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Background: The role of HSSTnT in cardiac muscle regulation is unknown.
Results: HSSTnT isoforms regulate Ca2� sensitivity and maximal force of contraction in skinned fibers in a different fashion
compared with HCTnT3.
Conclusion: HSSTnT isoforms despite being homologues of CTnT display distinct functional properties.
Significance:TheHSSTnT isoforms, when expressed in the heart, would play a specific role in desensitizing themyofilament to
Ca2�.

Human slow skeletal troponin T (HSSTnT) shares a high
degree of homology with cardiac TnT (CTnT). Although the
presence of HSSTnT has not been confirmed in the heart at the
protein level, detectable levels of HSSTnT mRNA have been
found. Whether HSSTnT isoforms are expressed transiently
remains unknown. Because transient re-expression of HSSTnT
may be a potential mechanism of regulating function, we
explored the effect ofHSSTnTon the regulation of cardiacmus-
cle. At least three HSSTnT isoforms have been found to exist in
slow skeletal muscle: HSSTnT1 (�exons 5 and 12), HSSTnT2
(�exon5,�exon12), andHSSTnT3 (�exons 5 and12).Another
isoform, HSSTnT hypothetical (Hyp) (�exon 5, �exon 12), has
only been found at the mRNA level. Compared with HCTnT3
(adult isoform), Tn complexes containing HSSTnT1, -2, and -3
didnot alter the actomyosinATPase activation and inhibition in
the presence and absence of Ca2�, respectively. HSSTnTHyp
wasnot evaluated as it didnot formaTncomplexunder a variety
of conditions. Porcine papillary skinned fibers displaced with
HSSTnT1, -2, or -3 and reconstituted with human cardiac tro-
ponin I and troponin C (HCTnI�TnC) complex showed a
decrease in the Ca2� sensitivity of force development and an
increase in maximal recovered force (HSSTnT1 and -3) com-
pared with HCTnT3. In contrast, HSSTnTHyp showed an
increase in the Ca2� sensitivity of force development. This sug-
gests that re- or overexpression of specific SSTnT isoforms
might have therapeutic potential in the failing heart because
they increase the maximal force of contraction. In addition, cir-
cular dichroism and proteolytic digestion experiments revealed
structural differences between HSSTnT isoforms and HCTnT3
and that HSSTnT1 is more susceptible to calpain and trypsin
proteolysis than the otherHSSTnTs. Overall, HSSTnT isoforms

despite being homologues of CTnT may display distinct func-
tional properties in muscle regulation.

The thin filament regulatory system consists of the troponin
complex and tropomyosin (Tm).2 Tm has a double-stranded
�-helical coiled-coil structure that non-covalently associates
with actin, and the interaction between actin and myosin
occurs at a much slower rate in the absence of Ca2�. Cardiac
troponin (CTn) consists of three subunits: troponin C (CTnC),
which binds Ca2�; troponin I (CTnI), which inhibits muscle
contraction; and troponin T (CTnT), whose function is to link
Tn to Tm. Cardiac contraction is activated when the intracel-
lular free Ca2� concentration rises. Consequently, Ca2� binds
to the N-terminal regulatory site of CTnC, inducing conforma-
tional changes that expose a pocket of hydrophobic residues
that are then able to form new tight interactions with TnI
(1–3). The strengthened TnC-TnI interaction is transmitted to
TnT and promotes the translocation of the Tn�Tm complex
away from the outer domain of the actin filaments, thus allow-
ing cyclic interactions between myosin heads (S1) and actin.
The myosin head, an actin-activated, Mg2�-ATPase-depend-
ent motor, binds to actin and undergoes a power stroke, the
phenomenon responsible for generating contractile force in
muscle (4).
Three TnT genes have been identified: cardiac TnT (CTnT),

fast skeletal TnT (FSTnT), and slow skeletal TnT (SSTnT).
Each TnT gene transcript can be alternatively spliced to gener-
ate multiple isoforms (5). Three human SSTnT (HSSTnT) iso-
forms have been described, and this is due to alternative splic-
ing of exons 5 and 12 (of a total of 14 exons) of the SSTnT gene
that generates a limited number of isoforms (5–7). A high
degree of diversity between FSTnT and CTnT can result from
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alternative splicing of the TnT gene, which can affect interac-
tions betweenTnT andTm (8) and the contractile properties of
the cardiac system (9). Skinned cardiac fibers reconstituted
with the human CTnT (HCTnT) isoform 1 (fetal) had a greater
Ca2� sensitivity of force development, whereas theHCTnT iso-
form 4 (fetal and adult diseased isoform) had a lower Ca2�

sensitivity of force development when compared with the
HCTnT isoform3 (adult)-reconstituted fibers (9). The possibil-
ity that TnT isoforms differ in their regulatory function is fur-
ther supported by additional biochemical and physiological
studies (10–13). The existence of multiple HSSTnT isoforms
also suggests that they may play a functional role in regulating
muscle physiology.
The SSTnT isoforms are abundantly expressed in skeletal

