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The precise mechanism of cardiac troponin I (cTnI) proteo-
lysis in myocardial stunning is not fully understood. Accord-
ingly, we determined the effect of cTnI C terminus truncation
on chemo-mechanical transduction in isolated skinned rat tra-
beculae. Recombinant troponin complex (cTn), containing
either mouse cTnI-(1–193) or human cTnI-(1–192) was
exchanged into skinned cardiac trabeculae; Western blot anal-
ysis confirmed that 60–70% of the endogenous cTn was
replaced by recombinant Tn. Incorporation of truncated cTnI
induced significant reductions (�50%) in maximum force and
cooperative activation as well as increases (�50%) in myofila-
ment Ca2� sensitivity and tension cost. Similar results were
obtained with either mouse or human truncated cTn. Presence
of truncated cTnI increased maximum actin-activated S1
ATPase activity as well as its Ca2� sensitivity in vitro. Partial
exchange (50%) for truncated cTnI resulted in similar reduc-
tions in maximum force and cooperativity; tension cost was
increased in proportion to truncated cTnI content. In vitro, to
determine the molecular mechanism responsible for the
enhanced myofilament Ca2� sensitivity, we measured Ca2�

binding to cTn as reported using a fluorescent probe. Incorpo-
rationof truncated cTnIdidnot affectCa2�binding affinity to cTn
alone. However, when cTn was incorporated into thin filaments,
cTnI truncation induced a significant increase in Ca2� binding
affinity to cTn. We conclude that cTnI truncation induces
depressedmyofilament function. Decreased cardiac function after
ischemia/reperfusion injurymay directly result, in part, from pro-
teolyticdegradationofcTnI, resulting inalterations incross-bridge
cycling kinetics.

In experiments described here, we investigated the func-
tional significance of losing the C terminus region of cardiac
TnI as found in myocardial stunning. Myocardial stunning is a
form of postischemic dysfunction that persists after restoration

of normal coronary flow in the absence of irreversible damage.
It has become increasingly evident that myocardial stunning
may contribute significantly to the morbidity associated with
coronary artery disease (1). As such, elucidation of molecular
mechanisms underlyingmyocardial stunning is critical to aid in
the development of novel therapeutic strategies. Proteolytic
degradation of cardiac cTn I (cTnI)2 has emerged has a poten-
tial cellular mechanism underlying the depressed contractile
function seen in myocardial stunning, possibly as the result of
Ca2� activation of the protease calpain-I upon reperfusion (1)
and/or increased mechanical load on the heart (2). However,
these findings are species-dependent (i.e. no degradation of
cTnI was observed in larger animal models of myocardial stun-
ning, such as the pig (3) or dog (4)). In addition, although appli-
cation of activated calpain-I to rodent skinned myocardium
results in depressed myofilament function (5, 6), this effect is
reported to be correlated with the degradation of cTnI in some
(5) but not all studies (6). Importantly, cTnI degradation has
been reported in both in human cardiac tissue obtained during
coronary artery bypass surgery (7) and in explanted hearts with
transplantation (8). Finally, overexpression of truncated rat
cTnI in transgenic mice results in a recapitulation of the
“stunned phenotype” (i.e. reduced cardiac function in vivo
and reduced myofilament force in vitro) (9). Hence, post-
translational alterations in myofilament proteins, particu-
larly C-terminal truncations of cTnI, probably play a central
role in the depressed myocardial function that is seen in
myocardial stunning.
A proteolytic alteration in cTnI has the potential to signifi-

