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Abstract

One of the complexities of understanding the pathology of familial forms of cardiac diseases is the
level of mutation incorporation in sarcomeres. Computational models of the sarcomere that are
spatially explicit offer an approach to study aspects of mutational incorporation into myofilaments
that are more challenging to get experimentally. We studied two well characterized mutations of
cardiac TnC, L48Q and 161Q, that decrease or increase the release rate of Ca2* from cTnC, k_c,
resulting in HCM and DCM respectively [1]. Expression of these mutations in transgenic mice
was used to provide experimental data which showed incorporation of 30 and 50% (respectively)
into sarcomeres. Here we demonstrate that fixed length twitch contractions of trabeculae from
mice containing mutant differ from WT; L48Q trabeculae have slower relaxation while 161Q
trabeculae have markedly reduced peak tension. Using our multiscale modelling approach [2] we
were able to describe the tension transients of WT mouse myocardium. Tension transients for the
mutant cTnCs were simulated with changes in k., measured experimentally for each cTnC
mutant in whole troponin complex, a change in the affinity of cTnC for cTnl, and a reduction in
the number of detached crossbridges available for binding. A major advantage of the multiscale
explicit 3-D model is that it predicts the effects of variable mutation incorporation, and the effects
of variations in mutation distribution within thin filaments in sarcomeres. Such effects are
currently impossible to explore experimentally. We explored random and clustered distributions of
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mutant cTnCs in thin filaments, as well as distributions of individual thin filaments with only WT
or mutant cTnCs present. The effects of variable amounts of incorporation and non-random
distribution of mutant cTnCs are more marked for 161Q than L48Q cTnC. We conclude that this
approach can be effective for study on mutations in multiple proteins of the sarcomere.

Summary—A challenge in experimental studies of diseases is accounting for the effect of
variable mutation incorporation into myofilaments. Here we use a spatially explicit computational
approach, informed by experimental data from transgenic mice expressing one of two mutations in
cardiac Troponin C that increase or decrease calcium sensitivity. We demonstrate that the model
can accurately describe twitch contractions for the data and go on to explore the effect of variable
mutant incorporation and localization on simulated cardiac muscle twitches.

Keywords

computational model; simulations; troponin C mutation; cardiac; twitch kinetics; variable
incorporation

1. Introduction

Cardiac muscle twitch contractions are initiated by a transient increase in intracellular
calcium (Ca?*), which binds to the N-terminus of the cardiac troponin C (cTnC) subunit of
troponin (cTn). This increases cTnC affinity for troponin I (cTnl), allowing cTnC to
compete with actin for binding the Tnl. The associated reduction in cTnl interaction with
actin results in increased mobility of thin filament tropomyosin, exposing myosin binding
sites on actin that allows myosin-actin crossbridge formation and contraction [3]. As Ca2*
dissociates from cTnC, it is rapidly pumped back into the sarcoplasmic reticulum or
extruded from cardiomyocytes via protein pumps and ion exchangers. Without bound Ca?*,
cTnC affinity for cTnl is reduced and, in turn, cTnl affinity for actin is increased, reducing
tropomyosin mobility, and allowing the reduction of force and relaxation. Amino acid
variations (mutations) in ¢cTn subunits, like those associated with hypertrophic or dilated
cardiomyopathy (HCM and DCM, respectively), often affect the CaZ* binding to cTnC. In
turn, this affects the Ca2* sensitivity of myofibril force development and the dynamics of
contractile activation and relaxation [4]. These changes can be progressive as the level of
mutational incorporation (i.e., variant expression levels) in sarcomeres increases as shown in
in-vitro studies with TnC [5] and in transgenic mice. It should be noted, however, that the
situation with TnT mutations is more complex [6]. Determining how variable mutational
incorporation affects cardiac twitch contractions, and the onset and progression of cardiac
disease are important questions that have not been well studied.

The most commonly used methods for studying how cTn mutations affect contractile
properties have been to measure the steady-state force or the kinetics of force redevelopment
(following transient length changes) as a function of [CaZ*] in demembranated cardiac
muscle tissue or the activation and relaxation dynamics with isolated sub-cellular contractile
organelles (myofibrils) via rapid Ca2* solution switching [7, 8]. For some studies, native cTn
has been exchanged (via mass action) with recombinant cTn complexes containing the
mutation of interest in either cTnC, cTnl or cTnT. Most of these studies have reported on the
effects of 100% exchange with the mutation (or as close to this as possible) [9]. However, in
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cardiac muscle from patients, or transgenic animal models, the incorporation of a mutation
into sarcomeres is substantially less than 100%. Variable mutant troponin expression in
animal models of disease is reported by linking the fraction of troponin mutant incorporation
to severity of muscle functional change. For example incorporation of ~21% of mutant
cTnCA8V into the cardiac myofilament reduced diastolic sarcomeric length, increased
shortening, prolonged Ca?* and contractile transients [10], similar to changes observed due
to 30% incorporation of cTnC'61Q in transgenic mice [1]. The dose dependent incorporation
of cTnTR92Q affects cardiac muscle hypercontractility but shows mild or no ventricular
hypotrophy [11] and incorporation of 43% cTnT179N causes not only change HCM features
such as sarcomere disorganization, increase in systolic contractility and impaired relaxation
but also the pro-arrhythmic changes of the human ventricular action potential [12]. Likewise
the incorporation of ~25% cTnIR21C within the myofilament virtually abolishes cTnIR21C
phosphorylation and this dose of the mutation is sufficient to develop a notable degree of
cardiac hypertrophy and fibrosis in mutant mice [13]. Taken together, the observed changes
in the contractile properties, tension Ca2* sensitivity and structural changes in heart walls
from these specifically designed animal model preparations may not accurately predict the
twitch behavior of patient cardiac tissue, due to neuro-humoral adaptive responses and
patient treatment regimens.

Multiscale computational models can help overcome these experimental and analytic
complexities, without the need for multiple types of experiments and protocols, especially
when tissue availability is limited. We recently reported on the development of a multiscale
model that effectively simulates the force dynamics of rat cardiac twitch contractions under
multiple conditions, as well as the tension-Ca?* relationship of cardiac muscle [2]. This
model can account for internal sarcomere length changes that occur when twitches are
measured in muscle fixed length conditions and also includes a ‘parked state’ of myosin
(analogous to the “super-relaxed state” [14, 15]) that is essential to accurately simulate the
absolute tension and kinetics of the twitch. We have now adapted this model, originally
developed for rat myocardium, to simulate twitches of cardiac muscle from transgenic mice
containing mutations in cTnC, to understand the mechanisms by which mutations affect
contraction and relaxation.