muscle during development and in slow fibers from adult skel-
etal muscle (14), and the cardiac TnT gene is expressed
throughout cardiogenesis. However, recent reports have shown
that SSTnT is also transiently expressed during mouse (15, 16)
and human (17) heart development. Interestingly, SSTnT
mRNA is up-regulated in patients with end stage heart failure
(17). However, the structural properties of SSTnT isoforms and
their distinct effect on muscle regulation have never been
explored. Because little is known about the role of SSTnT in
adult heart and cardiac disease, we thought to investigate the
functional consequences of HSSTnT isoforms on cardiac mus-
cle regulation. Knowledge of the action of SSTnT isoforms in
the heart is important because there is evidence of their tran-
sient expression as the heart becomes dysfunctional that may
provide beneficial changes in function similar to the induction
of the fetal gene program where �-myosin switches to �-myo-
sin in the diseased mouse ventricle (18, 19).
Functional properties of sarcomeric variants have long been

studied in divergent systems to further understand differences
in their regulatory action. The function of FSTnT in the cardiac
background has been studied in animal models (20, 21). Trans-
genic mice overexpressing FSTnT in the heart showed a reduc-
tion in cardiac function and diminished contractility, which led
to the development of a pathologic phenotype (20). Skinned
fiber measurements demonstrated that transgenic hearts over-
expressing the FSTnT isoform were less tolerant of acidic pH
conditions, manifested as a large decrease in Ca2� sensitivity
and maximal force at pH 6.5 (21). In another study, FSTnT
exchanged into cardiac skinned fibers resulted in a lower max-
imal force and ATPase rate and a faster rate constant of tension
redevelopment (22). These data demonstrate that FSTnT and
CTnT although related as homologues modulate and regulate
muscle contraction differently.
Here, we show that cardiac skinned fiber preparations

that were displaced with HSSTnT isoforms demonstrated
decreased Ca2� sensitivity compared with fibers displaced with
HCTnT3. In addition, the maximal force was found to be
increased in fibers that were displacedwithHSSTnT isoforms 1
and 3 compared with HCTnT. These results suggest that
SSTnT isoforms possess distinct physical properties among
themselves and also when compared with CTnT. These factors
are likely to contribute to differences in their direct role in
desensitizing the cardiac myofilament for Ca2� (HSSTnT1 �
HSSTnT2 � HSSTnT3) and their ability to regulate the

amount of maximal force developed by cardiac fibers. In addi-
tion, the re- or overexpression of specific SSTnT isoforms
might have therapeutic potential in the failing heart because
they increase the maximal force of contraction.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Human SSTnT

Human skeletal muscle poly(A)� RNA from Clontech was
utilized for RT-PCR using primers designed to amplify
HSSTnT1. The complete nucleotide sequence of the cloned
cDNA corresponded to the HSSTnT isoform 2 (�exon 5,
�exon 12). The other HSSTnT isoforms were made using a
sequential overlapping PCR method. The HSSTnT2 was used
as a template for PCR with primers designed to introduce or
delete the 33- or 48-bp regions, resulting in various combina-
tions that are known as isoforms 1 (�exons 5 and 12) and 3
(�exons 5 and 12). The HSSTnT produced with the potential
combination of alternatively spliced exons (�exon 5, �exon
12) has not been described previously and was also created by
sequential overlapping PCR. This HSSTnT isoform (�exon 5,
�exon 12) is called HSSTnT hypothetical (HSSTnTHyp).
Screening of a humanmuscle cDNA library by Samson et al. (7)
showed the presence of three HSSTnT isoforms and strongly
suggested the expression of a fourth isoform. This hypothetical
HSSTnT isoform foundbyRT-PCRanddescribed in this report
may be the fourth isoform proposed by Samson et al. (7). All
subcloned DNA sequences were inserted into the expression
plasmid pET3d and sequenced to verify the correct sequences
prior to expression and purification. The expression and puri-
fication of the HSSTnT isoforms followed our standard labora-
tory protocol for HCTnT3. Briefly, the HSSTnT isoforms were
expressed in Escherichia coli BL21 (DE3) CodonPlus bacterial
cells (Stratagene). The bacterially expressed HSSTnT isoforms
were passed over a fast flow S-Sepharose column and eluted
with a linear gradient of 0–0.6 M KCl (4 °C) in a buffer contain-
ing 50 mM Tris-HCl (pH 7.0), 6 M urea, 2 mM EDTA, and 1 mM

DTT. The fractions containing HSSTnT were dialyzed against
50 mM Tris-HCl (pH 7.8), 6 M urea, 1 mM EDTA, and 1 mM

DTT; loaded onto a fast flow Q-Sepharose column; and eluted
using a 0–0.6 M KCl gradient (4 °C). The purest fractions
(�97% pure protein) analyzed by SDS-PAGE were pooled and
immediately stored at �80 °C.

Cloning, Expression, and Purification of Human CTnT, CTnI,
and CTnC

cDNAs cloned in our laboratory from human cardiac tissue
were used for the expression and purification of CTnT, CTnI,
and CTnC (23). Briefly, the CTnT, CTnI, and CTnC were
expressed in E. coli BL21 (DE3) CodonPlus bacterial cells
(Stratagene). The bacterially expressed HCTnT3 was purified
according to a well established laboratory protocol and as
described above for HSSTnT isoforms. The bacterially
expressed CTnI was first purified by column chromatography
on a fast flow S-Sepharose column at 4 °C and eluted with a
linear KCl gradient of 0–0.6 M in a buffer as described above.
Semipure CTnI was dialyzed against a solution containing 50
mM Tris-HCl (pH 7.5), 1 M NaCl, 2 mM CaCl2, and 1 mM DTT
and loaded onto a CTnC affinity column. Pure HCTnI was
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eluted using a gradient of 0–1 mM EDTA and 0–6 M urea. The
bacterially expressedCTnCwas passed over aQ-Sepharose col-
umn and eluted with a linear gradient of 0–0.6 M KCl (4 °C) in
a buffer as described above. The purest TnC fractions were
dialyzed into 50 mM Tris-HCl (pH 7.5), 1 mM CaCl2, 1 mM

