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Abstract

Mutations in cardiac troponin C (D75Y, E59D and G159D), a key regulatory protein of 

myofilament contraction, have been associated with dilated cardiomyopathy (DCM). Despite 

reports of altered myofilament function in these mutants, the underlying molecular alterations 

caused by these mutations remain elusive. Here we investigate in silico the intra-molecular 

mechanisms by which these mutations affect myofilament contraction. Based on the location of 

cardiac troponin C (cTnC) mutations, we tested the hypothesis that intra-molecular effects can 

explain the altered myofilament calcium sensitivity of force development for D75Y and E59D 

cTnC, whereas altered cardiac troponin C – troponin I (cTnC-cTnI) interaction contributes to the 

reported contractile effects of the G159D mutation. We employed a multi-scale approach 

combining molecular dynamics (MD) and Brownian dynamics (BD) simulations to estimate cTnC 

calcium association and hydrophobic patch opening. We then integrated these parameters into a 

Markov model of myofilament activation to compute the steady-state force-pCa relationship. The 

analysis showed that myofilament calcium sensitivity with D75Y and E59D can be explained by 

changes in calcium binding affinity of cTnC and the rate of hydrophobic patch opening, if a partial 

cTnC interhelical opening angle (110°) is sufficient for cTnI switch peptide association to cTnC. 

In contrast interactions between cTnC and cTnI within the cardiac troponin complex must also be 

accounted for to explain contractile alterations due to G159D. In conclusion, this is the first multi-

scale in silico study to elucidate how direct molecular effects of genetic mutations in cTnC 

translate to altered myofilament contractile function.
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Introduction

Dilated cardiomyopathy (DCM), a widely prevalent acquired cardiac muscle disease, is 

characterized by dilatation of the heart and impaired contractile function of the ventricles1. 

DCM is the most common reason for heart transplantation, occurring in approximately five 

to eight people per 100,000 and causing approximately 10,000 deaths and 46,000 

hospitalizations each year in the United States. It is estimated that 30% to 35% of DCM 

cases are linked to mutations in the genes encoding contractile proteins 2–3, including titin, 

actin, myosin, tropomyosin and all three subunits of cardiac troponin (cTn) 4. By altering 

key myofilament properties such as calcium sensitivity of myofilaments, mutations in cTn 

may directly contribute to the development of DCM. A key motivation of this study is to 

understand how the intramolecular dynamics underlying known DCM mutations in the 

calcium binding domain of cTnC translate to altered myofilament contractile response.

Cardiac Troponin (cTn), a macromolecular protein in the thin filament complex of the 

sarcomere in cardiomyocytes, is a key regulator of contractile mechanics. Structurally, cTn 

consists of three subunits: troponin C (cTnC), troponin I (cTnI) and troponin T (cTnT)5. 

Binding of the signaling ion Ca2+ to the N-terminal regulatory domain of cTnC results in 

structural and dynamic changes that trigger contraction6–7. As a consequence of calcium 

binding to the regulatory domain of cTnC, there is an increased exposure of hydrophobic 

residues on the surface of cTnC (between helices A and B). This precipitates stronger 

association with the switch peptide region of cTnI and reduced inhibitory peptide interaction 

of cTnI with actin, allowing increased tropomyosin mobility that allows strong myosin 

binding and contraction 6,8. Structurally, TnC is one of the best studied regulatory proteins in 

the sarcomere. Numerous structures of the TnC regulatory domain 9–12 as well as the full-

length, two-lobed molecule exist 13–14. The regulatory domain, a highly α-helical molecule 

that constitutes the first 89 N-terminal residues of the troponin C protein, consists of five a-

helices (N, A–D). Previous computational studies have addressed modeling many cTn-

related processes on a molecular scale 15–23.

At least three clinically observed mutations in cTnC have been proposed to be associated 

with DCM (Figure 1). Two of these mutations, D75Y and E59D, are located in or near the 

Ca2+-binding site II in the regulatory domain of cTnC. Studies in skinned cardiomyocytes 

have reported a marked decrease in calcium sensitivity for the double mutant (D75Y/E59D) 

and D75Y alone, in spite of the fact that the mutations do not influence the intracellular 

calcium homeostasis 18,24. Interestingly the E59D mutation alone was phenotypically 

comparable to wildtype cTnC in its effects on myofilament function 18,24. Another cTnC 
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DCM mutation, G159D, is located in the C-terminus of cTnC, distal to site II, in close 

proximity to the I-T arm interaction region of cTnI and cTnC. Experimental reports for the 

G159D mutation have suggested contrasting phenotypes, with increased myofilament Ca2+ 

sensitivity in humans 2 and unaltered contractility in rats25.

