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Abstract

Tension development and relaxation in cardiac muscle are regulated at the thin filament via Ca%*
binding to cardiac troponin C (cTnC) and strong cross-bridge binding. However, the influence of
¢TnC Ca2*-binding properties on these processes in the organized structure of cardiac sarcomeres
is not well-understood and likely differs from skeletal muscle. To study this we generated single
amino acid variants of cTnC with altered Ca2* dissociation rates (Koff), as measured in whole
troponin (cTn) complex by stopped-flow spectroscopy (161Q ¢Tn > WT cTn > L48Q cTn), and
exchanged them into cardiac myofibrils and demebranated trabeculae. In myofibrils at saturating
Ca®*, L48Q cTnC did not affect maximum tension (Tmay), thin filament activation (kact) and
tension development (ktg) rates, or the rates of relaxation, but increased duration of slow phase
relaxation. In contrast, 161Q cTnC reduced Tmax, KacT and kyr by 40-65% with little change in
relaxation. Interestingly, kact was less than kyg with 161Q cTnC, and this difference increased
with addition of inorganic phosphate, suggesting reduced cTnC Ca2*-affinity can limit thin
filament activation kinetics. Trabeculae exchanged with 161Q c¢Tn had reduced Tay, Ca2*
sensitivity of tension (pCasg), and slope (ny) of tension-pCa, while L48Q cTn increased pCasg
and reduced ny. Increased cross-bridge cycling with 2-deoxy-ATP increased pCasg with WT or
L48Q cTn, but not 161Q cTn. We discuss the implications of these results for understanding the
role of cTn Ca2*-binding properties on the magnitude and rate of tension development and
relaxation in cardiac muscle.
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INTRODUCTION

Activation and relaxation of cardiac myofilaments are controlled by Ca2*-mediated,
coordinated interactions between the thin and thick filament proteins. Thin filament
activation (or the process by which binding sites for myosin on actin become available) is
initiated by Ca2* binding to cardiac troponin C (cTnC).1 Subsequent interactions between
troponin (Tn) subunits result in increased mobility of tropomyosin and increased probability
of myosin interaction with actin [1]. Strong myosin binding to actin (i.e. cross-bridges)
displaces tropomyosin [2,3] and enhances Ca2* binding to troponin in cardiac muscle[2].
These cooperative events are important for rapid thin filament activation and force
development in cardiac muscle. Relaxation involves deactivation of the Tn complex
following Ca2* dissociation from cTnC and reduction of strong cross-bridge binding, though
the mechanistic details are less well known [4], and it is not known whether this process is
cooperative in nature.

The heart operates at sub-maximal levels of Ca2* where the mechanism of cooperative
activation may depend heavily upon myofilament protein isoform and structure, even in the
absence of adrenergic modulation. For example, we [5-9] and others [10] have
demonstrated that, while both Ca2* binding (to Tn) and cross-bridge binding (to actin) are
required for complete activation of thin filaments in both skeletal and cardiac muscle,
cardiac thin filament activation is relatively more dependent on strong cross-bridge binding
at sub-saturating Ca2*. It has been demonstrated in skeletal muscle that the CaZ* binding
properties of TnC can affect cooperative activation and tension development and relaxation
kinetics [11-15]. Previous studies have also examined the relationships between specific
point mutations in cardiac TnC (cTnC) and how they alter cTn Ca?* binding properties [16]
and Ca2* sensitivity of tension in cardiac muscle [17]. However, it is not clear how ¢TnC
Ca?* binding properties contribute to the complex cooperative interactions between the thin
and thick filaments during thin filament activation in the organized structure of the cardiac
sarcomere. Further, it is not known how the properties of cTnC influence the kinetics of
tension activation and relaxation or cooperative activation in cardiac muscle. As such, a
more detailed understanding of how altered Ca2* binding properties of cTnC can affect
mechanical function of cardiac muscle is warranted.

We hypothesize that the Ca2* binding properties of cTnC are a primary determinant of thin
filament activation and contractile kinetics in cardiac muscle, as evidenced by steep
cooperativity of tension generation and a narrow spread of activation along thin filaments
[8]. To examine this, we introduced site-directed mutations in the N-terminus of rat cTnC
that increased or decreased cTn Ca2*dissociation rate (koff) [16,18] to study their effects on
cooperative activation and the kinetics of tension development and relaxation in
demembranated rat ventricular trabeculae and mouse ventricular myofibrils. Cross-bridge
binding and cycling was independently augmented using 2 deoxy-ATP (dATP; [7]). The use
of demembranated trabeculae allowed multiple activations at varying Ca2* with little
degradation of tension, making it possible to study both Ca2* and cross-bridge components
of cooperative thin filament activation in the same preparation [8,9,14,15]. The use of

LAbbreviations: ANOVA, analysis of variance; BDM, 2,3-butanedione monoxime; cTn, cardiac troponin; cTnC, cardiac troponin C;
cTnl, cardiac troponin I; ¢TnT, cardiac troponin T; dATP, 2-deoxy-ATP; DTT, dithiothreitol; fapp, rate of cross-bridges transitioning
into tension-generating states; gagp, rate of cross-bridges transitioning out of tension-generating states; KACT, tension activation rate;
Kj, inhibition constant; koff, Ca¢" dissociation rate; kon, Ca2* association rate; KREL fast, fast phase relaxation rate; KREL slows
slow phase relaxation rate; kTR, tension redevelopment rate; Lo, initial length; nH, Hill coefficient; MOPS, 3-(N-mopholino)
propanesulfonic acid; pCa, Iog[Ca2+]; pCas, pCa at half-maximal activation; Pj, inorganic phosphate; SL, sarcomere length; sTnC,
skeletal troponin C; Tmax, maximal tension; Tn, troponin; xcTnC, a cardiac troponin C mutant that does not bind Cal* at site 11; WT,
wild type.
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myofibril preparations allowed measurements of the rate of contractile activation (kact),
rate of tension redevelopment (ktgr), and the biphasic slow and fast phases of relaxation
(KrEL slow and Krey_ fast, respectively) during the same activation trial, because rapid changes
in [Ca2*] throughout these small preparations were not limited by diffusion rates.