MgCl2, 50 mM NaCl, and 1 mM DTT; loaded onto a phenyl-
Sepharose column after the addition of 0.5 M ammonium sul-
fate; and eluted with Ca2�-free buffer containing 50 mM Tris-
HCl (pH 7.5), 1 mM EDTA, and 1 mM DTT at room
temperature. Collected fractions of CTnT, CTnI, and CTnC
were run on SDS-PAGE, and the fractions containing the pur-
est most concentrated fractions were pooled, yielding �97%
pure protein. The purified CTnT and CTnI were immediately
stored at �80 °C, and the CTnC was dialyzed exhaustively
against 5 mM NH4HCO3 and then lyophilized. All steps
described above were performed at 4 °C unless otherwise
indicated.

Formation of Troponin Complexes

TheHSSTnT isoformswere first concentrated using anAmi-
con stirred ultrafiltration cell (Millipore Corp.). The protein
concentration of the individual subunits was determined using
the Coomassie Plus kit (Pierce), and then the subunits were
mixed in a 3.0:1.2:1.0 TnT:TnI:TnC molar ratio. After 1 h, the
complexes were successively dialyzed against decreasing con-
centrations of urea and NaCl. The initial buffer contained 50
mM Tris-HCl (pH 8.0), 6 M urea, 1 M NaCl, 3 mM CaCl2, 2.5 mM

MgCl2, 1mMDTT, and 0.1mMphenylmethanesulfonyl fluoride
(PMSF). The following two dialysis buffers contained 4 and 2 M

urea with 1 M NaCl. After that, the concentration of NaCl was
decreased to 1, 0.8, 0.6, 0.3, 0.15, and 0.1 M consecutively. The
last dialysiswas repeated twice, and theTris-HCl concentration
in the buffer was decreased to 10 mM, and CaCl2 was excluded.
The excess precipitatedHSSTnT andHCTnI that accumulated
during complex formation were removed by centrifugation.
Proper stoichiometrywas verified by SDS-PAGEbefore storage
of troponin complexes at�80 °C. The following troponin com-
plexes were formed for this study: HCTnT3�HCTnI�HCTnC,
HSSTnT1�HCTnI�HCTnC, HSSTnT2�HCTnI�HCTnC, and
HSSTnT3�HCTnI�HCTnC. Interestingly, HSSTnTHyp did not
form complexes withHCTnI�HCTnCunder the conditions uti-
lized for Tn complex formation.

Actin-Tm-Tn-activated Myosin ATPase Activity Assay
(Inhibition and Activation)

Porcine cardiac myosin, rabbit skeletal F-actin, and porcine
cardiac Tm were prepared as described previously (24). The
protein concentrations used for actomyosin ATPase assays
were 0.6 �M porcine cardiac myosin, 3.5 �M rabbit skeletal
F-actin, 1 �M porcine cardiac tropomyosin, and 0–2 �M pre-
formed Tn complexes as described above. The final ionic
strength of the reactions was �150mMwhen considering ionic
contributions obtained from the various protein buffers. The
ATPase inhibitory assay was performed in a 0.1-ml reaction
mixture of 3.4 mM MgCl2, 0.13 �M CaCl2, 1.5 mM EGTA, 3.5
mMATP, 1mMDTT, and 11.5mMMOPS (pH7.0) at 25 °C. The
ATPase activation assay was performed using the same 0.1-ml
buffer mixture with 3.3 mM MgCl2 and 1.7 mM CaCl2. The

ATPase reaction was initiated with the addition of ATP and
quenched after 20 min using trichloroacetic acid to a final con-
centration of 35%. The assay proteins that precipitated were
removed by centrifugation. The inorganic phosphate concen-
tration (released by ATP hydrolysis) in the supernatant was
determined according to the method developed by Fiske and
Subbarow (25).

Skinned Fiber Studies

Fiber Preparation—The porcine heart was collected from a
local slaughterhouse and washed using Krebs solution (140mM

NaCl, 4mMKCl, 1.8mMCaCl2, 1mMMgCl2, 1.8mMNaH2PO4,
5.5 mM glucose, and 50 mM HEPES (pH 7.4) sparged with oxy-
gen for 1.5 h). Strips of left ventricle papillary muscle were
extracted and incubated overnight in a pCa 8.0 solution con-
taining 50% glycerol and 1% Triton X-100 at �20 °C and there-
after transferred to a similar replacement solution without Tri-
ton X-100 and stored up to 2 weeks at �20 °C.
Steady State and Calcium Dependence of Force Development—