Here we report the ability of this multiscale model approach to predict how variable amounts
of two different mutant cTnC’s affect twitch contractions in cardiac muscle. We chose to
study mutations affecting the binding of Ca* by cTnC and the subsequent interaction
between cTnC and cTnl in the cTn complex that we [9, 16-18] and others [19] have
reported. These cTnC mutations, L48Q and 161Q, have, respectively, increased and
decreased Ca?* binding affinity of cTnC, and Ca?* and sensitivity of force in
demembranated cardiac muscle (see Fig. 1 [1, 9]). They affect contraction of
cardiomyocytes [20] and left ventricular function in transgenic animals [1, 21]. Thus, they
present an identifiable, small set of parameters that are directly affected (with implications
for function at larger scales) that can be quantitatively assessed in our sarcomere model
simulations [9, 17, 18]. While these mutations have not been identified as variants in
humans, our studies in transgenic mouse models demonstrate they can result in severe DCM
(161Q) and mild-moderate HCM (L48Q) in transgenic mice [1, 21]. However, while other
studies in mice with long-term expression cTnCL48Q also observed higher peak twitch
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tension, slower relaxation, higher fractional shortening and ejection fraction, they did not
show cardiac hypertrophy [22]. To demonstrate the effect of these two cTnC mutations we
initially simulated twitches of trabecula from these mice that contained 30% cTnCL48Q or
50% cTnC'61Q as determined by Davis et al. [1], and found that the altered Ca?* binding
affinity of mutant cTnC (Fig. 1B) affects time course of twitches in a predictable way. To
accomplish this, the only parameters that needed to be adjusted, apart from Ca2*
dissociation rate (k.c5), were the affinity of cTnC for ¢cTnl (1), and a minor change to the

rate constant for myosin detachment from actin (k2 4). We also investigated the effect of

varying mutation incorporation and mutation clustering pattern in thin filaments on cardiac
twitches. Our simulations demonstrate the potential for quantifying changes in twitch
contraction that result from variable amounts of mutant incorporation and the power of
structurally based computational models to examine mutation incorporation and patterns in
cardiac muscle. A preliminary report of this work was published previously [23, 24].

2. Methods

2.1. Spatially explicit computational models of sarcomeres

A new generation of models considers the explicit three-dimensional (3-D) structure of a
sarcomere following each interaction between sarcomere proteins, e.g., myosin with actin,
the troponin-tropomyosin complex with the actin surface, and between the proteins with
small molecules, e.g., Ca* [25-29]. This approach permits tracing the effects of the protein
mutations on contractile characteristics of striated muscles. Earlier models which considered
the 3-D explicit geometry, have used two or three state crossbridge cycles [28] coupled with
models of thin filament regulation [25-27]. More detailed models consider, in addition, the
effects of nonuniform distribution of actin filament lengths, changes of interfilament spacing
and the effect of titin-based passive tension on overall level of activation [29].

Following these approaches, we have developed computational model for twitch
contractions in intact trabecula [2]. Trabeculae are composed of longitudinally aligned
myocytes. Within each myocyte there are myofibrils in parallel, and within myofibrils, there
are sarcomeres in series. The 3-D sarcomere structure contains an array of thin and thick
filaments connected by crossbridges and other elastic elements (e.g., titin) in a lattice
structural network. Active force generation is achieved via a crossbridge cycle that converts
chemical energy into mechanical energy, defined by the ATPase cycle. Myosin-actin
interactions are simulated using a six-state crossbridge cycle, which contains a ‘parked state
(PS) where myosin heads are held near the backbone of the thick filament in an ordered
pattern in the so called super relaxed (SRX) state [15, 30] or in the disordered relaxed state
proximate to the backbone (DRX) [14, 31]. In contrast, heads in the activated state are away
from the backbone and available to interact with actin.

The PS was needed as a source for myaosin recruitment during activation and a sink for de-
recruitment during relaxation to achieve the kinetics of twitch contractions [2]. The
definition of states in our six-state scheme are described in the supplemental material and is
shown in Fig. S1. The transition rates between the crossbridge cycle states for rat cardiac
trabeculae were defined in Mijailovich et al. [2] where the transition from PS into the
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M.D.Pi state was modelled as a Ca2* dependent switch for crossbridges to a form available
to bind actin. The mathematical formulation of the crossbridge cycle rates used here are
adopted from [2].

The model of thin filament includes a continuous flexible chain (CFC) representation [32,
33] for tropomyosin and structural changes such as variation of sarcomere length,
interfilament sarcomere lattice spacing and length dependent effects of titin forces. These
features enabled simulations that showed excellent predictions of the magnitude and kinetics
of twitch tension in response to physiological Ca2* transients in cardiac muscle [2].

2.2. New features for modeling twitch contractions in transgenic mice trabecula

We do not have a set of experimental Ca2* transients for the transgenic mice and it is
important to note that the CaZ* transients cannot be assumed to be the same as for WT
cardiac muscle with mutations that alter Ca2* binding properties of cTnC. TnC is the largest
Ca?* buffer in myocytes and alterations in TnC Ca2* affinity may alter Ca?* homeostasis in
myocytes. Davis et al. made a careful study of the CaZ* transients for the three transgenic
mice used here and we used these Ca2* transients as a guide [1]. The method for estimating
these Ca2* transients is described in the Supplemental Material (Fig. S2).

For modeling the twitch transients in L48Q and 161Q transgenic mice it is necessary to
include structural details and the distribution of the mutant cTnCs amongst WT cTnCs in
thin filaments, a novel feature that allows simulations of mutational incorporation (see Fig.
1C). The explicit sarcomere structure in our model also allowed the implementation of
mixtures of WT and mutated cTnCs, distributed either randomly or in clusters of 2-3
mutated cTnCs along each strand of Tm chain within individual thin filaments. Keeping the
same proportion of WT vs. mutated TnCs as simulated for the transgenic mice, we
quantitatively estimated the effect of different distributions on the amount of developed
active tensions.

2.3. Twitch experiments in intact trabeculae

Thin, unbranched, and intact trabeculae were carefully dissected from the right ventricular
wall of wild-type and transgenic mice and mounted between a force transducer (Cambridge
Technology, Inc., Model 400A) and a length-controlling motor (Aurora Scientific, Model
300C). Each end of the trabecula was sutured to custom arms attached to the motor and
force transducer made from 22-gauge needles. The trabecula was then submerged in a
custom-built experimental chamber that was continuously perfused with modified Krebs
buffer, containing (in mM) 118.5 NaCl, 5 KCI, 1.2 MgS04, 2 NaH2PO4, 25 NaHCO3, 1.8
CaCl2, and 10 glucose, at 30° C. Twitches were elicited by field stimulation with custom
platinum plate electrodes at 1 Hz with oscillating polarity and intensity 50% above
threshold. Sarcomere length (SL) was set to 2.0 um using an inverted stereomicroscope with
a 40x dry objective lens and a 10x eyepiece. If sarcomeres could not be seen (e.g., if the
trabecula was too thick), a SL of 2.0 um was assumed to be at trabecula slack length (the
length of the trabecula at the onset of passive tension development). Trabeculae were
allowed to pace at 1 Hz for ~20 minutes at SL 2.0 um (and 30°C), and then stretched to SL
2.3 um for data acquisition. Continuous twitch force traces were recorded using custom
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LabView software at a sampling rate of 1 kHz and were analyzed with custom code written
using MATLAB software (The MathWorks, Natick MA).

