences are derived from Leszyk et al. (1988) and 
Grand et al. (1976). We have omitted the Leu-141 from the rabbit sequence as justified by Leszyk et al. (1988). The protein kinase A 
phosphorylation sites upon serine residues (Ser-22 and Ser-23) are indicated by asterisks, as is the predominant protein kinase C phosphorylation 
site (Thr-143). The bovine and rat Tnl’s contain two serines, but the rabbit sequence contains a single serine in a corresponding position in 
the NH,-terminus. The numbering of the amino acid residues refers to the rat sequence. Regions which interact with TnC are underlined. 
The cysteines which interact with TnT are overlined. Identical amino acids are included in the boxes. 



710 Biochemistry, Vol. 30, No. 3, 1991 Murphy et al. 

10 2 0  3 0  40 50  60  70  80 
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i t  
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FIGURE 5: Comparison of amino acid sequences betwen rat cardiac and slow skeletal TnI. Both are derived from cDNA sequences. The underlines 
indicate regions which interact with troponin C .  Phosphorylation sites are as indicated in the legend of Figure 3 and are marked with an asterisk. 
The cysteines which interact with TnT are indicated by (+). Identical amino acids are included in the boxes. 
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FIGURE 6: Analysis of RNA blot of rat tissues. This blot contains 
5 pg per lane of total cellular RNA isolated from the tissues indicated. 
Integrity and transfer of RNA were confirmed by ethidium staining 
of 28s and 18s ribosomal RNA. The blot was washed to a stringency 
noted under Experimental Procedures, and to a temperature of 55 
"C. The top panel was hybridized with the 745 bp cardiac cDNA 
probe (Figure 1). The bottom panel is the same blot which was 
stripped with alkali, and subsequently hybridized with the 801 bp slow 
skeletal Tnl cDNA probe as described in the text. 

the derived amino acid sequence was due to a substitution of 
a C for a T at base 592, changing the amino acid residue which 
precedes the COOH-terminal glutamine from a leucine to a 
serine (Figure 5 ) .  The rabbit slow skeletal amino acid se- 
quence also contains a serine in this position, suggesting that 
this sequence difference may represent a polymorphism be- 
cause it was present on both slow skeletal TnI clones obtained 
from amplification. 

Expression of TnI Isoforms in Heart. To determine the 
expression of cTnI mRNA among adult rat tissues, RNA blot 
analysis was performed. As shown in Figure 6, cTnI expression 
is cardiac-specific (Figure 6, top panel). This was confirmed 
by the lack of a signal in other tissues upon overexposure of 
the blot (data not shown). The estimated size of the mRNA 
was 850 nt. The same blot was subsequently probed with the 
slow skeletal TnI probe which hybridized with soleus muscle 
RNA (Figure 6, bottom panel). The size of the ssTnI mRNA 
was estimated as 1170 nt. A faint signal was detected for 
pectoralis muscle after prolonged exposure of the autoradio- 
gram (data not shown). The ssTnI probe did not hybridize 
with adult cardiac muscle. This indicated that these two 

FIGURE 7: RNA analysis of rat heart TnI expression through de- 
velopment. The tissues probed were from 16- and 19-day fetal, 
1-28-day postnatal, and adult (>70 day) rat hearts. Five micrograms 
of total cellular RNA was loaded on each lane. The 745 bp cardiac 
cDNA (Figure 1) was used as the probe in the top panel. In the bottom 
panel, the same blot was stripped and then hybridized with the 801 
bp ssTnI cDNA. The stringency of the wash was as noted under 
Experimental Procedures, and to a temperature of 65 "C. 

cDNA probes were specific for the appropriate muscle in the 
adult tissues. 

Analysis of a rat heart developmental blot (Figure 7, top 
panel) indicated the cTnI mRNA in fetal and neonatal rat 
hearts was the same size as that in adult heart. The steady- 
state amount of cTnI mRNA increased from fetal to adult 
cardiac tissue, with some of this change occurring postnatally. 
In contrast, ssTnI was expressed exclusively in neonatal and 
fetal cardiac tissues (Figure 7, bottom panel) and demonstrated 
decreasing mRNA quantity with increasing maturity. The 
ssTnI mRNA in fetal heart comigrated with that in soleus 
muscle when these samples were run simultaneously (data not 
shown). These data indicate both the specificity of TnI ex- 
pression in adult tissues and also the striking switch in ex- 
pression patterns in the developing heart. 