We found that activation kinetics (kacT) were slowed by increased cTn Ca2* ks (161Q
cTnC), and became slower than tension redevelopment kinetics (ktg); this difference was
increased with increased inorganic phosphate. The duration of slow phase relaxation was not
affected by increased kq¢s (161Q ¢TnC), but was prolonged by decreased Kq¢r (L48Q ¢TnC).
L48Q cTnC and 161Q cTnC enhanced or reduced (respectively) the Ca2* sensitivity of
steady-state tension (pCasp), consistent with the presumed changes in Ca2* affinity of cTn
with the mutations. However, both cTn complexes resulted in a large reduction in the slope
(ny) of the steady-state tension-pCa relationship, implicating cTn Ca2* binding as a major
component of cooperative thin filament activation in cardiac muscle. This reduction in ny
could not be rescued by strong cross-bridge augmentation. These results differ from our
previous findings in fast skeletal muscle [12,14,15] and suggest that Tn Ca?* binding
properties are an important component in the differential regulation of tension development
and relaxation in the two striated muscle types. Preliminary abstract reports of this work
have been previously published [19,20].

MATERIALS AND METHODS

Proteins, Solution Biochemistry, and Exchange

Rat cardiac TnC (cTnC) mutations were introduced by site-directed mutagenesis.
Recombinant cTnC, cTnl, and cTnT were extracted and purified from E. coli [21]. Whole
cTn complexes were formed using WT or mutant rat cTnC and WT rat cTnl and WT rat
cTnT (see Supplementary Materials for details).

Ca?* dissociation rate (koff) from whole ¢Tn (containing WT or mutant cTnC) and
reconstituted thin filaments was measured at 15 °C using an Applied Photophysics Ltd.
(Leatherhead, U.K.) model SX-18MV stopped-flow instrument as previously described
[14,22,23]. Ca?* dissociation from whole cTn or reconstituted thin filaments was measured
by rapidly mixing the protein with the fluorescing Ca2* chelator Quin-2. Buffer
composition, thin filament reconstitution methods, and detection details are included in the
Supplementary Material.

Protein exchange into myofilaments was accomplished with passive exchange of cTnC in
myofibrils or whole cTn exchange in trabeculae. Native cTnC in myofibrils was replaced
with recombinant cTnC through (mass-action) passive exchange at 4 °C overnight in
relaxing solution with 0.05 mg mL~1 recombinant rat cTnC. No myofibril exchange group
developed any Ca2*-independent tension in relaxing solution, indicating complete regulation
following the exchange protocol. Maximal tension (Tmax) Was the same for untreated,
treated control, and WT cTnC-exchanged myofibrils. Replacement of native cTnC in
trabeculae was accomplished by passive (mass action) exchange via incubation of
preparations in a high concentration of whole cTn under rigor conditions, as previously
described [24]. In a subset of experiments after exchange, an additional incubation in 1 mg
mL~1 ¢TnC (WT or mutant) was completed to ensure that all cTn complexes were complete,
and this was confirmed by no increase in steady-state tension (data not shown). Reported
post-exchange relative Tax Values (Table 3) are from back-to-back measurements in pCa
4.0 or 3.5 comparing just prior to exchange and immediately following exchange. Additional
details are in the online Supplementary Material. Analysis of Variance (ANOVA) was used
to compare between groups and when differences were significant, Student’s unpaired t tests
were used with statistical significance set at P < 0.05.
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Experimental Animals and Tissue Preparations

All animal procedures performed in Italy were conducted in accordance with the official
regulations of the European Community Council on Use of Laboratory Animals (Directive
86/609/EEC) and protocols were approved by the Ethical Committee for Animal
Experiments of the University of Florence. Male C57 mice were killed by rapid cervical
dislocation and myofibrils were prepared as previously described [25] with minor
modifications (see Supplementary Material). Myofibrils were prepared by homogenization
of 4-8 strips of ventricular tissue in rigor solution on ice, washed free of glycerol, and used
for up to 5 days.

All animal procedures performed in the United States were conducted in accordance with
the US National Institutes of Health Policy on Humane Care and Use of Laboratory Animals
and were approved by the University of Washington (UW) Animal Care Committee. Rats
were housed in the Department of Comparative Medicine at UW and cared for in
accordance with the UW Institutional Animal Care and Use Committee (IACUC)
procedures. Male Sprague-Dawley rats were anesthetized via intraperitoneal injection of
pentobarbital (50 mg kg~1). When animals had no reflexive response, the heart was rapidly
excised and demembranated right ventricular trabeculae were prepared as previously
described [5] (see Supplementary Material for details). Individual trabeculae were dissected
from the right ventricle and prepared for mechanical measurements by wrapping the ends in
aluminum foil T-clips for attachment to the mechanical apparatus as previously described

[5].