2.4. Model parameters and simulations performance.

A complete set of model parameters used in simulations of WT mouse trabecula twitch
experiments at 30 °C are displayed in Table 1. For clarity, we discuss below the origin and
definitions of several parameters adjusted in simulations of the experiments performed on
transgenic mouse trabeculae including mutations (Table 3) or parameters contrasting the
differences between species, e.g., mouse vs rat (Table 2).

All simulations, paralleling the experiments, were performed at temperature of 30° C, and at
sarcomere lengths 2.3 um in mice and 2.2 ym in rats. Actin filaments can vary in length,
depending on species, typically in the range of 0.6 to 1.1um (e.g., in rat atrial trabecula [34])
and they have a monomer spacing of ~2.735 nm and the half period of one strand is 35.56
nm under relaxed conditions [35-37]. The length of a myosin filament is ~1.58 um, having
50 crowns, i.e. 150 myosin molecules per half-thick filament, with a crown spacing of 14.3
nm [38]. The values of the interfilament spacing 1,0 are specified for each set of
simulations [39]: in intact mouse trabecula 1,0 ~33.10 nm at SL 2.3 um and in rat trabecula
~33.83 nm at SL 2.2 um. The inter-filament spacing is an important factor in modulation of
myosin binding to actin and, possibly other rates in crossbridge cycle [29, 40].

Actin and myosin filaments are extensible with filament moduli (elastic modulus times
cross-section area) derived from X-ray diffraction or direct measurement; for actin, K, =
A4E;and for myosin K, = Ap,E,, taken from [35, 41] and shown in Table 1. We used here
the modulus, AE, rather than stiffness, A£/L, because the reported stiffness values depend
on the filament length, L, and cross-section area A is not well defined for myosin and actin
filaments. The nonlinear elasticity of titin is adopted from [29] and used in all simulations.
Moreover, following the approach of Mijailovich et al. [2], the series elasticity of trabeculae
is derived from the experiments of Caremani et al. [42] and used in all simulations.

For Ca?* binding kinetics to TnC and interaction of Tnl with actin (Fig. S1), the equilibrium
rate constant of Ca2* binding to TnC, K, along TnC closed states, is effectively defined

via the forward constant k¢, = k¢, - [Ca] (for the definitions see [2]). The parameters
defining rates kc,, k.c, Tnl-actin interaction equilibrium rate, A, and constant cooperativity

coefficient, o0, for WT mouse are shown in Table 1. The values of parameters different than
those in Table 1, specific for mouse mutant myocardium are shown in Table 3. For the CFC
model parameters we used those reported in [2].

Due to the stochastic process of myosin interacting with actin, the forces in the
myofilaments fluctuate in time and each filament experiences somewhat different force. For
comparison with observed isometric tensions we include in all plots both the tension in kPa
and the average force per myosin filament, £, in pN. The scales are related by a factor that
takes into account how many myosin filaments there are per unit fiber cross-sectional area
[28, 43]. Because the total number of thick filaments in a myofibril or muscle fiber does not
change with experimental conditions, for the estimation of the number of thick filaments per
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unit of cross section area, we used the lattice spacing, d1,0, at the same length where the
muscle cross-sectional area is measured for calculations of the muscle tension.

In intact trabeculae, the lattice spacing at a sarcomere length of 2.0 um, where the cross-
sectional area was measured, is @1,0=35.49 nm [39] and the number of thick filaments per
um2 myofibril is ~688. Considering that the fraction of the cross-sectional area in rat
trabeculae occupied by myofibrils is ~ 61 % [44, 45], this reduces the number of myosin
filaments over the trabeculae cross-section to ~420 per pmz2. In this case, the scaling factor
provides that 7,=50 kPa corresponds to F,=119.2 pN per myosin filament or 59.6 pN per
actin filament.

2.5. Modelling the Mouse wild-type twitch

Using the MUSICO platform we previously demonstrated simulations of twitch tension
transients that closely matched those observed for rat trabeculae under a variety of
conditions [2]. The model used a set of intrinsic parameters based on experimental
measurements from multiple research groups (see Tables 1 and 2) [9, 42, 46]. The key
difference between the twitch in the mouse versus rat muscle is the time course of the
tension development and relaxation, with these being more rapid for mouse cardiac muscle,
for example twitch time parameters are 1.5 to 2 times shorter in mouse [47] than in rat [48].
This, primarily due to differences in myosin Kinetics, is a general phenomenon amongst
muscle myosin isoforms where the equivalent isoform is faster the smaller the mammal
([49], see Discussion). For example, motility assays and ATPase rates are 2—-3 fold faster in
mouse cardiac myosin (exclusively the a-myosin isoform) than in rat cardiac myosin (which
expresses 90% a and 10% B-myosin isoform [50, 51]) in addition to myofibril activation
and relaxation kinetics being faster for mouse cardiac muscle [9] than for rat [52]. The
changes made in the rat model parameters to model mouse data are described in Table 2.
The rate constants for myosin binding and detachment from actin, ATP hydrolysis and ADP
release (highlighted in Table 2) were increased by a factor of 1.5 to 3, compatible with
experimental studies of rat and mouse contraction parameters in skinned cardiac muscle,
myofibrils and myosin [9, 50-56]. The exceptions to the 1.5 to 3 increase are the rate
constants of the power stroke ( k.p;and k_p;) which were increased by a factor of 10 for the

mouse (displayed in Table 2 via ki5;), such that the equilibrium rate K}, is unchanged. Note
that the Pi release step controlled by constant Kp;is assumed to be in rapid equilibrium, and
kS, =1000 s~ was adequate for rat simulations, but k.p;and k_p;had to be increased for the

mouse by 10-fold, thus we used £°5; = 10000s~!.

Figure 2 shows the time course of a twitch in mouse trabeculae at 30° C with a sarcomere
length of 2.3 um (solid line), averaged from the data for wild type (WT) mice. In these
experiments, Ca2* transients were not measured for WT type mice or for their transgenic
littermates that express cTnC mutations. Instead, the Ca2* transients used in simulations
were derived from Davis et al. [1], which reported on these same transgenic mouse lines (for
the derivation details see Supplemental Material, Fig. S2). Model simulations matched the
tension amplitude and time course of the twitch quite well (dashed line, Fig. 2A). This was
in part due to accounting for the internal (half) sarcomere length shortening (dashed line,
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Fig. 2B) that occurs in trabeculae where the total trabeculae length is held constant during
twitch contractions [42, 57]. Because the values for Ca?* transients from Fig. S2 were
estimated, the effect of + 20% change of the [Ca2*] transient is quantified for the twitch
tension transients for WT and cTnC'®1Q (see Fig. S3). The parameters used in simulations
are the same as used in simulations shown in Fig. 3. Furthermore, the details related to the
effect of change in sarcomere length on the twitch tension are shown in Fig. S4. These
simulations of trabeculae from WT transgenic mice provided initial validation for the
parameter values that were adjusted from rats to mice.