The molecular mechanisms by which these cTnC mutations cause contractile alterations 

remain unclear. Intra-molecular dynamic changes in cTnC can cause alterations in: (a) the 

calcium binding affinity of cTnC; (b) the rate of calcium dissociation from cTnC; (c) the 

forward rate of cTnC conformation transition; (d) the reverse rate of cTnC conformation 

transition; and (e) the structure of cTnC such that there are differences in charge within the 

exposed hydrophobic patch. Additionally, cTnC mutations can affect its interactions with 

cTnI and downstream contractile proteins. D75Y and E59D are closer to the regulatory 

calcium binding site of cTnC, while G159D lies distal to the site II in the C-terminus of 

cTnC and is closer to the cTnC-cTnI IT arm binding site. Based on the locations of these 

mutations, we hypothesized that for the D75Y and E59D mutations, the intra-molecular 

effects within cTnC are sufficient to explain reported contractile defects, whereas altered 

cTnC-cTnI interaction is required to explain the effects of G159D on contraction.

To understand how molecular level changes precipitated by these mutations manifest at the 

level of myofilament contraction we employed multi-scale computational models, 

combining molecular dynamics, Brownian dynamics and Markov models of myofilament 

activation. To address our hypotheses, we used a modified, previously described model26 

that includes Markov states representing the molecular events of calcium binding to cTnC 

and conformational changes in cTnC. We derived state transition rates from BD and MD 

simulations and compared computed steady-state force-pCa curves with experimental 

measurements from protein exchange experiments in rat cardiac myofilaments. This novel 

approach of coupling molecular-level effects to models of myofilament contraction can 

elucidate whether the observed molecular processes are sufficient to explain experimentally 

measured myofilament properties.

Material and Methods

System preparation

Four different human N-terminal or full length cardiac troponin C ((N)cTnC) Ca2+-bound 

systems were investigated: wildtype cTnC, G159D cTnC (both based on PDBID 1J1E), 

D75Y NcTnC and E59D NcTnC (both based on PDBID 1AP4). The initial preparation of 

the systems, including introduction of mutations, is described in 15–16. The Ca2+-bound 

cTnC and cTnC-G159D systems contained three bound Ca2+ ions (one in N-terminal lobe 

and two in C-terminal lobe). The Ca2+-bound NcTnC-D75Y and NcTnC-E59D systems 

contained one bound Ca2+ ion (in N-terminal lobe). No free unbound Ca2+ ions were 

present. Well-equilibrated structures after 150 ns of NAMD MD were used as input for the 

Anton system preparation. The scripts convertNAMDtoMaestro.2.5.py, viparr.py and 

build_constraints.py were used to generate cms system files. An in-house perl script was 

used to fix the atomic number of potassium ions to 19 before running viparr. The script 

mae2dms converted the cms files into dms format. Subsequently guess_chem, refinesigma 

and subboxer were used to prepare all the input files for the actual simulations.
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Anton MD simulations

All Anton simulations were performed under the NPT ensemble at 300 K using a Berendsen 

thermostat and barostat. Bonds involving hydrogen atoms were constrained using the 

SHAKE algorithm 27, allowing for a time step of 2 fs. Structures were saved every 100.002 

ps. Production runs were carried out on the 512 node Anton machine, running 75 jobsteps 

for wildtype Ca2+-bound cTnC, 40 jobsteps for Ca2+-bound cTnC-G159D, 40 jobsteps for 

Ca2+-bound NcTnC-D75Y, and 40 jobsteps for Ca2+-bound NcTnC-E59D. This corresponds 

to a total simulation time of 8.76 µs for wildtype Ca2+-bound cTnC, 4.67 µs for Ca2+-bound 

cTnC-G159D, 7.16 µs for Ca2+-bound NcTnC-D75Y, and 7.16 µs for Ca2+-bound NcTnC-

E59D.

Interhelical angle analysis and estimation of free energy cost of opening the hydrophobic 
patch

The degree of opening of the hydrophobic patch can best be described by the interhelical 

angle between helices A and B 28. For the analysis of interhelical angles, angles were 

calculated using interhlx (K. Yap, University of Toronto). Using interhelical angle analysis, 

the degree of openness for every frame of the trajectory was determined. The analysis was 

performed equivalent to what was described in 17. Defining a cutoff angle below which a 

state will be characterized as open and above which a state will be characterized as closed, 

the Boltzmann distribution of states was used to derive the free energy difference ΔG from 

the occupancies of the open and closed states. , where kB is the 

Boltzmann constant, T is the temperature of the system and Nclosed and Nopen are the 

number of systems found in the closed and open states, respectively during the simulation. 