Mechanical Measurements

Experimental physiological Ca2* solutions were calculated as previously described for
myofibril [26] and trabeculae [27] mechanics. Details are in the online Supplemental Data.
Phosphate (P;) concentration was reduced in all myofibril solutions to <5 pmol L™ by a P;
scavenging enzyme system (purine-nucleoside-phosphorylase with substrate 7-methyI-
guanosine) as previously described [28] except in solutions containing 0.5 mmol L™1 added
Pi. A low-P;, pCa 4.0 solution for trabeculae omitted the creatine phosphate and creatine
phosphokinase, yielding ~0.1 mmol L™ P; by NMR analysis. Some trabeculae solutions
substituted 5 mmol L™1 2-deoxy-ATP (dATP) for ATP.

For myofibril experiments, mechanical data were collected at 15 °C from small bundles of
cardiac myofibrils as previously described [29]. Sarcomere length (SL) was initially set 10 —
20% above slack length and was 2.29 + 0.02 um (mean £ S.E.M., n = 63). At this SL,
average myofibril initial length (L) was 52 + 3 um and diameter was 3.88 £ 0.05 um (4 - 8
myofibrils). Measurement procedures for activation rate (kacT; With rapid increase in Ca?*),
rate of tension redevelopment (ktgr; following a rapid release-restretch transient), relaxation
rates (slow phase: krer siow @nd fast phase: Krgr fast), and slow phase duration are detailed
in the Supplementary Material. ANOVA was used to compare between myofibril groups
after cTnC exchange and when differences were significant, Student’s unpaired t tests were
used with statistical significance set at P < 0.05. All values reported in Table 2 for myofibril
tension and Kinetics are means = S.E.M.

For trabeculae experiments, mechanical data were collected at 15 °C from demembranated
right ventricular trabeculae mounted on a mechanical apparatus (detailed in the
Supplementary Material). SL was initially set to 2.25 um, L, was 1.09 £ 0.06 mm, diameter
was 107 £ 5 um (mean + S.E.M.; n=48) and SL was monitored throughout the experiment.
Passive tension was determined at pCa 9.0 and was subtracted from total tension to obtain
the active tension values reported. Tyax measured at pCa 4.0 just prior to cTn exchange was
60.5 + 4.0 MmN mm™2 (mean + S.E.M., n=48). The ktr was determined in trabeculae from
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the half-time of tension recovery and tension-pCa and ktr-pCa data were fitted with the Hill
Equation to get reported pCasg and ny values (see Supplementary Material for equations).
Reported pCasgg and ny values for tension-pCa are the average of individual fits for each
experimental curve £ S.E.M. Reported pCasgg values for kyr-pCa represent fits to the
average data and are reported = S.E. of the fits. ANOVA was used to compare between cTn
exchange groups after exchange and when differences were significant, Student’s unpaired t
tests were used with statistical significance set at P < 0.05.

Ca?* dissociation rate (ko5f) from cTn

Stopped-flow spectroscopy was used to measure Ca2* dissociation rate (koff) from whole
cTn complexes containing recombinant wild type (WT) cTnl, cTnT and either WT c¢TnC
(control), L48Q cTnC, or 161Q cTnC (denoted WT ¢Tn, L48Q cTn, or 161Q cTn,
respectively). The kqs was determined for each cTn by fitting fluorescence data with
exponential curves, as previously described [14]. At 15°C (the temperature used for
mechanics measurements) kot was ~30 s~1 for WT ¢Tn, in agreement with previous reports
[23,30]. The mutations in cTnC altered kqsf, reducing it by 75% for L48Q cTn (in agreement
with a recent report using a modified cTnC with attached fluorescent probe [31]) and
increasing it by 2.3-fold for 161Q cTn (Table 1). Reconstitution of thin filaments with WT or
mutant whole ¢Tn, Tm, and actin resulted in a 2.2-3.4-fold increase in Kq¢ for all cTnC
variants versus whole cTn K. Rates for WT ¢Tn and L48Q cTn in thin filaments agree with
recently reported rates [31]. The relative effect of the mutations in cTnC remained the same
as for whole cTn, such that kq¢ was reduced by 63% for L48Q cTn and increased by 3.2-
fold for 161Q cTn in thin filaments (Table 1).

Maximal activation and relaxation in ventricular myofibrils

WT, 161Q or L48Q cTnC was exchanged into mouse ventricular myofibrils to determine
effects on maximal isometric tension development and relaxation kinetics following rapid
increase and decrease in bathing [Ca2*]. The effectiveness of the cTnC exchange protocol
was examined in parallel for each batch of myofibrils using another mutant, D65A c¢TnC,
which does not bind Ca?* at the N-terminus (xcTnC). These myofibrils developed < 3% of
the maximal Ca2* activated (pCa 3.5) steady-state tension (Tnax) Obtained for treated
controls or those exchanged with WT c¢TnC (Table 2). Thus, if we assume that cTnC for cTn
in myofibrils is relatively similar for the mutants in this study (an assumption based on the
fact that the C-terminal portion of the protein is the same), these measurements suggest our
protocol was successful in replacing the great majority of native cTnC with mutant cTnC in
myofibrils.