Freshly isolated fibers were attached to tweezer clips connected
to a force transducer. The fibers were submerged in a 1.3-ml
cuvette containing pCa 8.0 solution (10�8 M Ca2�, 1 mMMg2�,
7 mM EGTA, 2.5 mMMgATP2�, 20 mMMOPS (pH 7.0), 20mM

creatinine phosphate, and 15 units/ml creatine phosphokinase;
ionic strength, 150 mM). To ensure complete removal of the
sarcoplasmic reticulum, the fibers were incubated in pCa 8.0
solution containing 1% Triton X-100 for 30 min prior to the
experiment. The length and diameter of each fiber were
recorded. After extensive washing with pCa 8.0 solution to
remove all the residual Triton X-100, the fibers were tested for
steady state force development in a pCa 4.0 solution (same as
pCa 8.0 solution except the [Ca2�] was 10�4 M) followed by
relaxation in the pCa 8.0 solution. Once relaxed, the fibers were
exposed to solutions of increasing [Ca2�] (from pCa 8.0 to 4.0).
The various pCa solutions were calculated using a computer
program (pCa calculator) developed in our laboratory (26).
Data were analyzed using the following equation: Percent
change in force � 100 � [Ca2�]n/([Ca2�]n � [Ca2�

50]n) where
“[Ca2�

50]” is the free [Ca2�] that produces 50% force and “n” is
the Hill coefficient.
SSTnTPreparation for Fiber Studies—TheHSSTnT isoforms

were slowly thawed on ice and sequentially dialyzed in buffers
containing decreasing concentrations of urea and KCl. The
HSSTnT isoforms andHCTnT (control) were stored at�80 °C
in a final buffer containing 10 mM MES (pH 6.2), 0.5 M KCl, 1
mM DTT, and 0.1 mM PMSF.
Tn-displaced Skinned Cardiac Fibers—To determine the

effects of the four different HSSTnT isoforms on the various
Ca2�-dependent parameters of muscle contraction, the endog-
enous porcineCTnwas displacedwith theHSSTnT isoforms of
interest. Once the fiber was mounted and tested for calcium
responsiveness, the fibers were relaxed and submerged in
HSSTnT solution (3 � 1-h incubation at room temperature
with freshHSSTnT). Before incubating the fiber withHSSTnT,
the protein was diluted 1:1 using the same buffer as described
above but without KCl, which reduces the protein and salt con-
centration by half. The final HSSTnT protein concentration
varied from 0.1 to 0.25 mg/ml depending on the isoform. The
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HCTnT3 was adjusted to the same concentration as the
HSSTnT isoforms. This procedure results in the loss of Ca2�-
activated force, and the fibers begin to exercise unregulated
force irrespective of the [Ca2�]. To restore Ca2�-regulated
force development after TnT incubation, fibers were incubated
with a preformedCTnI�CTnC complex (30�M in relaxing solu-
tion) for �1 h. Upon reconstitution with the CTnI�CTnC
binary complex, the fibers gradually relaxed. Once the fibers
fully relaxed, the calcium-regulated force was restored.

Digestion Studies

The degradation of HSSTnT isoforms and HCTnT3 by cal-
pain I (a cytoplasmic, micromolar Ca2�-requiring thiol pro-
teinase) and trypsin was investigated. Equivalent amounts of
HSSTnT isoforms (1.2 �M each) were incubated with 1.2 units
of calpain I (from porcine erythrocytes; Calbiochem) in the
presence of 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 400 mM

NaCl, 2mMCaCl2, and 0.5mMDTT in a total volume of 100�l.
HSSTnT isoforms were also incubated with trypsin (Promega)
at a protein:trypsin ratio of 1:1000 in 50 mM Tris-HCl (pH 7.5),
1 mM EDTA, 400 mM NaCl, and 0.5 mM DTT. Proteolysis was
initiated with the addition of calpain or trypsin. Both calpain
and trypsin digestions were carried out at 37 °C, and portions of
the samples were removed (25 �l) and heated with SDS sample
buffer at different time points. Samples incubated in the
absence of calpain or trypsin were utilized as controls. Samples
were then run on 12% acrylamide gels, stained with Coomassie
Blue G-250, and imaged using a Bio-Rad Versadoc 4000MP.
Band intensities were quantified using Quantity One software
from Bio-Rad. Each trypsin and calpain digestion study was
repeated a minimum of three times.

Circular Dichroism Measurements

Far-UV circular dichroism (CD) spectra were collected using
a 1-mm-path quartz cell in a Jasco J-720 spectropolarimeter.
Spectra were recorded at 195–250 nm with a bandwidth of 1
nm, speed of 50 nm/min, and resolution of 0.5 nm at room
temperature (�20 °C). Ten scans were averaged, and no
numerical smoothing was applied. The optical activity of the
buffer was subtracted from relevant protein spectra. Mean res-
idue ellipticity ([�]MRE in degrees�cm2/dmol) for the spectra
was calculated utilizing the same Jasco system software and the
following equation: [�]MRE � [�]/(10 � Cr � l) where [�] is the
measured ellipticity in millidegrees, Cr is the mean residue
molar concentration, and l is the path length in cm (27). Protein
concentrations were determined by the Coomassie Plus kit
(Pierce) using bovine serum albumin as a standard. The exper-
imental protein concentration for the HSSTnT isoforms and
HCTnT was 0.2 mg/ml. The CD experiments were performed
using the following buffer conditions: 10 mM potassium phos-
phate buffer, 1 M KCl, and 1 mM DTT (added fresh each time).
The salt concentrationwasmaintained at a high level to prevent
protein precipitation during data collection.