An A/B interhelical angle of 90° is generally considered the most accurate criterion for 

defining a structure to be open, since experimentally determined cTnI-bound structures of 

cTnC exhibit interhelical angles of around 90°. However, in the absence of cTnI, both apo 

and Ca2+-bound cTnC are found in the closed conformation, with an interhelical A–B angle 

of ~ 135°. For the analysis, several different cutoff angles were used. Assuming that for 

example structures with interhelical angles below equally-spaced values between 90° and 

130° are considered open, free energy differences for the system transitioning into these 

“semi-open” conformations can be computed. This allowed extrapolation of the free energy 

even if the trajectory did not contain any opening event to 90°. We assumed a linear 

extrapolation to be valid since previously a linear ΔG vs. cutoff angle behavior was observed 

for a NcTnC mutant that opened all the way in the simulations 17 and there was nothing 

obvious about the systems used in this analysis that should prevent them from opening the 

entire way.

Clustering

For clustering, frames every 8 ps were extracted from the MD trajectories. Alignment was 

based on all C and D helix Cα atoms (cTnC residues 54–87) within 7 Å of the site II Ca2+. 

Subsequent clustering was performed by RMSD using GROMOS++ conformational 

clustering 29. A RMSD cutoff of 0.4 Å (wildtype cTnC), 0.5 Å (cTnC-G159D), 0.5 Å 

(NcTnC-D75Y), and 0.4 Å (NcTnC-E59D) was chosen, respectively. These cutoffs resulted 
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in 6 (wildtype cTnC), 6 (cTnC-G159D), 6 (NcTnC-D75Y), and 4 (NcTnC-E59D) clusters 

that represented at least 90% of the respective trajectories. The central members of each of 

these clusters were chosen to represent the calcium binding loop conformations within the 

cluster and thereby the conformations sampled by the trajectory.

Brownian dynamics simulation

Similar to studies presented in 16, Brownian dynamics simulations were performed with 

BrownDye 30 to estimate calcium association rates. PQR files for representative protein 

structures determined by a cluster analysis were generated using pdb2pqr 31. There were 6 

(wildtype cTnC), 6 (cTnC-G159D), 6 (NcTnC-D75Y), and 4 (NcTnC-E59D) representative 

structures which were used in the BrownDye simulations. Since RMSD cutoffs between 0.4 

and 0.5 Å have been chosen, these structures are similar. The calcium pqr file was generated 

using a charge of +2 and an ionic radius of 1.14 Å. APBS 32 was used to generate the 

electrostatic fields for the protein and the calcium ion in openDX format. Bd_top was used 

to generate all necessary input files for the BrownDye runs. A phantom atom of zero charge 

and negative radius (−1.14 Å) was introduced after the first execution of bd_top. The 

phantom atom was placed at the position of the calcium ion from the trajectory frame. It has 

no influence on the association rate constant calculation and serves solely to be able to 

define a reaction criterion that is spherically symmetric around the expected binding position 

of the calcium. The reaction criterion was chosen to be 1.2 Å within the calcium binding site 

for all structures in the analysis. 200,000 single trajectory simulations were performed on 8 

parallel processors using nam_simulation. The reaction rate constants were calculated using 

compute_rate_constant from the BrownDye package30. A weighted average of the rate 

constants of each of the representative cluster centers yielded an estimate of the overall rate 

constant for the system. The weight for each representative conformation was determined by 

the number of structures in the cluster.

Markov state model of myofilament activation

Calcium binding to cTnC triggers a conformational change in cTnC (Figure 2A). This 

structural change exposes a hydrophobic patch within cTnC that facilitates the binding of 

cTnC to cTnI and triggers downstream intermolecular events leading to contraction.