Example tension traces of the maximal Ca2* activation-relaxation protocol for three
myofibrils exchanged with WT, L48Q or 161Q cTnC are shown in Figure 1. Tyax and the
rates of tension activation (kacT) and tension redevelopment (ktg) did not differ for L48Q
cTnC vs. WT ¢TnC, and in both of these myofibril groups kact did not differ from kg
(Table 2). In contrast, Tynax, KacT and ktr were all reduced by ~40-65% with 161Q ¢TnC,
and ktgr was significantly faster than ke (Fig. 1C; P < 0.02). The slower Kact VS. kTr
suggests that thin filament activation kinetics became rate limiting to tension activation with
161Q cTnC (see Discussion). To further test this idea, we measured kacT and kg in the
presence of 0.5 mmol L1 inorganic phosphate (P;), which affects cross-bridge cycling
specifically (Fig. 2), without influencing thin filament activation kinetics. Addition of P;
caused a similar decrease in Tpmax (~15%) for control and 161Q cTnC. Interestingly, with
161Q cTnC both kact and ktr were increased with Pj, but the increase was greater for ktg
(P < 0.01) which became similar to the rate for control myofibrils (Fig. 2B, C). In contrast,
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0.5 mmol L1 P; increased kg and kact similarly in control myofibrils. Thus we conclude
that 161Q cTnC limits the magnitude (Tmax) and slows the rate of tension activation (kact)
via reduction in thin filament activation kinetics. The rates of the slow (krgL_ siow) and fast
(KrEL fast) phases of relaxation for did not differ for myofibrils with L48Q ¢TnC, 161Q cTnC
and WT cTnC. However, while the duration of slow phase relaxation was not affected with
161Q cTnC, it was almost doubled with L48Q cTnC (P < 0.01; Fig. 1D, Table 2). Thus,
L48Q cTnC did not affect the rate of activation or relaxation, but prolonged (slow phase)
relaxation by ~40 ms. In contrast, 161Q cTnC had no effect on relaxation, but dramatically
slowed activation.

Ca?* dependence of tension development in ventricular trabeculae

To determine the influence of L48Q and 161Q ¢TnC on cardiac muscle contractile properties
at varying Ca%* concentrations, whole cTn containing these cTnC mutants were exchanged
into demembranated rat ventricular trabeculae. As with myofibrils, exchange with D65A
cTnC (in whole cTn complex) reduced Tax to a very low level (~8% of pre-exchanged
values), suggesting good protein exchange with this technique (Fig. 3A).

Similar to mouse ventricular myofibrils, Trax (Fig. 3A) and kTR max (Fig. 3C) were not
affected by L48Q cTn (vs. WT cTn; Table 3). Example tension traces are shown in
Supplementary Figure S1. For 161Q cTn, Tmax Was reduced by ~75%, which was similar to
the reduction for mouse ventricular myofibrils (~65%; Table 2). Interestingly, KTr max (~9
s71) for 161Q c¢Tn was similar to WT and L48Q cTn (by ANOVA; Table 3). This contrasts
results in myofibrils where ktr max Was reduced by ~40% in the absence of P; (Table 2), but
is similar to myofibril results in the presence of 0.5 mmol L™ P; (Fig. 2). Activation
solutions for trabeculae contained 15 mmol L creatine phosphate and 5 mmol L™1 ATP,
which results in a contaminating P; level of ~0.5 mmol L™1 (by NMR analysis; see
Supplementary Material) that is likely higher in the center of the preparation due to limited
substrate and product diffusion and the coupled ATPase and creatine kinase reactions. This
suggests that these results with rat trabeculae are in good agreement with the mouse
ventricular myofibril measurements.

When the Ca2* concentration of activation solutions was varied in trabeculae, both Ca2*
sensitivity of tension (pCasg) and apparent cooperativity of activation (slope, ny) were
strongly influenced by the cTnC mutants (Fig. 3B, Table 3). L48Q cTn increased pCasgg by
~0.4 units compared with WT cTn, and 161Q cTn decreased pCasg by ~0.5 units. These
shifts in Ca2* sensitivity were anticipated based on our earlier work with similar skeletal
TnC mutants in skeletal fibers [14] and the work of others in trabeculae [17]. However, there
was an unexpected large reduction in ny (~4 units) for both L48Q and 161Q cTn (Table 3),
indicating an apparent loss of cooperativity of tension generation with both mutants. This
contrasts our previous results in skeletal muscle, where slowing Ca2*-ky¢t of TnC had no
effect on ny [14], and will be discussed in more detail below (see Discussion).

As with steady-state tension, the pCasgg of ktr (Fig. 3C) increased with L48Q ¢Tn (5.43 +
0.06) compared with WT ¢Tn (5.28 + 0.03). Both lagged behind pCasgg of tension [5] by
similar amounts (Fig. 3B). Interestingly, the Ca2* dependence of ktg with 161Q cTn was
greatly diminished (Fig. 3C). Mono-exponential fits to force traces for 161Q cTn resulted in
similar values for ktr (compared with determination from tq;, values), suggesting this loss
of Ca2* dependence was not an artifact of measurement techniques at low forces. To
determine the influence of cycling cross-bridge number (i.e. steady-state tension level) on
kTg, values in Figure 3C were re-plotted as a function of relative tension as Ca?* was varied
(Fig. 3D). The data demonstrate kg did not differ with L48Q cTn vs. WT cTn for similar
numbers of cycling cross-bridges (independent of [Ca2*]). The situation appears to be quite
different with 161Q cTn, where ktg values (8-10 s™1) were equal to or greater than values
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obtained for kyr max With WT (or L48Q) cTn, even though the number of cycling cross-
bridges was greatly reduced. These data suggest that while 161Q cTnC greatly limited strong
cross-bridge binding, it has no effect or slightly increases attached cross-bridge cycling
kinetics.