Statistical Analysis

The experimental results were reported as x � S.E. and ana-
lyzed for significance using Student’s t test atp� 0.05 (paired or
unpaired depending on the experimental design).

RESULTS

We evaluated the capability of the slow skeletal Tn com-
plexes to activate or inhibit actomyosin ATPase activity. Three
different slow skeletal Tn complexes were made (HSSTnT1�
CTnI�CTnC, HSSTnT2�CTnI�CTnC, and HSSTnT3�CTnI�
CTnC), and these were compared with the cardiac Tn complex
containing the adult isoform CTnT3 (HCTnT3�CTnI�CTnC).
The HSSTnTHyp did not form a Tn complex. Several different
protocols were tested (i.e. varying the pH and ionic strength),
but we were unable to obtain a Tn complex with this isoform.
Fig. 1A illustrates the differing abilities of the slow skeletal
Tn complexes to activate the ATPase activity in the presence
of Ca2�. The actomyosin ATPase activity in the absence of
Tn complex was considered to be the basal activity level for
both activation and inhibition and was set as 100%. No sta-
tistically significant differences were observed between slow
skeletal Tn complexes when compared with cardiac Tn com-
plex at 1 �M Tn. We observed a trend of the HSSTnT iso-
forms 1–3 to increase the actomyosin ATPase activity; how-
ever, the difference between themwas not significant. Fig. 1B
shows the entire inhibition curve of the ATPase activity by
increasing concentrations of the Tn complex at low Ca2�

FIGURE 1. Regulation of actomyosin ATPase by Tn complex. A, activation
of actomyosin ATPase activity determined at 1 �M troponin complex in the
presence of Ca2�. B, inhibition of actomyosin ATPase activity at increasing
ratios of troponin complex in the absence of Ca2�. The assay conditions were
as described under “Experimental Procedures.” The myosin ATPase activity
that occurs in the absence of Tn complexes is considered 100% ATPase activ-
ity. Each point represents an average of six experiments, each performed in
triplicate, and is expressed as mean � S.E. Error bars represent S.E.
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levels (pCa 8.5). Several concentrations of Tn complexes
containing either the HSSTnT isoforms or HCTnT3 were
utilized; these did not show any differences in their ability to
inhibit ATPase activity.
To determine the effects of HSSTnT isoforms on the bio-

physical and contractile properties of cardiac muscle, various
HSSTnT isoforms were exchanged into porcine papillary
skinned fiber preparations. Fibers were treated with exogenous
HSSTnT isoforms or HCTnT3 (control) at protein concentra-
tions ranging from 0.15 to 0.25 mg/ml depending on the iso-
form and reconstituted with human CTnI�CTnC complex, and
theCa2� sensitivity of force developmentwas thenmeasured as
a function of increasingCa2� concentration (see “Experimental
Procedures” for details). As shown in Fig. 2, fibers displaced
with HSSTnT1, -2, and -3 showed a decrease in the Ca2� sen-
sitivity of force development compared with the HCTnT3
(adult isoform of CTnT). The HSSTnT 1 (pCa50 � 5.48� 0.03)
had the highest rightward shift (	pCa50 � �0.21) in Ca2� sen-
sitivity of force development when compared with the
HCTnT3 (pCa50� 5.69� 0.03). TheHSSTnT2 and -3 isoforms
produced a less pronounced decrease in the Ca2� sensitivity of
force development than HSSTnT1 but had statistically signifi-

cant differences when compared with the HCTnT3 with pCa50
values of 5.58 � 0.01 and 5.59 � 0.02, respectively. Although
HSSTnTHyp (found only at themRNA level) did not form a Tn
complex in solution, once it was within the thin filament
(skinned fibers) it was able to displace the native troponin com-
plex, to associate with/reconstitute TnI and TnC, and regulate
contraction. The HSSTnTHyp isoform produced a completely
distinct result. The Ca2� sensitivity of force development was
increased, which contrasts with the functional phenotype
found for the other HSSTnT isoforms. After the HSSTnT iso-
forms were incorporated into the fibers and reconstituted with
human CTnI�CTnC complex, the Hill coefficient values
showed a tendency to increase but were not statistically differ-
ent when compared with the HCTnT3. This suggests that the
presence of SSTnT isoforms in the heart does not modify the
cooperativity of the thin filament. The mean values of pCa50
and Hill coefficient (nH) for each condition are summarized in
Table 1. The inset of Fig. 2, upper left panel, shows that porcine
fibers treated with HCTnT3 and reconstituted with human
CTnI�CTnC complex have a decreased Ca2� sensitivity of force
development. This effect has been reported several times by our
laboratory (9, 23, 28).