cantly alter thin filament activation processes and also, as we
showhere, affect cross-bridge stability and cycling kinetics. The
proteolytic damage to cTnI following ischemia/reperfusion has
been identified as cleavage of 17 amino acid residues from theC
terminus of cTnI. In addition to the inhibitory region of cTnI,
biochemical and biophysical studies have identified the C ter-
minus of the molecule as an additional regulatory domain with
significant binding affinity to actin (10) and required for the
maximum inhibition of the cardiac thin filament. During dias-
tole, several regions of cTnI hold the cardiac sarcomere in the
relaxed state by binding to actin and in concertwithTNTmain-
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taining the position of tropomyosin on the outer domain of
actin blocking the formation of strong binding cross-bridges
(blocked state) (11, 12). However, the molecular mechanisms
by which truncation of cTnI at its C terminus affect myofila-
ment functions are not well understood. In vitro analysis has
shown that deletion at the C terminus induces an increase in
solution ATPase activity as well as decreased force develop-
ment, as determined in the motility assay (13, 14). However, in
contrast to the effects of stunning on myofilament response to
Ca2�, the presence of truncated cTnI in reconstituted prepara-
tions induces an increase in apparent myofilament Ca2� sensi-
tivity, both in solution and in the motility assay (14, 15).
Increased myofilament Ca2� sensitivity, but not decreased
force, has also been demonstrated in human skinned cells and
myofibrils exchanged with truncated human cTnI (15).
In experiments reported here, we exchanged endogenous

cTn in skinned rat cardiac trabeculae with a recombinant Tn
complex containing either wild type cTnI or truncated cTnI to
mimic myocardial stunning and determined chemo-mechani-
cal transduction in skinned rat cardiac trabeculae. We found
increases in cross-bridge cycle kinetics and myofilament Ca2�

sensitivity and reductions in maximum force development and
cooperativity of activation. In addition, in vitro actin
S1-ATPase experiments confirmed increased cross-bridge
cycle kinetics and increased Ca2� sensitivity. Interestingly,
measurement of Ca2� binding to Tn demonstrated a decrease
in the affinity induced by the presence of truncated cTnI but
only when Tn was reconstituted into the thin filament. Our
data provide novel insights into themolecularmechanisms that
underlie the impact of truncated cTnI on myofilament func-
tion. In addition, our data suggest that in normal cardiac sar-
comeres, the C terminus of cTnI may play an important mod-
ulating role in tuning the level of cooperative myofilament
activation in the heart through a direct interactionwith the thin
filament.

EXPERIMENTAL PROCEDURES

cDNA Constructs—C terminus truncated murine and human
cardiac cDNA TnI were constructed by site-directed mutagenesis
(Stratagene QuikChangeTM site-directed mutagenesis kit) from
murine and human cTnI cDNA clones according to the manu-
facturer’s protocols. The oligonucleotide primers 5�-GAAGA-
CTGGCGCAAGTAAATCGATGCTGAGTGGC and 3�-GCC-
ACTCAGTGCATCGATTTACTTGCGCCAGTCTCC were
used to create a translation stop codon at Arg193 inmouse cTnI
to createmurine cTnI-(1–193). Likewise, human cTnI-(1–192)
was obtained using oligonucleotide primers 5�-GTGGGAGA-
CTGGTAAAAGAATATCGATGC and 3�-GCATCGATAT-
TCTTTTACCAGTCTCCCAC. Resultant mutagenesis prod-
ucts were transformed into XL-1 Blue and purified prior to
sequence verification of the mutated codons. The single Cys
mutants of murine cardiac TnCwere constructed as previously
described (16).
CTn Expression, Purification, and cTn Complex Re-

constitution—The recombinant cTns were expressed and puri-
fied as previously described (16–18). The expression and puri-
fication of the recombinant human cardiac TNT containing an
NH2-terminal myc tag was carried out as previously described

with slight modification of the purification protocol (17, 18).
Reconstitution and purification of intact Tn complex was car-
ried out by sequential dialysis to remove urea and decrease salt
of an equimolar amount of purified cTn components and puri-
fication using Resource-Q (1 ml; Amersham Biosciences) (17,
18). Resultant fractions were analyzed by 12% SDS-PAGE. The
fractions containing pure cTn were dialyzed three times at 4 °C
against exchange buffer: 200 mM KCl, 5 mM MgCl2, 5 mM
EGTA, 1 mM dithiothreitol, 20 mM MOPS, pH 6.5. Aliquots
were stored at �80 °C until use.
Exchange of Recombinant Cardiac cTn into Skinned Rat