Effect of strong cross-bridge augmentation on tension in trabeculae

Cardiac thin filament activation is more sensitive to changes in strong cross-bridge binding
than skeletal muscle [2,8,32-34], especially during sub-maximal Ca2* activation. To
determine how the strong cross-bridge component of thin filament activation might depend
on cTnC Ca2* binding properties and whether this (in turn) affects cross-bridge cycling
kinetics, we augmented strong cross-bridge binding and cycling (independent of [Ca2*]) by
replacing ATP with 2 deoxy-ATP (dATP) as the substrate for contraction. dATP increased
Tmax and kTr max by ~20-35% in trabeculae with WT cTnC (Fig. 4A; P < 0.05), as we have
reported previously [5,7,8]. Similar increases in Tyax and kr max occurred with L48Q
cTnC. Interestingly, with 161Q c¢TnC, dATP increased Tax by 86 + 9% (P < 0.01), to
approximately half of Ty with WT ¢Tn, while kTr max Was increased by only 19 + 10%
(similar to WT or L48Q cTnC). This much greater effect on Tpax than on kTr max suggests
161Q cTnC limits strong cross-bridge binding more than it affects cross-bridge cycling
kinetics during isometric contraction.

Measurements of steady-state tension at sub-maximal Ca2* levels are consistent with this
idea. Figure 4B shows normalized tension-pCa relationships for paired comparisons between
ATP (dashed lines from fit of the data) and dATP (symbols and solid fit lines) in the same
trabeculae following cTn exchange. The order of tension measurements (with ATP versus
dATP) was varied for individual experiments to reduce the possibility that preparation
rundown was a factor in determining values for pCagg. dATP did not affect ny with WT
cTn, L48Q or 161Q cTn, suggesting little or no effect on cooperative thin filament
activation. However, while dATP increased pCasg with L48Q ¢TnC and WT cTnC, it had
no effect with 161Q cTnC. For WT ¢TnC (n=4), pCasg increased from 5.40 £ 0.01 (ATP) to
5.46 + 0.03 (dATP; P < 0.05), in agreement with our previous conclusion that dATP
enhances cross-bridge binding at sub-maximal Ca%* [5-7]. The augmentation of cross-
bridge binding was similar or greater for L48Q cTn (n=5), where pCasg increased from 5.57
+0.08 (ATP) to 5.74 + 0.10 with dATP (P < 0.01). In contrast, with 161Q cTn (n=9) the Ca2*
sensitivity of tension was not altered by dATP, as pCasg for ATP (4.70 + 0.05) was not
different than for dATP (4.74 + 0.04; Fig. 4B). Thus, even though dATP almost doubled
strong cross bridge binding at all levels of Ca2* activation with 161Q cTn, including Tmax
(Fig. 4A), it could not rescue the dramatic reduction in pCasg or ny (Fig. 3B; Table 3)
caused by the reduced Ca2* binding (to cTnC) component of thin filament activation in
cardiac muscle.

Measurements of ktg with dATP at sub-maximal Ca2* levels were consistent with the
hypothesis that 161Q cTnC has only minor effects on cross-bridge cycling rates. dATP
increases the rates of cross-bridge tension generation and cross-bridge detachment, but
appears to affect the former more than the latter, resulting in increased recruitment and rate
of cross-bridge cycling at all levels of Ca2* activation in cardiac muscle [5,7]. These effects
on crossbrige cycling kinetics were not affected by cTn mutants, as dATP did not affect the
kTr-tension relationship with varying Ca2* for trabeculae exchanged with L48Q, 161Q or
WT cTn (Fig. 5). The data, with tension normalized to T4« for ATP, showed no elevation
of ktg at lower tensions but an extension of both tension and ktg at the highest levels of
Ca?* activation by dATP for all three cTn exchanges. Back-to-back measurements of Tax
and kTr max are marked with an asterisk (*) in each panel of Figure 5 to illustrate increases
with dATP during maximal Ca2* activation (summarized in Fig. 4A), and magnitude
increases in T,y are indicated by a double-headed arrow. Since dATP does not increase ktr
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at similar tension levels (compared with ATP), it suggests cross-bridge cycling kinetics were
not directly affected by the cTnC mutants used in this study.

DISCUSSION

The purpose of this study was to investigate how altering the Ca* binding properties of cTn
influence cooperative thin filament activation and the kinetics of tension generation and
relaxation when exchanged into cardiac muscle. The most significant findings of this work,
where cTn complexes with altered ko were exchanged into cardiac myofibrils and
demembranated trabeculae, are (1) while the Ca2* sensitivity (pCasp) of tension was
decreased by 161Q c¢TnC (faster koft vS. WT ¢Tn) and increased by L48Q cTnC (slower Kqff
vs. WT c¢Tn) both mutants resulted in an apparent loss of cooperativity of thin filament
activation (np); (2) 161Q cTnC slowed the rate of thin filament activation, while L48Q cTnC
had no effect on activation kinetics but prolonged relaxation (slow phase) duration and (3)
cross-bridge binding was modulated by cTn kqff but the rate of cross-bridge cycling and
tension redevelopment (when Ca2* binding was in near steady-state; ktg) were little
affected. As a result, this study suggests that directly modulating the Ca2* binding properties
of cTnC using point mutations could alter cardiac contraction, because changes in Ca*
sensitivity are large, with little effect on relaxation kinetics and no effect on myaosin kinetics.

cTn Regulation of Ca?* Sensitivity (pCasg) and Cooperative (ny) Tension Generation