FIGURE 2. Normalized pCa-force relationship in skinned cardiac muscle fibers. Each skinned muscle preparation was treated with HCTnT or HSSTnT to
displace the endogenous troponin complex and reconstituted with the HCTnI�HCTnC binary complex. The Ca2� dependence of force development was
measured in each preparation after whole troponin complex reconstitution at pH 7.0. Data are plotted as a comparison between HCTnT3 and HSSTnT isoforms,
are reported as the average of several experiments, and expressed as mean � S.E. The inset in the left top panel shows the difference between native and
HCTnT3 displaced fibers. Error bars represent S.E.
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After displacement and reconstitution, the maximal force
obtained at high Ca2� concentrations (pCa 4.0) for each fiber
was evaluated. This force was measured relative to the initial
maximal force of the skinned fibers before TnT treatment. In
Fig. 3, we observed a statistically significant increase in themax-
imal force of recovery by fibers displaced with the HSSTnT1
and -3 isoforms compared withHCTnT3. However, fibers con-
taining the HSSTnT2 and Hyp isoforms do not appear to be
significantly different compared with adult HCTnT3.
To address the possibility that HSSTnT isoforms may not

properly incorporate into the skinned fibers, we measured the
unregulated tension at a low Ca2� concentration (pCa 8.0)
immediately after incubation with TnT.When TnT is incorpo-
rated into the fibers and displaces the whole native CTn com-
plex, the inhibitory subunit (TnI) is removed, and the fiber
becomes unregulated as it is unable to block myosin and actin
interactions even at low Ca2� concentrations. This parameter
can be correlated with the extent of endogenous CTn complex
displacement. Only HSSTnT1 showed a diminished ability to
displace theCTnnative complex comparedwithHCTnT3. The
mean values of unregulated tension are shown in Table 1.
Calpains have been suggested to be the initial proteolytic

enzymes involved in the degradation of myofibrils, making
them more susceptible to other proteases (29). To investigate
the possibility that the different HSSTnT isoforms show differ-
ent susceptibilities to calpain, we compared the degradation of
HSSTnT isoforms by calpain I. Calpain I-mediated degradation
of HSSTnT1 was significantly faster than that of HSSTnT2,
HSSTnT3, or HSSTnTHyp (Fig. 4A). In separate experiments,
the degradation of HSSTnT3 and HCTnT3 by calpain I were
compared (Fig. 4A), and both were found to be degraded to a

similar extent. Sensitivity to limited trypsin proteolysis is often
utilized as a probe of structure-function relationships. We
investigated the digestion of HSSTnT isoforms by trypsin and
observed that HSSTnT1 and HSSTnT2 were both proteolyzed
significantly faster than HSSTnT3 or HSSTnTHyp (Fig. 4B).
HSSTnT3 and HCTnT3 were both similar with respect to the
rate of degradation by trypsin. In trypsin-treated samples, lower
molecular mass protein bands were observed by SDS-PAGE.
These lower molecular mass bands were similar for HSSTnT1

FIGURE 3. Effect of HSSTnT isoforms on Ca2�-activated maximal force at
pH 7.0. The relative Ca2�-activated maximal force values of HSSTnT isoforms
were compared with that of HCTnT3. *, p � 0.05. Values are reported as
mean � S.E. Error bars represent S.E.

FIGURE 4. Proteolytic susceptibility of human slow skeletal TnT isoforms
to calpain I and trypsin. A, the upper panel shows SDS-PAGE of 1 �g of
HSSTnT isoforms 1, 2, 3, and Hyp at 0 and 10 min after addition of calpain I
(0.12 unit). The lower panel shows SDS-PAGE of 1 �g of HSSTnT3 and HCTnT3
at 0 and 4 h after addition of calpain I (0.048 unit). B, the upper panel shows
SDS-PAGE of 1 �g of each HSSTnT isoform 60 min after addition of trypsin
(1:1000 protein:trypsin ratio). The lower panel shows SDS-PAGE of 1 �g of
HSSTnT1, -3, and HCTnT3 at 0 and 30 min after addition of trypsin (1:1000
protein:trypsin ratio). Arrows indicate proteolytic fragments.

TABLE 1
Summary of pCa-force relationship curves in fibers displaced with HSSTnT and reconstituted with cardiac TnI�TnC complex at pH 7
	pCa50 � HSSTnT pCa50 � HCTnT3 pCa50.

HSSTnT pCa50
Hill coefficient,

nH �pCa50
Force

recovery
Ca2�-unregulated

force
No. of

experiments

% %
HCTnT3 5.69 � 0.03 2.24 � 0.10 56.9 � 2.6 94.8 � 3.3 4
HSSTnT1 5.48 � 0.03a 2.78 � 0.17 �0.21 76.0 � 5.4a 71.9 � 1.4a 4
HSSTnT2 5.58 � 0.01a 3.17 � 0.11 �0.11 68.5 � 4.0 94.8 � 2.3 4
HSSTnT3 5.59 � 0.02a 2.53 � 0.22 �0.10 73.1 � 3.3a 90.2 � 6.8 5
HSSTnTHyp 5.78 � 0.01a 2.58 � 0.19 �0.09 63.4 � 2.2 93.1 � 3.3 6

a p � 0.05 compared with HCTnT3.
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and -2. Although the estimated molecular masses of HSSTnTs
were 30–33 kDa, they run on SDS-PAGE as 35–38-kDa bands
due to the highly charged N terminus in these proteins (17
glutamic acids in the first 30 N-terminal residues) that binds
atypically to SDS. These results suggest that HSSTnT1 may be
more susceptible to calpain cleavage than the other HSSTnTs.
To address whether significant differences existed between

the structures of the HSSTnT isoforms and HCTnT3, CD
experiments were performed, and the amount of �-helix and
�-sheet was recorded at 222 and 208 nm, respectively. The
HSSTnT isoforms displayed lower �-helical content compared
withHCTnT3. However, at 208 nm, only HSSTnT3 andHSST-
nTHyp showed changes in structure compared with HCTnT3
(Fig. 5). The mean residue ellipticity (MRE) values at 222 and
208 nm are shown in Table 2.