Trabeculae—Free running, unbranched right ventricular tra-
beculae were dissected frommale Lewis BrownNorway-F1 rats
(�14 weeks of age; Harlan Laboratories) and, after extraction
with Triton X-100, attached to aluminum T-clips (18, 19).
Exogenous Tn was exchanged for endogenous Tn by slight
modification of previously described methods (18). Skinned
trabeculae were transferred to a 96-well microtiter plate and
incubated in 13�Mrecombinant cardiacTn in relaxing solution
overnight at 4 °C. The composition of the skinned fiber solu-
tions has been described in detail previously (18, 19).
Simultaneous Measurement of Isometric Tension and

ATPase Activity—The simultaneous measurement of steady
state isometric tension and myofibrillar ATPase activity over a
range of free Ca2� concentrations was conducted as previously
described (18, 19). Sarcomere length was set at 2.2 �m by laser
diffraction. ATP hydrolysis was stoichiometrically coupled to
NADH consumption, which was measured in a small cuvette
(�25�l) via UV light absorption (340 nm). As illustrated in Fig.
1, Ca2� activation induced force development and concomitant
consumption of NADH in the measurement chamber, the rate

FIGURE 1. Original recording of NADH (top) and force (bottom) during
maximal Ca2� activation; consumption of NADH was stoichiometrically
coupled to ADP production. Myofilament ATPase activity was determined
during steady state activation. Background, nonmuscle ATPase activity was
measured upon removal of the muscle from the measurement chamber, fol-
lowed by calibration of the NADH signal via repeated injections of 250 pmol
of ADP into the measurement chamber. Data were obtained from a skinned
rat right ventricular trabecula in which troponin was exchanged for murine
wild type recombinant troponin.
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of which became constant during steady state force develop-
ment. Trabeculae were activated over a range of free [Ca2�] to
measure steady-state isometric tension and ATPase activity. In
some experiments, the rate of force redevelopment following a
release-restretch maneuver, Ktr, was measured during a final
contraction at maximum Ca2� as previously described (19).
Only muscles that maintained greater then 80% maximal ten-
sion were included for analysis. Following the mechanical
measurements, each trabecula was incubated in sample buffer
and stored frozen for biochemical analysis.
Quantification of cTn Exchange by Western Blot—Recombi-

nant TNT in the present study included an NH2 terminusmyc
tag to allow for quantification of the amount of cTn exchange
by Western blotting techniques (17, 18). Previously, our group
has demonstrated that the presence of this myc tag does not
affect myofilament function (17).
Ca2� Binding Measurements—Ca2� binding was measured

by fluorescence emission intensity of IAANS attached to
Cys-35 of a single Cys mutant cTnC (C84S) for the cTn com-
plex and Cys-84 of a single Cys mutant cTnC (C35S) for recon-
stituted thin filaments as described previously (16). The solu-
tions contained 100mMNaCl, 5 mMMgCl2, 1 mM EGTA, 1mM
dithiothreitol, 20 mMMOPS, pH 7.0; titrations with Ca2� were
carried out at 25 °C; the measurements were carried out five
times for each cTn complex.
Actin-activatedActo-S1ATPaseMeasurements—Amodified

micro-ATPase assay method was used (13, 14). Briefly, the typ-
ical reaction conditions were as follows: 6 mM actin, 0.5 mM
myosin S1, 0.5mM tropomyosin, 1.5mMTn, 50mMNaCl, 5mM
MgCl2, 1 mM EGTA, 20 mM MOPS, pH 7.0, and various con-
centrations of CaCl2 (25 °C). The reaction was initiated by the
addition of 1.0 mM ATP (final concentration). The ATPase
activity was determined from the time course of phosphate lib-
eration, determined using themalachite greenmethod, up to 10
min (every 2 min, a 10-ml aliquot was removed, and the reac-
tion was terminated by the addition of 90 ml of 200 mM per-
chloric acid). The ATPase rate of S1 alone was subtracted from
all measurements.
Data Processing and Statistical Analysis—Sigmoidal rela-

tionships were fit to a modified Hill equation (17–19); tension
cost was determined by linear fit to the tension-ATPase data.
Statistical analyses were performed either as multiple linear
regression or one-way or two-way analysis of variance, as
appropriate. p � 0.05 was considered statistically significant;
data are presented mean � S.E.