Decreasing (L48Q cTnC) or increasing (161Q cTnC) cTn Ca2*-k in whole ¢Tn and
reconstituted thin filaments resulted in increased and decreased Ca?* sensitivity of tension
(pCasg), respectively. This study correlates Ca?* dissociation rates measured in reconstituted
thin filaments with isometric tension in the geometrically constrained lattice structure of
cardiac muscle, demonstrating that changes in ko can translate to changes in Ca2*
sensitivity of tension for these particular cTnC mutants. A similar result, correlating Kqgt
from reconstituted thin filaments with solution myosin ATPase rates, was recently reported
[31]. In our study, it was interesting to find that both cTnC mutants (L48Q and 161Q) greatly
reduced the slope (ngy) of the tension-pCa relationship (Fig. 3B). The large reduction in ny
with 161Q cTnC was somewhat expected, and this may result from 161Q cTnC disrupting
strong-crossbridge-induced increases in Ca2* binding that is normally found in cardiac
muscle [2,32-34]. This idea is supported by the tension-pCa curves (Fig. 3B), which show
that at ~pCa 5.5, tension begins to rise for WT and 161Q cTnC but the slope of the curve is
steep for WT ¢TnC and more flat for 161Q cTnC, suggesting that some form of
cooperativity is lost with 161Q cTnC.

The apparent loss of cooperativity (ny) with L48Q cTnC likely occurs for a different reason,
as pCasg was increased, not decreased (Fig. 3B) and T,y is not reduced (Fig. 3A). Tension
is initiated at much lower [Ca2*] (i.e. higher pCa) with L48Q cTnC versus WT ¢TnC (Fig.
3B), and most of the tension increases are observed at low levels of Ca?*-mediated thin
filament activation. Although the affinity of L48Q cTnC for the switch peptide of cTnl
(cTnlqy2g_180) Was recently shown to decrease slightly [31], its reduced kqf and increased
Ca?* binding affinity likely more than compensates for this, making L48Q cTnC a more
effective activator of thin filaments at lower [Ca2*] and less dependent on cooperative cross-
bridge activation mechanisms. If L48Q cTnC had caused greater strong cross-bridge-
induced increases in Ca2* binding, in addition to an increased pCasg we would also expect
Ny to also increase, but this did not occur. Therefore, the cooperative coupling between
strong-crossbridge binding and increased Ca2* binding to cTnC was likely reduced with
L48Q cTnC.
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Cardiac vs. Skeletal Muscle Differences in Cooperative Activation

An additional purpose of this study was to compare these results in cardiac muscle with
similar measurements in fast skeletal muscle from previous studies. These comparisons can
be quite helpful in understanding the molecular mechanisms involved in myofilament
regulation of contraction and relaxation. Further, differences in contractile mechanisms may
translate to important functional differences between cardiac and skeletal muscle and lead to
therapeutics designed specifically for cardiac disease.

The decrease observed in ny for both L48Q cTnC and 161Q cTnC contrasts results from our
similar experiments in fast skeletal muscle[14], suggesting mechanistic differences in
cooperative activation of these two striated muscle types. We previously reported that
skeletal TnC (sTnC) mutants with decreased (M80Q sTnCF2’W) or increased (160Q
STnCF2"W) sTn Ca2* ko also resulted in increased and decreased (respectively) pCasg of
tension in demembranated rabbit psoas fibers [15,19]. However, while these shifts were
similar in magnitude to what we report here for cardiac muscle (Table 3), the changes in ny
were minimal. These differences in tension-pCa relationships are illustrated in Figure 6,
which shows the fit lines of our data for cardiac and skeletal muscle. Davis et al. (2004) also
reported that mutant sTnCs reconstituted into skinned skeletal fibers shifted pCagg with little
change in ny, even though these were different point mutations in sTnC than what we had
used (see their Fig. 6C [35]). Further, the loss of ny in cardiac muscle may not be particular
to the cTnC mutants selected for this study. Norman et al. (2007) reported a similar (but
smaller) increase and decrease in pCasgg with two different cTnC mutants that also had
higher and lower cTnC Ca?* binding affinity (respectively), and these mutants also caused a
loss of ny (see their Fig. 2B [17]). Interestingly, pseudo-phosphorylation of cTnl at serine
23, serine 24, and threonine 144 (which mimics phosphorylation by PKCp) also increases
Koff, reduces pCasg and reduces ny [36]. Thus, cooperative thin filament activation and
tension development in cardiac muscle appears to strongly depend on the Ca2* binding
properties of cTn, in contrast to fast skeletal muscle. Indeed, cardiac muscle cooperativity
appears to depend heavily on strong-binding cross-bridges increasing either CaZ* binding to
cTnC per se [2,32-34] or interaction strength between cTnC, cTnl, and/or actin. If either are
the case, L48Q cTnC and 161Q cTnC may both alter this form of cooperativity and do so
within individual functional units of the thin filament (defined as the number of actins made
available for myosin binding when Ca2* binds to an individual cTn). In cardiac muscle this
functional unit of activation appears to be similar or smaller than a structural regulatory unit
(7 actins: 1 Tn: 1 tropomyosin) [8]. This contrasts skeletal muscle, where the functional unit
is larger than the structural unit (10-12 actins [9]) and accounts for the majority of
cooperative activation (ny), leaving little role for TnC Ca2* binding kinetics in cooperative
activation of skeletal muscle.