DISCUSSION 
These data allow comparison of the primary sequences of 

two troponin I isoforms in the rat. The greatest degree of 
identity between skeletal and cardiac isoforms is in the 
COOH-terminal region of the molecule where there are 66% 
invariant amino acid sequences (Leszyk et al., 1988). Several 
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domains have been assigned to TnI. The fast skeletal and 
cardiac TnI isoforms contain two cysteines (Cys-80 and Cys-97 
in rat cardiac) involved in the interaction with TnT (Chong 
& Hodges, 1982); however, both the rabbit and rat slow 
skeletal sequences contain an isoleucine in a position equivalent 
to the first cysteine. Two regions, amino acids 32-79 and 
129-149 in rat cardiac sequence, interact with TnC (Syska 
et al., 1976; Leavis et al., 1978; Leszyk et al., 1990). These 
areas demonstrate more diversity when compared between 
skeletal and cardiac TnI's (Figure 5 ) .  However, they are 
highly conserved among the cardiac sequences of different 
species (Figure 4). This suggests that the heterogeneity in 
these regions may contribute to functional differences in 
Tnl-TnC interactions in cardiac and skeletal muscle. The 
residues of the skeletal TnI sequence which possess the activity 
inhibiting actomyosin ATPase (equivalent to residues 137-148 
in the rat cardiac sequence) interact both with TnC and with 
tropomyosin-actin (Van Eyk & Hodges, 1988). This region 
is identical in the rat, bovine, and rabbit cardiac sequences. 
However, the slow skeletal sequence contains a proline at 
position 111, whereas the rat cardiac sequence contains a 
threonine (Thr-143) at the corresponding position (Figure 5 ) .  
Recently, it has been demonstrated that bovine cTnI is 
phosphorylated by protein kinase C predominantly at the 
corresponding threonine, Thr-144 (Noland et al., 1989); 
however, the functional significance of protein kinase C me- 
diated phosphorylation in the heart has yet to be determined. 

The cDNA-derived amino acid sequence of rat cardiac TnI 
shares a high degree of identity with the chemically derived 
protein sequences of rabbit and bovine cardiac TnI (Figure 
4). The cardiac specific NH,-terminus (residues 1-32 in the 
rat), which is absent in both the slow and fast skeletal se- 
quences, contains the greatest diversity among species. The 
rat cTnI clone encodes two sequential serine residues (Ser-22 
and Ser-23) in the NH2-terminal region. The residues sur- 
rounding the serines are identical with the sequence in bovine 
cardiac TnI (RRRSS), in which it has been demonstrated that 
both serines may be sites for phosphorylation by protein kinase 
A (Swiderek et al., 1988). This deduced sequence is identical 
in a human cardiac cDNA clone we have characterized,2 
suggesting that the double phosphorylation site may be the 
more common configuration in the mammals. We have 
confirmed the correct alignment of the peptide fragment 37-41 
(KKKSK) in the chemically derived bovine cardiac amino acid 
sequence reported by Leszyk et al. (1988). This peptide was 
reversed by Grand et al. (1976) in the rabbit cardiac TnI 
sequence. Thus, comparisons between species indicate that 
cardiac Tnl is a highly conserved protein. The sequences of 
rat slow skeletal and cardiac TnI suggest important functional 
differences between these protein isoforms. 

This work establishes that the slow skeletal TnI isoform is 
coexpressed with the cardiac TnI isoform during fetal and 
neonatal cardiac development but that cardiac TnI expression 
is specific after the neonatal period. The possibility of skeletal 
TnI expression in immature heart was first suggested by data 
of Toyota and Shimada (1981). Their work reported staining 
of myocardium with antibody to fast skeletal TnI in early 
embryonic (3 day in ovo) chick heart. However, the antibody 
did not react with embryonic chick heart from a later stage 
(day 19-20). Both Sabry and Dhoot (1989) and Saggin et 
al. (1989) demonstrated the presence of antigen similar to slow 
skeletal TnI on immunoblots of pre- and neonatal cardiac tissue 
from the chick and rat. Our work has definitively established 
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that slow skeletal and cardiac TnI's are coexpressed in fetal 
and neonatal rat heart and demonstrated that the mRNA 
levels are regulated in opposite directions during fetal and 
neonatal cardiac development. 