RESULTS

Recombinant cTn Exchange—We used the “whole cTn
exchange technique” to introduce either wild type or truncated
cTnI into the cardiac sarcomere. Aswe reported previously (17,
18), this procedure caused nomajor alterations in the structure
and properties of the fiber bundles (i.e. exchanged skinned
muscles retained a clearly detectable laser diffraction pattern).
In addition, maximum Ca2� saturated force development was
not significantly different between nonexchanged andwild type
cTn-exchanged skinnedmuscles (data not shown). Fig. 2 shows
a representative SDS-PAGE and Western blot analysis of the
recombinant cardiac cTn exchange procedure. The absence of

17 amino acids at the C terminus induced a higher mobility of
cTnI-(1–193) as compared with cTnIWT, as is apparent both in
the Coomassie-stained gel shown inA and in the cTnIWestern
blot shown in B (cf. lanes 1 and 2 with lane 3). In addition, the
presence of a 9-amino acidmyc tag at the N terminus of recom-
binant cTnT allowed for the separation of cTnTmyc from
endogenous cTnT by SDS-PAGE and subsequent quantifica-
tion by Western blot (17, 18), as illustrated C. This analysis
revealed that, on average, endogenous cTnI was exchanged for
�70% cTnIWT and �60% for cTnI-(1–193) in muscles such as
those loaded in lanes 2 and 3, respectively.
Effect of C-terminal Truncation on Myofilament Function—

We evaluated the effect of cTnI truncation on myofilament
function by determination of the Ca2�-force and Ca2�-ATP
hydrolysis rate relationships in skinned cardiac trabeculae
exchanged with Tn containing either wild type or C terminus
cTnI. As illustrated in Fig. 3A, incorporation of cTnI-(1–193)
was associated, on average, with an �50% reduction of maxi-
mum tension development and an �50% increase in myofila-
ment Ca2� sensitivity, evidenced by the marked leftward shift
of the pooled force-Ca2� relationship. In addition, there was a
significant decrease in cooperativity of myofilament activation
(steepness of the relationship). MaximumATP hydrolysis rate,
on the other hand, was reduced to a lesser extent (�10%) in the
cTnI-(1–193) group (Fig. 3B). As a result, there was an increase
in the ratio of ATP hydrolysis rate to tension, as apparent from

FIGURE 2. A, SDS-PAGE (15%) of recombinant cardiac troponin complex and
skinned muscles. Lane 1, control (nonexchanged skinned rat cardiac trabec-
ulae); lane 2, skinned trabeculae exchanged with wild type cardiac troponin;
lane 3, skinned trabeculae exchanged with cTnI-(1–193) (cTnI1–193)-contain-
ing troponin. B, Western blot probing with anti-TnI (C5) confirmed incorpora-
tion of cTnI with faster mobility on in the cTnI-(1–193) group (lane 3). C, West-
ern blot probing with anti-TNT (CT3), which allows for the quantification of
troponin exchange by inclusion of a myc tag on the recombinant TNT (lanes 2
and 3).
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the increase in the slope of the pooled tension-ATPase activity
relationship (Fig. 3C). Thus, the presence of cTnI-(1–193) in
the sarcomere is associated with a significant increased tension

cost. The average Hill fit and tension cost parameters obtained
in individual muscles are summarized in Table 1.
Inmyocardial stunning, proteolytic degradation of TnI at the

C terminus affects only a fraction of the total TnI in the cardiac
sarcomere. Therefore, to determinewhether the extent ofmyo-
filament dysfunction depended on the amount of cTnI-(1–193)
exchanged into the sarcomere, we performed exchange exper-
iments with a mixture of 50% wild type and 50% cTnI-(1–193)
cTn. As shown in Fig. 4, incorporation of cTnI-(1–193) did not
affect all parameters of myofilament Ca2� activation propor-
tionally (i.e. 50% cTnI-(1–193) reduced maximum tension and
cooperativity to a level similar to that seen with exchange with
cTn containing 100% cTnI-(1–193)). On the other hand, the
increase in myofilament Ca2� sensitivity was observed only in
the group exchanged with cTn containing 100% cTnI-(1–193).
Tension cost was the only parameter that increased in propor-
tion to cTnI-(1–193) content.
In addition to measurements of tension cost, we also deter-