cTn Regulation of Tension Development and Relaxation Kinetics

Measurement of tension development and relaxation rates provides insight into the dynamic
processes of Ca*-mediated thin filament activation and cross-bridge cycling. kTR max Was
not affected in myofibrils or trabeculae with L48Q cTnC and was slowed with 161Q cTnC
only when P; was < 5 uM. In myofibrils with 161Q ¢TnC, addition of 0.5 mmol L™1 P;
increasd KTr max to a value similar to those with WT or L48Q ¢TnC, suggesting 161Q cTnC
only affected cross-bridge cycling at sub-physiological [P;]. Comparisons of kacT vs. ktr
indicate this occurred via thin filament activation dynamics. kact reflects the combined
rates of Ca2* binding to cTn, thin filament activation, and tension generation, while ktg
measures the rate of tension generation when Ca2* binding (to ¢Tn) and thin filament
activation are in near steady state [5]. While some thin filament deactivation could occur
during shortening length steps [37] with the ktr protocol, Ca* remains in equilibrium with
cTnC (enabling a weak-binding myosin state, i.e. the “closed” thin filament state [3]),
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whereas the thin filament is inactivated (i.e. in the “blocked” state) preceding kacT.
Interestingly, the difference in kact vs. ktr in myofibrils with 161Q c¢TnC increased with
addition of 0.5 mmol L™1 P; (Fig. 2), which influences cross-bridge cycling specifically. We
previously reported a similar difference between kact and kyg in trabeculae activated using
caged Ca?* in the absence of a phosphate mop, and demonstrated a similar increase in both
rates with dATP [5]. Together these studies demonstrate that thin filament activation
kinetics can limit the rate tension develops in cardiac muscle, even under saturating Ca2*
conditions. This limitation may be even greater at more physiological [P;], a question that
we are investigating.

It has been suggested that ktg during sub-maximal Ca?* activation is slowed by (relatively
slow) cooperative events in thin filament activation [38,39], and that loss of these
interactions may elevate sub-maximal ktg. Our trabeculae data with 161Q cTnC support this
idea (Fig. 3D), but the data with L48Q c¢TnC do not since pCasg is higher but ny is lower
and kg is unchanged. In previous studies using sTnC mutants in skeletal muscle we
suggested that elevated sub-maximal kg may result from an effect on cross-bridge
attachment and detachment rates (fapp and gapp;[40]) when kogt is greatly increased [13,15].
This could occur via reduced TnC-Tnl interactions or by indirect effect to increase cross-
bridge detachment Kinetics, via greater tendency for tropomyosin to move towards an
inhibiting position. Because skeletal data and models suggest that crossbridge kinetics are
altered when sTnC kinetics are altered [12,13], we test this hypothesis using a four-state
mass action kinetic model that incorporates cardiac kinetics and strong-cross-bridge binding
feedback (see Appendix and Scheme 1 in Supplementary Material).

Little is known about the influence of thin filament properties on relaxation, especially in
cardiac muscle. In fast skeletal muscle, cross-bridge detachment kinetics (gapp) are thought
to dominate the isometric (slow) phase relaxation rate [4,15,41-43]. The fast phase of
relaxation occurs when some sarcomeres lose activation while others rapidly shorten under
reduced load, resulting in sarcomere inhomogeneity, deactivation, and exponential tension
decline [4,42,43]. In agreement with this, we found no effect of L48Q or 161Q ¢TnC on the
fast (KreL fast) OF slow (KreL siow) relaxation phase rates (Table 2). Interestingly, however,
the duration of krg|_sjow Was prolonged with L48Q c¢TnC, but not 161Q ¢TnC. This could
occur if slower kqf allows detaching cross-bridges to re-attach, thus retarding thin filament
deactivation without affecting gapp.

Regulation of activation and tension development in cardiac muscle must be controlled at
the cellular (sarcomere) level because all cardiomyocytes are activated during systole. Our
current results suggest the Ca2* binding properties of cTn may allow for optimal
cooperativity in activation of contraction, providing rapid tension development that is very
sensitive to [Ca2*]. The consequences of a rapid kofr of cTnC in cardiac (vs. skeletal) muscle
may also be a greater dependence on strong cross-bridge binding for a given level of
activation. Thus factors that alter the probability of strong cross-bridge binding, such as
myofilament protein phosphorylation or changes in myofilament lattice spacing can have a
profound effect in cardiac muscle, steepening the sarcomere length-tension relationship
under conditions that affect pre-load and the Frank-Starling relationship. Interestingly, since
increasing cTn Kq¢ had no effect on relaxation duration or kinetics in this study, it suggests
that ko may also be optimized for rapid relaxation, which is advantageous for diastolic
function (especially during adrenergic stimulation). Better understanding of these regulatory
properties is also important for understanding the genetic basis of familial cardiomyopathies,
as disease-linked mutations in several myofilament proteins including cTnC have recently
been reported which either increase or decrease the Ca2* sensitivity of steady-state tension
in demembranated muscle preparations [44—-47] or interfere with TnC-Tnl interactions [48].
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Ultimately, therapies targeting the Ca2* sensitivity of myofilaments must be specifically
designed to account for the kinetics and activation principles of the cardiac system.

Research Highlights

«  Cooperative cardiac thin filament activation depends on cTnC Ca2* binding
kinetics

«  cTnC Ca?* dissociation rate (kof) affects acto-myosin binding but not cycling.
«  Altering ko affects Ca2* sensitivity of isometric tension development
e Increasing ko can decrease the rate of contractile activation

*  Decreasing kqff can increase the duration of isometric relaxation

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Example tension traces of activation-relaxation cycle in mouse ventricular myofibrils. A,
Tension traces for myofibrils exchanged with WT c¢TnC (black), L48Q cTnC (red), or 161Q
cTnC (blue) are shown for activation from pCa 8 to pCa 3.5 by rapid solution change (first
arrow), tension redevelopment resulting from a length release-restretch (see length trace
below panel A), and relaxation from pCa 3.5 to pCa 8 (second arrow) at 15 °C and <5 pmol
L~1 P; (due to P; scavenging, see Methods). Passive tension is the difference between initial
tension and zero tension during the length release. B, Traces normalized to maximum
tension for each condition and displayed with an expanded time scale demonstrate that
activation rate (kact) was decreased with 161Q cTnC (blue) but not with L48Q cTnC (red).
C, Expanded time-scale traces of kact and tension re-development rate (ktgr) super-imposed
to show both rates are the same for L48Q cTnC (red and yellow, respectively) but differ for
161Q cTnC (blue and green, respectively). D, Normalized tension traces demonstrate that
during relaxation, slow phase rate (Kre|_ siow) Was unchanged but duration is prolonged with
L48Q cTnC (red) vs. WT ¢TnC (black), and that fast phase rate (Krg|_ fast) did not differ.
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Figure 2.