DISCUSSION

This study focused on the role of HSSTnT isoforms and their
ability to regulate cardiac muscle function. In contrast to
CTnT, which has four isoforms produced by alternative splic-
ing of exons 4 and 5 located in the N terminus, HSSTnT has
different isoforms produced by alternative splicing of the two
exons located in two different domains (exon 5 located in the N
terminus and exon 12 located in the C terminus) (9). The
genetic control of the expression of specific isoforms appears
more complex for TnT and may be regulated according to the
contractile demands of the heart under certain conditions.
By using recombinant fragments of TnT, Reinach and co-

workers (30) have shown that in the absence ofTnI andTnC the
first 191 amino acids of chicken skeletal TnT (TnT1) were able
to activate the S1-actin-tropomyosin Mg2�-ATPase activity.

This finding was irrespective of the [Ca2�]; whereas wild type
TnT was unable to contribute to its activation (30). Further-
more, the authors identified a region between residues 77 and
191 as a domain of FSTnT that interacts with Tm and actin. It is
likely that this domain is responsible for the activation of acto-
myosin ATPase activity. Here, we show that the utilization of
different human slow skeletal TnT isoforms in the cardiac
CTnI�CTnC complex did not significantly affect the activation
of the actomyosin ATPase. These results demonstrate that the
region that controls the activity of the actomyosin ATPase may
lie outside of residues 24–34 (exon 5) ofHSSTnT.We observed
a trend of increased ATPase activation: HSSTnT isoform 1 �
2 � 3; however, these changes were not statistically significant
comparedwithHCTnT3-containing complexes. No significant
changes were observed in the inhibition of the actomyosin
ATPase activity at different concentrations of Tn complex. In
addition, there were no significant differences in the inhibition
of Ca2�-unregulated tension upon reconstitution with CTnI�
CTnC (data not shown). After CTn displacement and incorpo-
ration of HSSTnT isoforms or HCTnT3, the fiber becomes
Ca2�-unregulated due to the absence of the inhibitory subunit
(CTnI) and capable of generating tension in a solution without
Ca2� (pCa 8.0). At this point, the fiber is incubated with the
binary complex (CTnI�CTnC) to recover theCa2� regulation of
muscle contraction. These measurements further indicate that
these isoforms do not alter the parameters of relaxation in
skinned fibers. In addition, we were unable to obtain the Tn
complex containing HSSTnTHyp; therefore, no ATPase data
were generated with this isoform. However, we were able to
incorporateHSSTnTHyp into the skinned fiber as shownby the
Ca2� sensitivity data, which argues that the protein, although
insoluble in vitrounder physiological conditions, is able to asso-
ciate with the thin filament in skinned fibers. The fiber is able to
reconstitute the troponin complex after TnT exchange under
physiological in situ conditions. This suggests that the other
proteins of the sarcomere lattice, i.e. tropomyosin, actin, and
myosin, may assist with the incorporation of HSSTnTHyp into
the thin filament. It is likely that the interaction between tropo-
myosin and HSSTnTHyp enhances the ability of HSSTnTHyp
to bind to the CTnI�CTnC complex.
The results suggest that the SSTnT isoforms, when ex-

pressed in the heart, would play a specific role in desensitizing
the myofilament to Ca2�. In addition, it appears that they have
an isoform-specific effect on the maximal force developed by
cardiac fibers. These functional effects were shown by incorpo-
ration of the HSSTnT isoforms into skinned porcine cardiac
fibers and would likely determine the role that SSTnT plays in

FIGURE 5. Circular dichroism spectra of human slow skeletal TnT iso-
forms. Far-UV CD spectra were recorded at 195–250 nm utilizing a 1-mm-
path quartz cell in a Jasco J-720 spectropolarimeter at room temperature
(20 °C). To prevent protein precipitation during the experimental time frame,
the buffer contained 1 M KCl, and the protein concentration was 0.2 mg/ml.
The spectra shown are the average of six independent measurements. For
each independent measurement, 10 scans were averaged, and no numerical
smoothing was applied. The optical activity of the buffer was subtracted from
relevant protein spectra. Mean residue ellipticity ([�]MRE in degrees (deg)�cm2/
dmol) for the spectra was calculated utilizing the same Jasco system software
and the following equation: [�]MRE � [�]/(10 � Cr � l) where [�] is the meas-
ured ellipticity in millidegrees, Cr is the mean residue molar concentration,
and l is the path length in cm. Error bars represent S.E. Additional details of the
buffer conditions and machine setup are described under “Experimental
Procedures.”

TABLE 2
Summary of circular dichroism results for HSSTnT isoforms and
HCTnT3
Error is reported as �S.E. n, number of experiments; deg, degrees.