mined cross-bridge kinetics employing a protocol to determine
the rate (Ktr) of force redevelopment following a quick release-
restretch maneuver. As illustrated by the normalized force
traces obtained in a typical experiment shown in Fig. 5, inwhich
the data were fit to an exponential function, the Ktr parameter
was significantly enhanced in the presence of cTnI-(1–193). On
average, Ktr was �30% higher in the cTnI-(1–193) group (cf.
inset). These data are consistent with the increase in tension
cost as determined from the simultaneous measurement of
force and ATPase activity (cf. Figs. 3 and 4). We next deter-
mined whether the effects of truncation of cTnI depend on the
particular species or the heterologous cTn incorporation into
the rat cardiac sarcomere. The data presented in Fig. 6 show
that, as was the case with all mouse cTn, the presence of human
cTnI-(1–192) was associated with a significant increases in
myofilament Ca2� sensitivity (A) and tension-dependent ATP
hydrolysis rate (B). Likewise, compared with controls, maxi-
mum Ca2�-saturated tension development and Hill n values
were significantly reduced in the group exchanged with human
cTn containing cTnI-(1–192), albeit to a lesser extent than that
observedwithmouse cTn. Thus, exchangewith cTn containing
either mouse or human truncated TnI demonstrated similar
effects on myofilament function.
Impact of cTnI Truncation on Reconstituted Actin-activated

S1-ATPase Activity—The presence of truncated cTnI resulted
in significant increases inmaximumactin-activated S1-ATPase
activity and apparent Ca2� sensitivity (Fig. 7). In contrast to the
skinned fiber results (Figs. 3 and 4), however, the level cooper-
ativity was not affected by cTnI truncation.
Impact of cTnI Truncation on cTn Ca2� Binding—To gain

further insights into the molecular mechanisms underlying the
effect of C terminus-truncated cTnI on myofilament function,
we measured the affinity of Ca2� binding to cTn. Fig. 7 shows
representative Ca2� titration curves of either cTn in isolation
(circles), or cTn reconstituted thin filaments (triangles). Ca2�

binding was assessed using a fluorescence probe attached to
TnC. The mere presence of cTnI-(1–193) in cardiac cTn did
not appreciably affect Ca2� binding affinity. However, when
cTn interacted with its neighbors in reconstituted thin fila-
ments (i.e. actin � tropomyosin), cTnI-(1–193) induced a

FIGURE 3. Myofilament chemo-mechanical transduction was measured
as tension-Ca2� relationship (A), ATPase-Ca2� relationship (B), and tension-
dependent ATPase activity (C) in skinned cardiac trabeculae exchanged
with wild type troponin (closed circles) and/or C-truncated cTnI troponin
(open circles). Tension cost was determined from the slope of the relation-
ship between ATPase activity and tension. Data are presented as means � S.E.
The average fit parameters are summarized in Table 1. C terminus truncation
of cTnI was associated with depressed force and cooperativity but enhanced
cross-bridge cycling and myofilament Ca2� sensitivity.
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marked increase in Ca2� binding affinity. Similar results were
obtained in five separate experiments; average fit parameters
are summarized in the legend to Fig. 7.

DISCUSSION

Our data provide novel insights into the molecular mecha-
nisms underlying the role of TnI truncation in the contractile
dysfunction seen in myocardial stunning. The important and
novel findings of our study were that (i) the presence of both
low and high amounts of truncated cTnI in the cardiac sar-
comere resulted in decreased myofilament force, decreased
cooperativity of Ca2� activation, and increased myofilament
Ca2� sensitivity; (ii) truncated cTnI induced an increased rate
of cross-bridge detachment in direct proportion to the amount
of mutant cTnI; (iii) in vitro reconstituted actin-activated
S1-ATPase displayed increased maximum activity and Ca2�

sensitivity but unaltered cooperativity; and (iv) in vitro Ca2�

binding affinity measurements suggest that these effects

require a direct interaction between
troponin and the thin filament. Our
data are consistent with amolecular
model of cardiac muscle activation
by Ca2� ions in which an additional
interaction between the C terminus
of cTnI and actin functions to stabi-
lize the attached cross-bridge. This
mechanism may result in both
reduced myofilament Ca2� sensi-
tivity and an increase in the fraction
of attached cross-bridges and
enhanced cooperative activation.
The results of the present study