3. Results

Twitch contractions were collected for intact trabeculae from the WT and transgenic mice
expressing 30% (cTnCL48Q) or 50% of (cTnC'61Q) of the mutant cTnC as described in the
Methods. The experimental data is summarized in Fig. 3, shown as an average of N
observations, specified for each case in the legend of Fig. 3. The twitch peak tension (Fig.
3A) and time parameters that characterize tension rise (Figs. 3 B and C) did not differ
between trabeculae from WT versus L48Q mice. In comparison, peak tension was reduced
by ~60 % for trabeculae from 161Q versus WT mice (Fig. 3A), but rates of force
development (Figs. 3 B and C) did not differ. Relaxation times were significantly lengthened
for L48Q muscles (Figs. 3 D and E) but unchanged for 161Q muscles. This slower relaxation
for cTnCL48Q reflects a three-fold increase in the affinity of Ca2* for cTnC due to a slower
Ca?* dissociation (k.c,) rate constant (cTNCWT =75 +5s71: ¢cTnCL48Q =28 + 4571), as
previously reported [9, 17-19]. In contrast, cTnC'61Q has a three-fold weaker affinity for
Ca?* due to a faster Ca2* dissociation rate constant (237 + 30 s71) [9, 17-19]. This resulted
in the much lower peak tension (due to a lower Ca2* activation level), even though the time
course of the tension transient was not significantly affected.

Fig. 3F compares experimental twitches (solid lines) to twitch simulations using our
MUSICO platform (dashed lines) driven by the CaZ* transients (dotted lines) measured in
Davis et al. [1], and model estimates of sarcomere length changes occurring during the
twitch. The simulated twitches match the peak tension, the tension development and
relaxation kinetics of the experimental data in each case. Table 3 lists the small number of
parameters that were needed to be adjusted to fit the three transients. Fitting our six-state
cross bridge cycle model to the tension data for both transgenic mouse lines was achieved
primarily by changing the rate for Ca2* dissociation from cTnC (k.c,) for the proportion of
cTnC mutant found in mouse trabeculae sarcomeres (Table 3). The k.o, was changed by
similar magnitudes to that we have reported from experimental measurements, e.g., a three-
fold increase compared to WT for cTnC!61Q and a three-fold decrease for cTnCL48Q [9, 17,
18]. Protein biochemical measurements, previously reported, indicate this resulted in a
similar fold increase in cTnCL48Q affinity for cTnl [17] and a similar fold decrease for
cTnC'61Q [18]. The cTnCs containing mutations were assumed to be randomly distributed in
thin filaments throughout the sarcomere (Fig. 1C). Alternate distributions are considered in
section 3.2. These simulations gave a reasonably good fit to the data during tension rise, but
not during relaxation (Fig. 4). To generate the best fits shown in Fig. 3F required adjustment

of two additional parameters, specifically the rate constant (k° 4) for actin dissociation from
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the A-M.D.Pi complex and the equilibrium constant (1) for the interaction between cTnl
and actin (see Table 3). The arguments for why these changes are reasonable are considered
below.

3.1. Mutation Incorporation into Myofilaments

One issue that has been difficult to address in previous modelling studies is the ability to
simulate less than 100% of a mutant isoform in cardiomyocytes. An advantage of structure-
based sarcomere models like MUSICO is the ability to define the properties of each cTnC
along a thin filament and between thin filaments, thus allowing varying the ratios of and
position of cTnC containing mutations in simulations, something that cannot be
accomplished experimentally in transgenic mice. For the transgenic mice in these studies,
the myofibril incorporation level of cTnC-48Q was 30% while that of cTnC'61Q was 50%. In
initial simulations (Fig. 3F) we accounted for this incorporation by assuming a random
distribution of the mutation in each thin filament to achieve the 30% (TnCL48Q) and 50%
(cTnC'61Q) levels measured in cardiac muscle of the transgenic mice.

In Fig. 5 the predicted effect of varying mutation incorporation is explored for the two
mutations. Fig. 5A demonstrates variation in cTnC'61Q incorporation from 0 to 100%,
predicting a decrease in peak tension as the percentage of cTnC!61Q increases, assuming the
Ca?* transient remains the same. Peak force decreased from ~120 pN/myofilament with
cTnCWT to ~12 pN/myofilament with 100% cTnC'61Q. The reduction of peak tension
relative to increasing cTnC'61Q is quantitatively expressed in Fig. 5C and demonstrates that
peak twitch force is more sensitive to cTnC'61Q at lower incorporation compared to high. In
contrast, as the % of cTnCL48Q present in myofilaments increases there is a linear increase
in peak force from ~105 to 140 pN/myofilament (Fig. 5 B and C). In both cases the time to
peak tension was little affected, while the 50% relaxation time (RT50) mirrors the behavior
of the peak tension i.e., it is significantly shorter for cTnC'61Q but increases marginally for
cTnCL48Q, The observations suggest that low levels of cTnC'61Q should have a larger effect
than ¢cTnC L48Q on the contractile properties of myocytes. By implication, this suggests that
the contractile properties of cardiomyocytes are more affected by increasing the Ca*
dissociation rate of cTnC as observed in cTnC!61Q than decreasing it as in cTnCL48Q,

3.2. Mutation Clustering

The thin filament is a highly cooperative system and the distribution of cTnC mutations
could induce positive or negative cooperativity between adjacent cTnC’s within a thin
filament. In addition, there is evidence that cTnC can be exchanged more readily in different
parts of the sarcomere [58, 59]. An advantage of structure-based sarcomere models is the
ability to study the influence of mutation clustering along the length of thin filaments or
differential incorporation between thin filaments or between different regions of a thin
filament in myocytes. As mentioned above, this manipulation is not possible in animal
models. An analysis of mutant cTnC clustering is presented in Fig. 6. For these analyses, the
level of incorporation for each mutation was assumed to be the same as what was present in
the transgenic mice and used in simulations with random distribution of mutant and WT
cTnCs (Fig. 3). We considered the effect of mutant cTnCs binding cooperatively on the thin
filament causing increased clustering as illustrated in Fig. 6A. Interestingly, the effect of this
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clustering on tension transients for either mutation was minimal (Fig. 6B). An extreme
example of ¢cTnC clustering would be the case where cTnC mutations segregate into separate
thin filaments, with some filaments not containing any mutant cTnCs and others containing
only the mutant cTnC (Fig. 7). In this case only 30% of thin filaments contained 100%
cTnCL48Q and only 50% filaments contained 100% cTnC 161Q. As shown in Fig. 7, the
effect of this extreme segregation was minimal for cTnC-48Q while simulations for the
cTnC'61Q mutation predicts ~50% higher peak tension than for the random distribution of
cTnC'61Qs along each thin filament.

3.3. The effect of mutations on rates of cTnl dissociation from cTnC-cTnl and
dissociation of myosin from A.M.D.Pi state

As mentioned above, in addition to the Ca2* dissociation rate constant, k¢, two other
parameters had to be changed to generate the best fits shown in Fig. 3F. These were the
myosin-actin dissociation rate k° 4 and the equilibrium constant between A + Tnl-TnC.Ca2*

< A-Tnl + TnC.Ca?*, denoted as A in Fig. S1.