To test the ability of the BD and MD simulations to predict behavior at larger scales, we 

modified a Markov model of thin filament regulation26. The four defined states in the 

original computational model are: B0, blocked myofilament state where myosin SI head 

binding to actin are blocked by Tm with no calcium bound to TnC; B, blocked state with 

calcium bound to cTnC; C, closed state where conformational changes in Tn are observed 

and Tm moves allowing weak binding of SI; and M, open state where strongly bound cross-

bridges cycle. This model was expanded to a six-state model to accommodate myofilament 

states corresponding to intra-molecular cTnC states probed by BD and MD simulations 

(Figure 2A). Thus, the current model incorporated the following additional states: B2, 

blocked calcium-bound state with conformational change of TnC exposing hydrophobic 

patch thereby allowing binding to Tnl and B3, blocked state with TnC bound to TnI (Figure 

2B). By adding states B2 and B3 to the model, it was possible to use rates derived from 

BD/MD simulation in the Markov model.
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All simulations were done in terms of relative steady-state force as computed from the 

fraction of cross-bridges in state M. The model is a system of coupled differential equations 

guided by the following rate equations:

(1)

(2)

(3)

(4)

As in the earlier model26, actin regulatory units (RUs), are comprised of seven actin 

monomers, TnC, TnI (the inhibitory subunit of Tn), and Tm, together with the SI region of 

myosin. Each regulatory unit can bind to one myosin; and there is cooperativity in activation 

of RUs based on nearest neighbor interactions in state B3, C or M (Figure 2C). We solved 

for 9 coupled RUs in the current model. Our model requires an updated calculation of the φ, 

a number reflecting the probability of blocked RUs where cTnI does not inhibit movement 

into the Closed (C) state. The quantity must now reflect the addition of states B1 and B2:

Steady-state simulations were performed to generate force-pCa curves as determined 

experimentally. Therefore, all rates with respect to time reduced to zero and the system of 

equations was simplified considerably into a linear problem that is solved using eigen 

values.

State transitions and model parameterization: For each state transition we needed to 

parameterize the forward and reverse rates of transition. For the transition BO to Bl, the 

calcium binding kCa+ on-rate and kca− off-rate were obtained from literature values for rat 

myofilaments at 27°C 33–34. For state transition B1 and B2, kpr+ values were plugged in 

directly from MD simulation results and kpr− was fitted to a standardized wild-type curve at 

27°C in rat cardiac myofilaments. The forward and reverse rates (kIC+ and kIC−; kB+ and 

kB−) for state transitions, B2 to B3 and B3 to M respectively were optimized to fit the wild 

type steady-state force-pCa relationship in rat myofilaments at 27°C. The apparent forward 
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(fxy) and reverse (gxy) rates of cross -bridge cycling for state transition C to M, were 

calculated based on Ktr (Ktr = fxy + gxy) and ATPase Q10 values from35 with the formula,

where R1 and R2 are reaction rates at temperatures T1 and T2. The wild-type steady-state 

force-pCa curve was standardized to 27°C for rat myofilaments by calculating the Tmax., 

Ec50 and Hill coefficient nH to 27°C based on the Q10 values from the literature35 and fitted 

using the Hill equation,

where P(Ca2+) is the calcium-dependent force, Pmax is the maximum myofilament force, 

Ec50 is the calcium concentration at 50% force and nH is the Hill coefficient. In order to 

optimize the WT steady state force-pCa curve simulation, parameters kIC+, kIC−, µM and µB 

were varied in combination to minimize RMSD between simulated and experimental WT 

data. For all mutations, kCa+ and kpr+ rates were altered based on MD data but all other rates 

and co-operativity coefficients in the model were assumed to remain constant in mutated 

state. The matlab code for the Markov model has been provided as part of the supplemental 

information.

cTnC alignment - BLAST tool was used to perform protein sequence alignment 

corresponding to cTnC FASTA sequence for rat (Rattus Novergicus, gi 66969456) and 

human (Homo Sapiens; gi 2460249).

Results & Discussion

Full atom, explicit solvent simulations of full length cTnC show straightening of linker 
region

First, we investigated the molecular behavior of wildtype Ca2+-bound cTnC. The N-terminal 

cTnC EF-hands (helices A through D), which are known to be metal-binding sites, are 

labeled site I and II36. The C-terminal domain is linked to the regulatory domain by a short 

flexible linker (approximately residues 89–93). Four more helices (E through H) comprise 

two more EF-hands with calcium binding sites III and IV. Site n, the low-affinity, Ca2+-

specific Ca2+-binding site is generally considered the only site directly involved in calcium 

regulation of cardiac muscle contraction 37. Previous simulations focused only on NcTnC 

and not the relative dynamics of NcTnC and CcTnC. To account for changes in the 

interdomain arrangement of cTnC, we monitored the pairwise distances between calcium 

binding sites II, III and IV as a measure of the relative distances between the domains. 