TnT [�]222 nm [�]208 nm n

deg�cm2�dmol�1 deg�cm2�dmol�1

HCTnT3 �12,851.82 � 74.06 �14,837.18 � 90.98 6
HSSTnT1 �11,191.22 � 549.22a �15,069.30 � 690.70 6
HSSTnT2 �11,937.00 � 234.79a �14,422.73 � 240.33 6
HSSTnT3 �11,655.38 � 226.01a �13,660.70 � 224.25a 6
HSSTnTHyp �11,937.78 � 228.66a �14,075.27 � 259.41a 6

a p � 0.05 compared with HCTnT3.
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the developing and adult heart. The existence of SSTnT in the
heart is supported by previous studies that have shown that
SSTnT is transiently expressed during mouse cardiogenesis
(15, 16). It has also been found that both cardiac and skeletal
muscle can dynamically regulate the expression patterns of sar-
comeric proteins and isoforms that are commonly found in
either muscle type. Barton et al. (31) used in situ hybridization
and real time quantitative PCR techniques to show that the
SSTnT gene shows transient and regional expression in sham-
induced hypertrophic rats. Despite this finding, they did not
show the presence of SSTnT at the protein level. It is not sur-
prising that there could be an overlap in the regulation of skel-
etal and cardiac muscle in the expression of slow skeletal iso-
forms in cardiacmuscle as a result of development or as a stress
response (32).
HSSTnT1 and -3 had a statistically significant increase in the

recovered maximal force in cardiac skinned fibers compared
with HCTnT3. However, HSSTnT2 displayed a trend toward
increasing maximal force that was not statistically significant.
The desensitization to Ca2� and increase in maximal force
shown in this study whenHSSTnT isoforms were incorporated
into skinned cardiac porcine fibers illustrate the beneficial
effects of re-expression of SSTnT in the diseased heart. For
example, re-expression of SSTnT isoforms in the sham-in-
duced hypertrophic rat model may be used to compensate for
the increased contractile status (Ca2� sensitivity) of the myo-
cardium that often accompanies the hypertrophic changes seen
in familial hypertrophic cardiomyopathy (17). In the studies
outlined above, the changes in SSTnT expression may act as a
compensatory mechanism that decreases Ca2� sensitivity in
the diseased heart. The increased force recovery seen in the
HSSTnT1 and -3 may assist in restoring function to the com-
promised heart. There was no significant change in cooperativ-
ity of Ca2� activation in the skinned fiber studies compared
with HCTnT3, indicating that the alternative splicing may not
greatly affect the interaction of HSSTnT isoforms with cardiac
Tm.
However, the CD studies suggest that structural differences

exist between the HSSTnT isoforms when compared with
HCTnT3 as they all demonstrated a decreased amount of
�-helical content (see Table 1, 222 nm). This could be due in
part to the absence of exons 15–17 in the HSSTnT isoforms
that are normally found in CTnT3. TheHSSTnT isoform 3 and
Hyp are both missing exon 5, which may explain their
decreased amount of �-sheet content (see Table 1, 208 nm).
The amount of �-sheet content may correspond to the pres-
ence or absence of exon 5 because the HSSTnT isoforms 1 and
2, which contain exon 5, have the highest amount of �-sheet
content compared with the HSSTnT isoform 3 and Hyp. The
large increase in�-helical content appears to have an impact on
the Ca2� sensitivity of force development as isoform 1 has the
largest rightward shift in Ca2� sensitivity with a 	pCa50 of
�0.21. This is consistent with studies conducted in HCTnT
where exon 5 was shown to be an important determinant of
Ca2� sensitivity because removal of exon 5 in CTnT isoforms 3
and 4 caused a pronounced decrease in Ca2� sensitivity com-
pared with CTnT isoforms 1 and 2 (including exon 5) (9). The
loss of �-helical secondary structure may contribute to an

increased susceptibility to proteolysis that can be partially cor-
related to the data obtained from the proteolytically mediated
degradation studies. It was observed that the HSSTnTHyp iso-
formunderwentmuch faster proteolysis by trypsin. Although it
is uncertain when and where each isoform is expressed, the
HSSTnT1 isoform has the highest molecular weight and is the
isoform normally described in normal adult slow muscle fibers
(33). Charcot-Marie-Tooth disease (a group of inherited
peripheral polyneuropathies caused by various neuronal
defects) has been found to be associated with a significant up-
regulation of the low molecular weight HSSTnT isoform in
human skeletal muscle (possibly either HSSTnT2 or -3) (33).
This study also showed differences between the high and low
molecular weight SSTnT isoformswith respect to their binding
affinity for troponin I and tropomyosin (using antibodies
against different regions of troponin). The faster proteolytic
digestion rates for HSSTnT1 when compared with the other
HSSTnT isoforms and HCTnT3 may possibly be due to the
lower �-helical content of this protein relative to the other
isoforms.
What remains to be determined is exactly how the expres-

sion of muscle protein isoforms is controlled in the heart and
skeletal muscle. It has been observed that CTnC isoforms can
be transiently expressed in skeletal muscle during development
and expressed in such disease states as Duchenne muscular
dystrophy (34). It appears that expression of skeletal TnT and
CTnT isoforms is dynamic andmay be interrelated in that both
sets of isoforms can be expressed in the alternativemuscle type.
The CTnT skeletal muscle re-expression theory was explored
on the basis that denervation induces abnormal CTnT expres-
sion in skeletal muscle (35, 36). This previous study was
intended to exploremechanisms that increase the expression of
muscle isoforms in alternative muscle types and argues that
there may be additional types of regulation of protein expres-
sion betweenmuscles. In conclusion, the present study outlines
the functional consequences of SSTnT isoforms introduced
into the cardiac system and provides novel findings that begin
to unravel their physiological impact in the regulation of car-
diac muscle. Finally, re- or overexpression of specific SSTnT
isoforms might have therapeutic potential in the failing heart
since they increase the maximal force of contraction.
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