During relaxation sarcomere length increases and a significant number of crossbridges in the
A.M.D.Pi state are trapped maintaining high tension. Furthermore, the number of these
crossbridges is even increased further due to reverse power strokes associated with
sarcomere lengthening. Because these crossbridges cannot complete full crossbridge cycle

their detachment can only be realized via k% 4 pathway, and, in most of the cases, the
dissociation rate k% 4 needs to be adjusted to match the observed tensions and sarcomere
length changes. The effect of keeping k2 4 constant at the WT value is simulated in Fig. 4A
(dotted lines). In both mutant cases WT value of k2 4 resulted in a faster relaxation than

observed but after adjusting the value of k¥ 4 to match the experimental data, k° 4 was
reduced by ~30% for L48Q trabeculae (from 115 for WT to 80 s™1) and decreased even
more (~ 50 %) for 161Q trabeculae (i.e., to 60 s~1). The smaller values of k° 4 resulted in a
slower relaxation (dashed lines) but had little effect on the rise time or peak tension. A
similar effect to reducing «° 4 could be achieved by slowing both maximum forward and

backward rates of the parked state while keeping kp5"/k_ pg fixed at a value of ~2, while

keeping WT k2 4 values (Fig, 4B). In this case, the PS state reduces the population of
M.D.Pi state at decreased [Ca2*] levels causing a significant reduction in binding flux and,
therefore, having the same effect as reduction in k2 4.

For the best fits shown in Fig. 3F, the value of A, the equilibrium constant between A + Tnl-
TnC = A-Tnl + TnC, was increased by a factor of 2 (from 10 to 20) for cTnC-48Q, and
reduced by a factor of ~7 for cTnC!61Q, Note that these changes are in the opposite direction
for the two ¢TnC mutations. A change in the interaction between cTnl and cTnC for the two
cTnC mutations that alter Ca2* binding affinity is likely to induce an altered balance of
cTnl’s affinity for actin versus cTnC (A). Note, we do not suggest that the affinity of Tnl for
actin has changed just the balance of the competition between the two ligands for Tnl. Fig.
4C shows the effect of keeping A constant at 10, i.e., the value for WT. The effect is minimal
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for cTnCL48Q, while for cTnC'61Q the change causes a greater than two-fold increase in
peak tension with little change in time to peak tension or relaxation rate. A low value for A
means that Ca?* bound to cTnC does not compete well with actin for binding cTnl and so is
less effective at switching on thin filaments. This is consistent with demembranated rat
cardiac muscle data [9] where completely exchanged cTnC'®1Q into rat cardiac myofibrils
could generate only 40% of the tension of WT myofibrils, even at saturating [Ca2*].

4. Discussion

The effect of mutations in sarcomere proteins on the function of the contractile apparatus is
complex for diseases such as hypertrophic and dilated cardiomyopathy. In addition to
altering the properties of the individual protein, mutations differ in terms of their effects on
disease progression and severity. These differences likely result from multiple factors,
including mutation incorporation, position of the protein in the contractile apparatus and
haplo-insufficiency. There is experimental evidence to suggest that small fractions of a
particular mutation in sarcomeres can have a significant or even dominant effect on the
contractile properties of cardiomyocytes [20, 60]. To determine how mutation incorporation
and location within sarcomeres influence contractile function is difficult to address
experimentally, but this can be studied quantitatively with spatially explicit, stochastic-
kinetic cardiomyocyte models. The MUSICO model platform provides features that allow
individual proteins to have independent kinetic signatures. The platform is able to fit both
the WT and mutant mouse twitch tension transients using the same model, and the same set
of base parameters as used for the rat trabeculae (Table 2). Thus, the current study provides
validation of this modelling approach and its usefulness to examine muscle cell properties
across multiple species with different sarcomere protein isoforms. It can predict the
magnitude and time course of twitch tension for cardiac muscle, and how this is affected by
varying levels of mutant proteins. It is, therefore, a useful tool to evaluate whether mutation
clustering within or between filaments differentially affects the twitch magnitude or time
course of contraction and relaxation.

In this study, we examined two mutant cTnCs with increased (cTnC'61Q) or decreased
(cTnCL48Q) rate constants of Ca2* dissociation, to further validate the model and begin to
examine the roles of mutation incorporation and position within sarcomeres. We found that
changing the Ca?* dissociation rate was sufficient to simulate the rising phase of the twitch
from transgenic mice containing a known incorporation of each mutation, but was not as
effective at fitting the time course of relaxation. For relaxation, the best-fits were achieved
by also adjusting the equilibrium rate of Tnl interaction with actin (1) when Ca2* is bound
to cTnC, and the rate of myosin detachment from actin (k2 4) (see below). The changes
made in CaZ* dissociation rate constants for the simulations were the same as those
measured experimentally /n vitro[9, 19, 61]. The magnitude of the twitch was more
sensitive to faster Ca?* dissociation kinetics compared with slower kinetics. On the other
hand, relaxation kinetics were sensitive to slower Ca2* dissociation kinetics (cTnC-48Q) but
little affected by faster Ca2* dissociation kinetics (cTnC'61Q),
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Trabeculae from mice expressing 50% cTnCWT and 50% cTnC'61Q showed much lower
peak tension than trabeculae from WT mice (Fig. 3A), but a similar time course for both the
rise and fall of the tension transient. Myofibril data from Kreutziger et al. [9], where native
¢TnC in myofibrils was replaced almost completely with cTnC'61Q also shows relaxation not
being affected but the activation kinetics in myofibrils had normalized k4-7and k7 traces
that were as fast as from WT. However, at pCa = 4.5 161Q myofibrils show lower steady
state tension than in WT, and a slower rate of tension rise, that is consistent with lower peak
tension and slower tension rise during twitch of intact 161Q trabecula considering the 50%
incorporation of cTnC!'61Q, This can be almost entirely accounted for the lower affinity of
TnC for Ca2* and more than compensates for the higher peak [Ca2*] predicted during the
cardiac twitch. The ~3 fold faster rate of Ca?* dissociation from cTnC did not accelerate the
observed rate of relaxation even though the predicted Ca2* transient also returned to the
basal level more quickly than for WT simulations, both of which might have been expected
to accelerate relaxation. This issue is easier to understand using the incorporation data of
Fig. 5 where the same Ca?* transient is used at each level of cTnC'61Q incorporation into
thin filaments. These simulations predict that peak tension should decrease as the fractional
saturation of thin filaments with cTnC'61Q increases (Fig. 5), due to the increased fraction of
total cTnC with lower affinity for Ca2*. The time course of the tension transient was less
affected than the magnitude. The time to peak was only marginally shorter as cTnC'61Q was
increased from 0% to 100% though the time to 50% peak tension was longer by ~ 20% for
100 % cTnC'61Q, due mainly to an increase in the lag at the start of tension rise. The
relaxation kinetics was affected more. They were not significantly affected until TnC161Q
was half of total cTnC in thin filaments, but both 50% and 90% relaxation times were almost
twice as fast as with 100% cTnC'61Q, This result is consistent with the idea that faster
release of Ca?* from cTn results in faster deactivation of the thin filament. In a previous
myofibril study mentioned above [9], where native cTnC in isolated sub-cellular contractile
organelles (myofibrils) was totally replaced by cTnC!61Q, the maximum steady state tension
of individual mouse cardiac myofibrils at saturating Ca2* was reduced by 50% but the rate
of relaxation was not affected. The apparent difference in these results may be explained by
the high level of Ca2* in the activation solution (300 uM), which is approximately two
orders of magnitude greater than that seen in the Ca* transient that precipitates the cardiac
twitch. At the much lower, and transient Ca2* levels of the twitch, other factors may be
influencing the rate of relaxation, including a lower threshold for the removal of [Ca2*]
before relaxation is initiated and the smaller number of force-bearing crossbridges at peak
tension. Martyn and Fuchs have demonstrated that crossbridge binding has a positive,
cooperative effect on Ca?* binding to ¢Tn in cardiac muscle [62-64]. Thus, fewer
crossbridges likely results in reduced thin filament activation that may allow acceleration of
deactivation during relaxation as intracellular Ca2* is sequestered.