TnI isoform switching has an obvious functional correlate 
in that ssTnI is not phosphorylated to any significant degree 
by protein kinase A, whereas cardiac TnI is phosphorylated 
at  one or two serines in the NH2-terminus (Swiderek et al., 
1988). It has been postulated that TnI phosphorylation may 
result in the increased rate of relaxation of cardiac muscle 
typical of adrenergically stimulated hearts. Neonatal hearts 
do not demonstrate this augmentation of relaxation with 0- 
adrenergic stimulation (Park et al., 1980), possibly because 
of less phosphorylatable TnI. In addition, TnI isoform vari- 
ation in mammalian heart has been implicated in the relative 
resistance to the effects of acidosis on contractile function and 
myofibrillar ATPase activity in preparations from neonatal 
animals (Solaro et al., 1986, 1988), and in the diminished 
response to calmidazolium, an agent which alters the calcium 
sensitivity of the contractile apparatus (Murphy & Solaro, 
1990). Thus, the presence of ssTnI in the fetal and neonatal 
myocardium results in functional differences in the contractile 
response of the immature myocardium. 

The developmental regulation of contractile protein genes 
may occur by several mechanisms including sequential acti- 
vation of different genes or by alternative splicing of a single 
gene, as recently reviewed by Wade and Kedes (1989). The 
degree of primary sequence difference in both translated and 
untranslated regions of the TnI cDNAs provides evidence that 
rat slow skeletal and cardiac TnI's are products of different 
genes. TnI regulation appears to be similar to a-actins in 
which there is coexpression of the skeletal and cardiac isoforms 
during cardiac development (Ordahl et al., 1984; Nude1 et al., 
1984). However, unlike a-actin, there was no evidence of 
cardiac TnI expression in chick embryonic skeletal muscle 
probed with antibody specific to cardiac TnI (Toyota & 
Shimada, 1981). After maturation, the fiber-type specific 
isoforms of TnI are specific in their expression. Further work 
exploring the regulatory sequences of the rat cardiac TnI gene 
may implicate specific regulatory elements responsible for 
developmental up-regulation of the cardiac gene and down- 
regulation of the slow skeletal gene in the heart. Analysis of 
these regulatory elements and comparison among different 
gene families will elucidate the nature of molecular signals 
which result in the functional transition from immature to 
mature myocardium. 
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ABSTRACT: Caldesmon, an actin/calmodulin binding protein, inhibits acto-heavy meromyosin (HMM) 
ATPase, while it increases the binding of H M M  to actin, presumably mediated through an interaction between 
the myosin subfragment 2 region of H M M  and caldesmon, which is bound to actin. In order to study the 
mechanism for the inhibition of acto-HMM ATPase, we utilized the chymotryptic fragment of caldesmon 
(38-kDa fragment), which possesses the actin/calmodulin binding region but lacks the myosin binding portion. 
The 38-kDa fragment inhibits the actin-activated H M M  ATPase to the same extent as does the intact 
caldesmon molecule. In the absence of tropomyosin, the 38-kDa fragment decreased the KATpase and &inding 
without any effect on the V,,,. However, when the actin filament contained bound tropomyosin, the 
caldesmon fragment caused a 2-3-fold decrease in the V , , ,  in addition to lowering the KATpase and the Kbinding. 
The 38-kDa fragment-induced inhibition is partially reversed by calmodulin at a 1O:l molar ratio to caldesmon 
fragment; the reversal was more remarkable in 100 m M  ionic strength at  37 "C than in 20 or 50 mM at  
25 OC. Results from these experiments demonstrate that the 38-kDa domain of caldesmon inhibits the binding 
of myosin head to actin; however, when the actin filament contains bound tropomyosin, caldesmon fragment 
affects not only the binding of H M M  to actin but also the catalytic step in the ATPase cycle. The interaction 
between the 38-kDa domain of caldesmon and tropomyosin-actin is likely to play a role in the regulation 
of actomyosin ATPase and contraction in smooth muscle. 

R e g u l a t i o n  of actomyosin ATPase and force development 
in smooth muscle are myosin-mediated, through the Ca2+- 
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thobiology, School of Veterinary Medicine, University of Pennsylvania, 

calmodulin-dependent myosin light chain phosphorylation 
[Gorecka et al., 1976; Sobieszek & Small, 1977; Chacko et 
al., 1977; Dillon et al., 1981; Butler & Siegman, 1982; for a 
review, see K~~~ and Stull (1985)l. There is also evidence 
for the existence of a thin filament mediated regulation through 
the interaction O f  proteins associated with the thin fikment 
[for reviews, see Marston et al. (1985) and Chacko et al. 
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