Activation kinetics in the presence of 0.5 mmol L™ inorganic phosphate (P;) for control
myofibrils vs. myofibrils with 161Q cTnC. A, Example traces of activation and relaxation at
pCa 4.5 for WT ¢TnC (control; black) and 161Q c¢TnC (blue) with 0.5 mmol L™1 P;. Length
trace below tension trace shows transient for measurement of ktg. B, Normalized kact and
ktr traces demonstrating no difference between these rates for WT cTnC (control; black and
grey, respectively), but slower kact vs. ktg for 161Q cTnC (blue vs. green, respectively). C,
Summary of kact and kyg rates for 6-12 myofibrils. * P < 0.02.
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Figure 3.

Tension and kg as Ca2* was varied for rat trabeculae with WT, L48Q, or 161Q cTn. A,
Tmax for exchange groups is shown relative to pre-exchange native Tyax (1.0). Control
measurements with xcTn (containing D65A ¢TnC which does not bind Ca?* at site 1)
reduced Tmax to <10% of WT cTn, suggesting almost complete exchange of cTn. Exchange
with WT or L48Q c¢Tn maintained ~85% Tmax. With 161Q c¢Tn Ty, Was greatly reduced. B,
Tension-pCa curves (normalized to Ty, for each condition) of summarized data for WT
(black circles), L48Q (white squares), and 161Q cTn (white triangles). See Table 3 for fit
parameters. C, ktr-pCa data shows increased Ca2* sensitivity of ktg (pCasp) with L48Q
cTn vs. WT ¢Tn and a dramatically reduced Ca2* dependence of ktg with 161Q cTn. D, kg
data binned by pCa value and plotted vs. tension to show ktr dependence on cross-bridge
number (relative tension). Symbols in panels C and D are the same as panel B, and the black
star (D) indicates kTr max in 161Q cTnC-exchanged trabeculae in a low-P; pCa 4.0 solution,
which was 5.3 + 0.6 s™1 (or ~45% reduced from kTr,max in the traditional activating
solutions with ~0.5 mmol L™1 contaminating P;). * Relative Ty and kTR max immediately
following cTn exchange (rather than at end of pCa curve).
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Figure 4.

Effect of 5 mmol L2 dATP on Trax kTR max, and tension-pCa in trabeculae exchanged
with WT, L48Q, or 161Q cTn. A, Tyax and kTr max increased in the presence of dATP (vs.
ATP) in back-to-back maximal activations (pCa 4.0). *P<0.05, **P<0.01 vs. ATP. B,
Tension-pCa relationships with dATP for WT (grey circles), L48Q (grey squares), and 161Q
cTn (grey triangles). Hill fit curves for ATP are shown as dashed lines for this subset of
experiments, where paired comparisons were made with dATP for L48Q (left), WT
(middle), and 161Q cTn (right). See text for fit values.
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Figure 5.

Effect of 5 mmol L™ dATP on kyr-tension relationship in trabeculae exchanged with WT,
L48Q, or 161Q cTn. In a subset of trabeculae exchanged with WT (A), L48Q (B), or 161Q
cTn (C), kyr-tension relationships were little affected as pCa was varied in the presence of
ATP (A, black symbols; B, C, white symbols) or dATP (grey symbols). * Values from back-
to-back maximal activations in ATP and dATP (rather than at end of pCa curve).
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Figure 6.

Hill fits to cardiac data (Fig. 3B) and parallel previous studies with rabbit psoas skeletal
fibers with sTnC mutants that decreased (M80Q sTnCF27W: [14]) or increased (160Q sTnC;
[15]) koff- The data, collected under similar solution and temperature conditions,
demonstrate that cardiac muscle has a lower pCasg, that altering kot has similar effects on
pCasg, but that ny is greatly reduced in cardiac but not skeletal muscle.
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Table 1

Ca?* dissociation rate (koff) from mutant cTnC in whole cTn complex or in reconstituted thin filaments by
stopped-flow spectroscopy with Quin-2 fluorescence at 15 °C.

cTnType CcTnke (57 (N)  TF ko (s71) ()

WT cTn 29.7 + 0.5 (10) 75.4+ 4.8 (3)
L48QcTn 734017 (9) 28.0+£41% (3)

161QCTn  670+93%(8) 237.7+305 (4)

*
P <0.01 vs. WT. TF, thin filament.
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Table 3

Steady-state tension parameters after whole cTn exchange in demembranated rat trabeculae at 15 °C.

¢Tn Type Relative Tax pCasp Ny kTR max (57

WT cTn (8) 083+0.05 525%008 65+13  7.6+08
L48QcTn(8)  085+0.06 563+008" 26+04" 72%1l4

161QcTn (14)  019+0.02* 4772005 22x04" 92+08

*
P <0.01vs. WT
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