Trabeculae from mice expressing 30% cTnCL48Q (and 70% c¢TnCWT) had a similar rate of
tension rise and peak tension as trabeculae from WT littermates, but the rate of relaxation
was significantly slower. The model suggests that the slower rate constant of Ca*
dissociation from cTnCL48Q, k., can account for the slowed relaxation. This observation is
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consistent with the results of Kreutziger et al. [9] on isolated myofibrils, with almost
complete exchange of native TnC by cTnCL48Q, where the slow relaxation phase duration
was increased and fast phase relaxation rate was slower with little effect on maximum steady
state tension. The longer slow phase duration was attributed to the thin filament staying
turned on longer due to slower k.., of troponin with cTnCL48Q. This suggests that slowing
Ca?* release from thin filament cTn can significantly impair the rate of relaxation. In the
twitches of trabeculae from transgenic mice, the ~ 3-fold higher affinity of cTnCL-48Q for
Ca?* did not lead to a higher level of peak tension. This is likely because the peak [Ca?*]
transient for the cTnCL48Q trabeculae was 20% lower that for cTnCWT. These two opposing
factors likely cancel each other out, resulting in a similar level of activation.

The simulations presented in Fig. 5 predict that, as the incorporation of cTnCL48Q increases
from 0 to 100% (assuming a fixed CaZ* transient), the peak force should increase linearly by
~3% (~3.5 pN/myofilament) for each 10% increase in cTnCL-48Q incorporated into thin
filaments. Under these conditions, the system is not saturated with Ca?* and peak force is
proportional to the fraction of cTnCL48Q that is present. The rate of relaxation slows
marginally (RT50 increasing from 80 to 100 ms) suggesting only a modest effect of the
three-fold slower Ca2* release rate constant on relaxation. This is consistent with the mouse
myofibril data where total replacement of native cTnC with cTnCL48Q resulted in the
duration of the slow relaxation phase increasing from 59 + 4 ms to 85 + 6 ms while the fast
phase of relaxation slowed from 21.8 + 3s71t0 145+ 1.4 s71[9].

The dose dependence of cTnT mutant incorporation on Ca2* showed the same trend as for
the cTnC, where several mutants increased the Ca2* sensitivity (179N and R94C) and the
other decreased sensitivity at high doses of mutant (R278C) [6]. However, at low doses of
cTnTR278C the sensitivity showed the opposite trend. This difference can be attributed to the
location of mutations, which is considered in this study on ¢TnC and in Schuldt et al. [6] on
cTnT. These mutations affect the thin filament regulation by two distinctive mechanisms:
¢TnC mutations directly affect thin filament regulation by Ca2* via changing affinity of Tnl
for actin after Ca* binds to or dissociates from cTnC and therefore the Ca2* sensitivity,
whereas in the Schuldt et al. case, cTnT affects the interaction between neighboring
tropomyosins, i.e. cTnT modulates elasticity of continuous flexible chain (CFC), thus the
thin filament regulation is affected by altered CFC lateral mobility [33], not by changes in
Ca?* affinity to TnC. Therefore, the sensitivity analysis of mutilations of cTnC analysis
cannot be directly translated to the changes in Ca?* sensitivity caused by cTnT mutations.

Why does A change?

The change in A (two-fold larger than WT) has only a minor effect on the time course of the
transient for cTnCL48Q simulations. For cTnC'61Q, A is seven-fold smaller than WT and is
required to reduce the peak tension to fit the observed tension. The definition of A is the
equilibrium constant between Tnl bound to actin or Tnl bound to TnC (A + Tnl-TnC = A-
Tnl + TnC). A mutation in cTnC that alters its affinity for Ca2* is also likely to alter the
affinity of cTnC for cTnl (more precisely the cTnl switch peptide) and alter the balance
between cTnl affinity for actin and cTnC. Data from rat myofibrils suggests that cTnC!61Q
myofibrils cannot be fully activated even at saturating [Ca2*] [9]. This is consistent with a
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reduced affinity of cTnC'61Q for cTnl leading to incomplete activation. This is also
consistent with the notion that that mutation does not simply affect Ca2* affinity and the rate
of Ca?* release, but also significantly reduces the value of A..

Why does k_p or kpg change in the presence of the TnC mutations?

Our simulations show that just changing the WT values for the rate of Ca2* release from
cTnC and A gives a reasonable fit to the peak tension and the rising phase of tension rise.
The relaxation phase is not well described without additional parameter changes. The
relaxation phase is the most difficult part of the twitch transient to fit. Multiple factors
contribute to this process including cooperativity in the relaxation of the thick and thin
filaments, the rates of Ca2* release and the net detachment rates of crossbridges. These can
involve the rate of ADP release from the bound myosin head, ATP binding to the myosin
head, and the reversal of the power-stroke to a weakly attached state. In addition, during the
relaxation phase, sarcomeres are lengthening putting additional strain on attached
crossbridges, which can accelerate detachment of weakly bound crossbridges and slow down
the release of ADP from strongly bound A.M.D crossbridges. In our simulations of the
mutant myocardium, when we only change the rate of Ca?* release and A, we can fit the
peak tension and rate of tension rise well but the relaxation phase is too fast. As shown in
Figs. 4A and B this can be corrected by either a change in (k2 4) or adjusting the rate of
entering and leaving the parked state (Adj. kpsand k_ps, Fig. 4B) but leaving the equilibrium
constant, Kps, unchanged. The same effect can be produced by a combination of x° 4 and

kps. We chose to use change in «2 4 since these were modest (reduced by ~30% for L48Q or

by ~50% for 161Q) compared the much larger reduction required for the PS rate constants
(4-fold for L48Q or almost 8-fold for 161Q).