are consistent with previous studies
examining the impact of C terminus
truncation of cTnI on myofilament
function. The removal of amino
acid residues from theC terminus of
cTnI is reported to result in
increased Ca2� sensitivity in solu-
tion ATPase activity (13, 14). In
addition, reduced force develop-
ment has been suggested previously,
but this measurement was based on
an indirect assessment using amod-
ified in vitro motility assay (14).
Here, using a more direct measure-
ment of chemo-mechanical trans-

duction in skinned cardiac trabeculae, we confirm that the
presence of truncated cTnI in the cardiac sarcomere induces
reducedmaximummyofilament force development (Figs. 3 and
4). Reduced force was not reported by Narolska et al. (15). In
that study, recombinant human cTn was exchanged for endog-
enous cTn in human myocyte fragments or bundles of myofi-
brils. Consistent with that finding, exchange with cTn contain-
ing human truncated cTnI in the present study was also
associated with a much lower depression of maximum force
(�20% human versus 50% mouse), which suggests that the
impact of cTnI truncation on maximum force depends on res-
idueswithin cTnI other than those located at theC terminus. In
addition, difficulties associated with measurement of size-nor-
malized force in myocyte fragments or myofibril bundles in the
study by Narolska et al. (15) may have precluded detection of a
relatively small (�20%) loss of maximum force. Finally, the use
of humanmyocardium obtained in the setting of cardiac trans-

FIGURE 4. The impact of varying amounts of truncated cTnI in the sarcomere was tested by exchange for
either 100% wild type cTnI (cTnIWT), 100% truncated TnI (cTnI1–193), or for a mixture of 50% wild type and
50% truncated cTnI (cTnIWT � cTnI1–193). Force-Ca2� relationships were fit to a modified Hill equation, yield-
ing Fmax (A), EC50 (B), and Hill coefficient (C). The tension-ATPase relationship was fit by linear regression to yield
the tension cost parameter (D). *, p � 0.05 versus cTnIWT (see also Table 1).

TABLE 1
Chemo-mechanical transduction fit parameters obtained in skinned cardiac trabeculae exchanged with cardiac troponin containing wild
type full-length cTnI (cTnIWT), truncated cTnI (cTnI-(1–193)), a 50% mixture (cTnIWT � mcTnI-(1–193)), or human truncated cTnI
(hcTnI-(1–192))
See “Results” for details; values are means � S.E.

Parameter cTnIWT cTnI-(1–193) cTnIWT � mcTnI-(1–193) hcTnI-(1–192)
Fmax (millinewtons mm�2) 54.0 � 4.2 25.2 � 2.5a 29.3 � 1.9a 40.4 � 3.4a
ATPase (pmol ml�1 s�1) 254 � 11 194 � 21a 198 � 24a 381 � 43a
EC50 (�M) 3.56 � 0.1 1.92 � 0.2a 3.25 � 0.3 1.01 � 0.2a
Hill coefficient 3.4 � 0.3 1.6 � 0.2a 1.6 � 0.4a 1.5 � 0.1a
Tension cost (ATPase�force�1) 5.0 � 0.4 8.6 � 0.3a 6.9 � 0.6a 8.2 � 0.5a
Ktr (s�1) 11.7 � 0.7 15.9 � 0.6a
n 9 9 8 5

a p � 0.05.
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plantation adds experimental uncertainties that are not
encountered when using myocardium isolated from experi-
mental animals (20). Nevertheless, there appear to be genuine
differences between the impact of cTnI truncation on maxi-
mum force between small rodent cardiac sarcomeres and
human cardiac sarcomeres, and this issue will require addi-
tional studies.
As in experimental myocardial stunning (21), truncation of