There is no obvious way in which a mutation in cTnC would be expected to exert a direct
effect on either k2 4 or kps, which suggests that these parameters could be complex terms

reflecting more than one underlying process. Altering kinetic parameters of Ca2* binding to
and dissociation from with cTnC and changes in affinity of cTnl to actin in order to match
the observations without changing crossbridge rates would require strong experimental
evidence justifying such changes. Part of the problem could be in uncertainties in Ca2*
transients that were estimated form Davis et al. [1] experiments, using the observed Ca2*
transient decay time in isolated adult rat cardiac myocytes not in intact mouse trabeculae.
Fine tuning of Ca?* decay tails in order to match the observed tension transients is complex
and speculative. In addition, the absence of a known mechanism connecting mutations in
cTnC with state transition rates in crossbridge cycle, the chosen changes in detachment rate
K 4 or alternatively the parked state rate constants (kps: and k.ps) are rather a convenience
for achieving good fits than representing a well-defined underlying mechanism. While this is
likely to be true for both terms, a common feature of both k% 4 and kpg, is that they control

the net rate of entry into the PS (= [M.D.Pi] kps— [PS] k.ps where M.D.Pi is in equilibrium
with A-M.D.Pi) and are both controlled by the relatively rapid equilibrium constant. K4 A
change in the availability of actin sites during the relaxation phase due to the mutation in
cTnC, which is not adequately captured by our model, could be accounted for by a change in
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k2 4. This is most likely to be due to the complexity of the cooperativity of the relaxation
process across both thick and thin filaments.

The PS is defined in simple terms in our model, as it remains under-defined experimentally.
The fraction of myosin head in the PS under different conditions is not well known and there
may be multiple forms, e.g., both heads tightly constrained to the thick filament, both heads
released from the thick filament but still interacting with each other, or both heads free to
interact with actin. Additionally, the thick filament is not uniform, and the role of cMyBP-C
remains to be fully defined. cMyBP-C may be involved in stabilizing the PS and potentially
in maintaining the thin filament in an activated form. One challenge in understanding the
role of cMyBP-C is that it is only present in the C-zone of the thick filament and in this
region it is present in only 1 in 3 myosin crowns. There is a potential for cTnC mutations to
influence the interaction of MyBP-C with actin and hence slow relaxation.

Our model assumes a rapid, Ca2*-dependent, equilibrium between the M.ADP.Pi state and
the PS, to allow PS activation to follow Ca%* dependent thin filament activation. For our
simulations, we made no change to the Ca?* binding properties of the PS since there is no
expectation that the cTnC mutations would directly alter thick filament properties. Note,
however, that in the model, the transition into the PS is assumed to be rapid (200 s™1) and
therefore unlikely to affect the rate of relaxation. There is one aspect of the PS that becomes
apparent from examining the cTnCL48Q data. The high Ca2* affinity of cTnCL48Q means
that at 100 % cTnCL48Q even at resting Ca?* levels (~0.1 pM) the thin filament is ~25%
saturated with Ca2* and therefore in the absence of a PS a significant level of “active resting
tension” is predicted [24]. This is not observed because the PS keeps the system turned off.
This is demonstrated in simulations of force-pCa relations observed in myofibrils [24].

One of the major advantages of the explicit 3-D modelling in the MUSICO platform is the
ability to model both variable incorporation of a mutation and variation in the localization of
the mutations, separately or in combination. Surprisingly, our simulations suggest that
clustering of mutant cTnC within individual thin filaments appears to have little effect on the
cardiac muscle twitch (Fig. 6B). The effect of incorporation of increasing amount of
cTnC'61Q demonstrated modest cooperativity in the downward curvature of the peak tension
plot (Fig. 6C). If the mutated cTnC are segregated in separate actin filaments than cTnCWT,
then the effect of this cooperativity is negated, and predicted peak tension shows a linear
decrease in response to increase of cTnC'%1Q dose. Even when total segregation of the
mutations was explored i.e., when mutations were confined to individual filaments, the
effects were minor for cTnCL48Q and significant cTnC'61Q (dorted Jinesin Fig. 7). Because
the effect of incorporation of the mutations in segregated filaments shows no cooperativity
then, therefore, the location of TnC within the sarcomere had no influence on the peak
tension.

Tension-Time Integral and Model Implications

Recent studies [1, 21] have demonstrated that the tension-time integral of a twitch from
cardiac muscle carrying sarcomere mutations is highly correlative with the type and severity
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of myocardial growth and remodeling. Termed the ‘tension index ( 7/),” this metric
accurately distinguished HCM and DCM remodeling of cardiomyocytes from animal
models and cardiomyocytes differentiated from human inducible pluripotent stem cells. We
recently demonstrated that the predictive capacity of 7/extends to the whole heart level and
to targeted genetic engineering to prevent phenotypic development [21]. These models open
the possibility of investigating the sensitivity of the 7/on a multitude of DCM- or HCM-
causing sarcomere mutation and their incorporation in the myofilaments. The 7/s for the
cTnCL48Q and cTnC'61Q mutations from 0-100% incorporation were calculated (Fig. S5),
and revealed that the 77/is more sensitive to cTnC'%1Q at low incorporation compared to
cTnCL48Q suggesting a high degree of cardiac remodeling for this variant even at low
expression levels.

The present study demonstrates the value and versatility of spatially explicit models of the
sarcomere and represents a new platform for predicting the malignancy of sarcomere protein
mutations that affect twitch tension. It also has the capacity to study how distribution of
mutations within myofilaments may impact the functional phenotype, as the models allow
for individualize properties of each protein within the framework of sarcomere structure.
The work presented here is limited to TnC mutations that alter the Ca2* affinity of troponin.
Future work will explore the ability of our approach to model different types of mutations in
troponin and other sarcomere proteins. In addition to mutations, these models can be applied
to study mixed populations of protein isoforms, such as cardiac p- and a.-myosin, or the
effects of variable post-translational modifications such as phosphorylation. Finally, in
combination with calculations of 77/, they can be used to predict the effect of tension-
targeted therapeutic strategies being developed.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Familial cardiac diseases usually originate from mutations in sarcomeric
proteins

The L48Q and 161Q mutations in cTnC modulate the release rate of Ca2*
from cTnC

The effects of the cTnC mutations are evaluated by /n sifico simulations
Twitch contractions in L48Q trabeculae have slower relaxation than WT

Twitches in 161Q trabeculae have markedly reduced peak tension comparing
to WT

An explicit 3-D model predicts the effects of variable incorporation of
mutations

The approach is suitable for the study on mutations in any major sarcomeric
protein
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Figure 1.