cTnI resulted in increased tension cost, a parameter that is
directly proportional to the detachment rate (g) of myosin from
actin (22). This result implies that truncation of the C terminus
of cTnI causes destabilization of the attached cross-bridge by
promoting the transition of the myosin head toward the
detached state. In a simple two-state cross-bridge model,
the fraction of myosin heads attached to acting and, thus, the
amount of myofilament force development depends on the
ratio of the attachment rate (f) to the sum of the attachment
rate f and the detachment rate g. Similarly, the rate of force
development, Ktr, is proportional to f � g. Hence, the
increase in tension cost (g) observed in the present study is
consistent with both the increase in Ktr and the decrease in
maximum force (cf. Fig. 4). In addition, at the molecular scale,
this effect of the C terminus of cTnI to stabilize the attached
cross-bridge appears to be a local phenomenon (i.e. within a
single regulatory unit), since the increase in tension cost was
directly proportional to the amount of cTnI present in the sar-
comere (Fig. 4). Narolska et al. (15) did not report an increase in
cross-bridge cycle kinetics. However, cross-bridge kinetics in
that study was assessed by the rate of Ca2� activation and deac-
tivation using rapid solution switching, whereas in the current
study, wemeasured the tension-dependent rate of ATP hydrol-
ysis. Incorporation of truncated cTnI into the sarcomere

FIGURE 5. Original recording of force redevelopment following a release-
restretch maneuver used to assess Ktr in wild type-exchanged (solid
line) and cTnI-(1–193) (cTnI1–193)-exchanged skinned trabeculae (dot-
ted line); force is normalized to prerelease force. Exponential fit of the
force record during the recovery phase yields Ktr. Average Ktr values are
summarized by the bar graph (inset). The presence of cTnI-(1–193) in the
sarcomere is associated with a significant increase in Ktr (*, p � 0.05 versus
cTnIWT; n � 5).

FIGURE 6. Myofilament chemo-mechanical transduction was also
depressed following exchange with human truncated cardiac TnI (hcTnI-
(1–192); open squares) as compared with wild type murine cardiac troponin
exchange (filled squares). A, tension-Ca� relationship; B, ATPase-tension rela-
tionship. Data are presented as mean � S.E.; see also Table 1.

FIGURE 7. The Ca2�-dependent actin-activated acto-S1-ATPase activity
in solution using a reconstituted system with either wild type cTnI
(closed circles) or cTnI-(1–193) (open circles) as a function of [Ca2�]. Each
data point represents the mean � S.E. of 5–7 measurements. The ATPase rate
for S1 alone has been subtracted from all measurements. The average Hill fit
(solid and dashed lines) parameters were as follows: maximum actin-activated
acto-S1-ATPase activity � 1.36 � 0.08 s�1 (cTnI-(1–193)) versus 0.89 � 0.05
s�1 (cTnIWT); EC50 � 0.62 � 0.12 �M (cTnI-(1–193)) versus 1.04 � 0.18 �M

(cTnIWT); Hill coefficient � 0.9 � 0.1 (cTnI-(1–193)) versus 1.0 � 0.2 (cTnIWT).
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induces a marked increase in myofilament Ca2� sensitivity.
Under those conditions, myofibril Ca2� activation parameters
may become more determined by thin filament activation/re-
laxation kinetics than cross-bridge cycle kinetics. Arguing
against this hypothesis is the recent observation that alterations
in cTn Ca2� binding affinity do not affect myofibril activation/
relaxation kinetics (23). Another possibility is that the effect of
C terminus truncation of cTnI on cross-bridge cycle kinetics
differs between human and small rodent myocardium.
Truncation of cTnI was associated with amarked increase in

myofilament Ca2� sensitivity, consistent with previous in vitro
studies (13–15). In contrast to the results in skinned fibers,
cooperative activation in the reconstituted in vitro system was
not affected by cTnI truncation (Fig. 7). A significant difference
between the two measurement systems is a geometrical con-
straint in the intact sarcomere lattice that may limit cross-
bridge formation to a single seven-actin regulatory unit; con-
sistent with this notion is the low level of cooperativity that we
observed in the reconstituted system. Alternatively, truncated
cTnI may only affect cooperative activation properties under
conditions of significant S1 mechanical strain, such as occurs
both in the motility assay (14) and in the skinned fiber system
(15) (cf. Figs. 3, 4, and 6).