Experimental design to use the MUSICO spatially explicit model with experimentally
determined properties of TnC mutations. (A) Two individual single point mutations in cTnC
that result in a Glutamine (Q) substitution at either position Leu48 (green) or 1le61 (blue)
were examined. The Ca?"* affinity of each cTnC mutation was previously determined [9] and
was dependent of the Ca2* dissociation rate k., from the cTn complex, measured using
stopped-flow spectrophotometry (B). These rates were incorporated into the model at
individual cTnC subunits along the thin filaments (C), allowing the investigation of the
effects of mutation incorporation (30% cTnC-48Q and 50% cTnC'61Q) and spatial
distribution on twitch tension and Kkinetics.
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Figure 2.
The predicted twitch tension transient and change in half sarcomere length (Chng. HSL) in

WT transgenic mouse (TgMouse) trabecula (dark red dashed lines). (A) The [Ca2*] transient
for mouse myocyte contraction at 30 °C (dark red dotted line) was derived from the
observed peak [Ca%*], basal level and decay time observed in mice by Davis et al. [1], scaled
to the shape of the transient [Ca%*] measurements in rat trabeculae [46]; the tension
transients in mouse trabeculae were also observed at 30 °C (red solid line). (B) Predicted
change in half sarcomere length (HSL) during twitch contraction in fixed length trabecula.
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Figure 3.
Average observed values for twitch contractions for WT, 161Q and L48Q trabeculae from

transgenic mice (TgMouse) compared to MUSICO predictions. Experimental values (A-E)
represent the Mean + S.E.M. (N for WT =4; N for 161Q = 9; N for L48Q =5). *p < 0.05 for
each variant versus WT and #p < 0.05 for 161Q versus L48Q using a one-way ANOVA with
a Tukey post-hoc test of significance. The bar graphs show peak tension (Tp, A), time to
50% (B), 100% Tp (C), and relaxation time (RT) to loss of 50% (D) and 90% (E) of peak
tension. (F) MUSICO predictions of twitches for WT and transgenic mice trabeculae at
sarcomere length 2.3 um (dashed lines) superimposed on the observed twitches (solid lines)
for WT (red), L48Q (green) and 161Q (blue). Best fit parameters are listed in Table 3. The
twitches are driven by the Ca2* transients (dotted lines) from Davis et al. [1], and model
estimates of half sarcomere length changes (Chng. HSL).
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Figure 4.
The tension transients and the best fits from Fig. 3F are replotted with A) the resulting

transient for simulations of transgenic trabeculae containing cTnC-48Q and ¢ TnC'61Q if the

value of k2 4 is the same as for WT (=115 s™1) (dotted lines); B) Restoring the observed

tension transient of L48Q and 161Q trabeculae, from simulated the transients in (A) where of
max

k? 4 is set to value used in WT, by adjusting the values of kpsand k_psby setting kps: and

k.psto 100 and 50 s~1 for cTnCL48Q, 60 and 30 s~1 for cTnC'61Q.C) The resulting transient
if A is the same as for the WT (=10) (dotted lines).
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The effect of clustering of mutated TnC in each actin filament. A) Different random
distributions of mutant TnC within a representative strand of an actin filaments if mutant
TnCs tend to cluster: 1. cTnCWT, 1. random and clustered distributions of 30% cTnCL48Q
and I11. random and clustered distributions of 50% cTnC'®1Q. In Il and 111 the distribution
includes a significant number of clusters of three mutated cTnCs, denoted as “Clusters by 3”
and further enhanced number of the clusters of three, by ~ 25%, denoted as “Clusters by 3-
enh.” B) The effect of mutant cTnC distributions on tension transients where the random
distribution simulation data (from Fig. 2B) is compared with clustering cTnC-48Q (solid
lines) and cTnC'61Q (gotted lines) by 3 or by 3-enh, keeping partitioning as shown in (A).
Clustering distributions on cTnC'®1Q (C) and cTnCL48Q (D) represented as number of
mutant units in each cluster group per actin filament keeping level of overall incorporation

as shown in (A).
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TgMouse L48Q
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The effect of the distributions of cTnC mutations, where cTnCWT and ¢cTnCL48Q (or
cTnC'61Q) are segregated into separate thin filaments (FIm.), or they are randomly
distributed along each thin filament (Rnd.). In each cTnCL48Q simulation incorporation of
the mutation was 30% and for cTnC'61Q was 50%. Tension observed transients (solid lines)
and the best fits from Fig. 3F with the mutant cTnC distributed at random along each
filament (dashed lines), are compared with thin filaments containing only WT or only
mutant cTnCs randomly distributed within the sarcomere (dotted lines).
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Table 1.

MUSICO parameters for the simulations of twitch contractions in intact mice trabeculae at fixed length and at
temperature 30 °C.

Description Parameter  Iso Trabeculae
Crossbridge Cycle
Myosin-actin binding rate o 350s71
Yy 9 kS 4
Myosin-actin detachment rate? K2 A 11557
-1
Myosin stroke cap rateb ki_app,- 100005
-1
Myosin reverse stroke cap rateb kia;i 1000
Power stroke Gibbs energy change [2,28,29] Gstroke -13ksT
Working stroke [2,28,29,65] a 10.5nm
Second working stroke [2,28,29] 8 1nm
ADP release rate* 0 -1
k% p 500 s
6 o1
ATP binding and myosin detachment? ke 10°s
-1
Hydrolysis forward rate? Kot 2405
-1
Hydrolysis backward rate? k-t 245
Crossbridge stiffness [2,28,29,65] K 1.3 pN/nm
kgTat 30 °C kgT 4.185 pN-nm
Calcium Kinetics
Calcium binding to TnC equilib. rate [32,66] ECa 106 M1
Calcium binding rate to TnC [32,66] ;;w 7.54-107 M~L.s71
Calcium dissociation rate from TnC [9,17,18] Kca 75.4.10" M~L.s1
Tnl-actin equilibrium rate const. at high Ca%* A 10
Tnl-actin backward rate const. A 375571
Tnl-actin-Ca cooperativity coefficient [32,66] &, 0.01
CFC
Tropomyosin pinning angle [67] e -25°
Myosin Tin angular displacement [67] o 10°
Angular SD of free CFC [33,68] ) 29.7°
Persistence length of Tm-Tn conf. chain [33] 1€ 50 nm
Parked State
_1
Transition rate to “parked state”® Kops 200
-1
Baseline rate” k?:s 5s
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Description Parameter  Iso Trabeculae
Crossbridge Cycle
-1
Amplitude® Kpx 400
Calcium Hill function slopec b 5
Half activation point of the Hill function® (€250 06uM
Sarcomere
Length of Sarcomere SL 2.2um
Reference Length of Actin filament [34,69] )54 1.1pm
a
Interfilament Spacing at SL=2.3 pm [70] aio 33.10 nm
Thin filament elastic modulus [35,41] AE, 65 nN
Thick filament elastic modulus [35] AE,, 132 nN

a . : . . . .
Based on mouse and human a muosin values in [71, 72], with corrections for temparature, ionic strength as documented in[73].

Page 30

bThe power stroke rates (k+pjan dk—py) in mice are excepted to increase by the 1.5 to 3 comparing to rate [2] and this is achieved by increase of

cap (rates (k

c
Assumed.

cap
+ pi

and k

cap
—pi

) by factor 10.
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Table 3.

Differences between the fitted parameters used for twitches for WT and the two TnC mutations. The
parameter adjustment for mutants L48Q and 161Q are obtained from simulations using random distribution of
the mutants and WT TnCs in thin filaments for specified level of the mutant incorporation.

Description Parameter WT L48Q 161Q
Myosin-actin detachment rate 115571 80st 6057t
Equilibrium const. of Ca®* binding to TnC 106M1  321-108 M1 3.17-10°M7!
Calcium Kinetics  Ca?* dissociation rate const. from TnC 75.4571 2352571 237.7s71
Equilibrium const. of Tnl.Ca-actin interaction 10 20 1.365
Incorporation [1] 0% 30% 50%
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