Until now, it has not been known whether the increased
myofilament Ca2� sensitivity was the result of a direct effect of
the truncated cTnI on cTn Ca2� binding affinity. This, how-
ever, does not appear to be the mechanism, since we show for
the first time in Fig. 8 that Ca2� binding affinity to cTn in
solution was not affected by cTnI truncation. Rather, this
required incorporation of cTn into the thin filament lattice
composed of actin and tropomyosin. Hence, it is the direct
interaction between the C terminus of cTnI and the thin fila-
ment that modulates myofilament Ca2� activation. Our data
support the hypothesis that the physiological role of the C ter-

minus of cTnI is inhibitory in nature. By direct binding to actin,
the C terminus of actin may lock the thin filament in the open
state (12), thereby stabilizing the attached cross-bridge state. At
the same time, this interaction with actin would reduce the
affinity of TnI for TnC (14). As a result, a stronger cooperative
Ca2� signalmay be required to activate cardiac cTn in the pres-
ence of the thin filament. Loss of the C terminus of cTnI, there-
fore, transforms the Ca2� binding affinity to cardiac cTn in the
sarcomere back to that of cTnC alone, a reaction that by itself is
not cooperative (cf. Fig. 7 and Ref. 10). The net result of this
interplay between these two molecular mechanisms may be a
high level of cooperative activation in the heart that assures
both a rapid systolic pressure development, rapid “avalanche-
like” ventricular relaxation (24, 25), and low diastolic levels of
contractile activation. From a clinical point of view, increased
myofilament Ca2� sensitivity would be beneficial to helpmain-
tain contractile strength in the face of reduced maximum force
development. However, the reduction in cooperative activation
(Hill coefficient) will result inmaintained contractile activation
over amuchwider range of cytosolic Ca2�, potentially resulting
in cross-bridge cycling that persists well into and during dias-
tole (22). This comes at the price of an enhanced rate of ATP
utilization under conditions of reduced cellular levels of [ATP],
particularly such as those that occur immediately following the
ischemic episode that triggers myocardial stunning. It should
be noted that other cTnI domains besides the C terminus
region significantly affect Ca2� sensitivity. For example, it has
been well documented that protein kinase A-mediated phos-
phorylation of the serines 22 and 23 results in marked Ca2�

desensitization.
Myocardial stunning is a multifactorial process that involves

complex sequences of cellular perturbations, alterations to
multiple protein functional groups, and the interaction of mul-
tiple mechanisms. Degradation of cTnI is but one of the alter-
ations found in stunning. Alterations of other sarcomeric pro-
teins (e.g. TnC, TNT, and MLC-2), proteins involved in energy
metabolism (e.g. creatine kinase), and proteins regulating redox
homeostasis (e.g. NADH-Uq) have also been reported to be
altered in myocardial stunning (26). Whether these pathways
affect myofilament chemo-mechanical transduction in myo-
cardial stunning cannot be determined from the current study.
The use of recombinant cTn exchange provides the opportu-
nity to study the direct effect of a single protein mutation on
myofilament chemo-mechanical transduction.
In summary, truncation of cardiac TnI at the C terminus by

17 amino acid residues, such as may occur in myocardial stun-
ning, induces altered myofilament function in the form of
depressed force development and cooperative activation and
increased cross-bridge cycle kinetics and myofilament Ca2�

sensitivity. The increased Ca2� affinity requires an interaction
between cardiac cTn and the thin filament; the locus of this
inhibitory interaction appears to reside in the C terminus of
cardiac TnI and may help to decrease the range of cytosolic
Ca2� required to activate the cardiac sarcomere. Elucidation of
themolecular pathways involved in depressed chemo-mechan-
ical transduction in myocardial stunning will aid in the devel-
opment of novel therapeutic strategies aimed to improve car-
diac pump function in this syndrome.

FIGURE 8. Ca2� binding to troponin was measured in solution by IAANS
fluorescence (Fl.) conjugated either to cTnC-Cys-35 (circles; troponin
complex in isolation) or cTnc-Cys-84 (triangles; troponin complex inter-
acting with reconstituted thin filaments containing actin and tropomy-
osin). Recombinant cardiac troponin either contained full-length wild type
cTnI (closed symbols) or C terminus truncated cTnI (cTnI-(1–193); open circles).
Ca2� binding affinity was significantly enhanced by cTnI-(1–193) only when
troponin was allowed to interact with the thin filament (2.5 � 0.06 versus
1.7 � 0.06 �M; p � 0.01; n � 4).
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