Pairwise distances between the three calcium ions in the 1J1E crystal structure are 41 Å 

(Ca2+
II - Ca2+

III), 32 Å (Ca2+
II - Ca2+

IV), and 12 Å (Ca2+
III - Ca2+

IV) respectively. The 

Supporting Information Available
The matlab code for the Markov model has been provided as part of the supplemental information.

Dewan et al. Page 7

J Phys Chem B. Author manuscript; available in PMC 2017 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



distance between site III and IV Ca2+ remained around its crystallographic value throughout 

the entire ~9 µs simulation (Figure 3A). This distance confirms structural integrity within 

CcTnC over the course of the simulation, but is not a measure of interdomain arrangement. 

The distances between site II Ca2+ and site III/IV Ca2+, respectively, were sensitive to the 

NcTnC-CcTnC interdomain arrangement. Over the first ~800 ns they remained around their 

crystallographic values (with the exception of a short-lived extension within the first 100 ns). 

After about 800 ns of simulation both distances increased by about 10 Å and remained in 

that state stably for the rest of the simulation as shown in Figure 3A. This increase in inter-

calcium distance was caused by a straightening of the central cTnC helix, leading to an 

increased distance between NcTnC and CcTnC (see Figure 3B). Experimentally, it has been 

demonstrated that isolated cTnC takes on a more extended form than cTnC anchored in the 

cTn complex38. Similar trends are observed for the homologous calmodulin protein, for 

which the Ca2+-bound state assumes an elongated conformation that maximally-separates 

the N- and C-terminal globular domains in absence of a target protein, but subsequently 

collapses when a target protein is presented 39. These simulation results are therefore 

consistent with experimental observations.

Effects of cTnC PCM mutations on calcium binding affinity of cTnC

Brownian dynamics (BD) simulations of the effects of the mutations on calcium association 

gave estimated association rate constants for calcium binding to the wild-type cTnC, 

NcTnC-D75Y, cTnC-E59D and cTnC-G159D systems (Table 1). The average calcium 

association rate constant of wildtype cTnC was determined from Brownian dynamics 

simulations on representative structures from the MD simulations of wildtype Ca2+-bound 

cTnC to be 1.5 • 108 1/(M•s) (Table 1). This is in good agreement with the association rate 

determined for wildtype NcTnC (3.1 • 108 1/(M•s), 16). Additionally these rates are in 

excellent agreement with experimentally determined values of 2–4 • 108 1/(M•s) for 

wildtype isolated cTnC 33,40–41, while Ogawa reported a diffusion limited association (> 4 • 

107 1/(M•s))42. The idea behind our approach was to adjust the BD parameters so that we 

can reproduce values for the wildtype systems and then make predictions for mutant systems 

for which no published data is available. The average calcium association rate constant of 

NcTnC-D75Y was determined to be 5.0 • 106 1/(M•s), a 50-fold reduction from its wildtype 

value. This is in agreement with experimental data suggesting a decrease in calcium affinity 

in NcTnC-D75Y 18. The direct effect of D75Y causing decreased Ca2+ binding affinity is 

not surprising given the proximity of the mutation to one of the Ca2+ coordination sites 

(E76) in the regulatory calcium-binding site. BD simulations for E59D, performed on a set 

of structures representing the conformations of the calcium-binding site most commonly 

observed during the 7.16 µs MD simulation predicted an average calcium association rate 

constant of NcTnC-E59D of 1.2 • 107 1/(M•s), a 10-fold reduction from the wild type value. 

Since there is no effect in myofilaments, this suggests that the cTnC-E59D calcium 

dissociation rate may also differ in counteraction to the reduced association rate 18,40. The 

BD simulations for G159D predicted an average calcium association rate constant of cTnC-

G159D of 1.0 • 106 1/(M•s), about a 100-fold reduction from its wild type value. 

Interestingly, these results suggest the mutation G159D may have direct allosteric effects on 

the N-terminus of cTnC affecting calcium binding to cTnC. The finding of a lower calcium 

association rate was unexpected since cTnC-G159D has been associated with an unaltered or 
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increased Ca2+ sensitivity in skinned myofilaments from rat and human respectively2,25. 

Thus, we speculated that cTnC-cTnI interaction effects will be required to explain the 

steady-state contractile effects of G159D.

Effects of cTnC PCM mutations on rates of cTnC conformational change on calcium 
binding

Exposure of a hydrophobic patch between cTnC helices A and B is facilitated by calcium 

binding at site II and can be significantly modulated by mutations 17. It is crucial for binding 

of the cTnI switch peptide in the context of regulating muscle contraction. Since the 

hydrophobic patch opening frequency is in the high nanosecond to low microsecond regime, 

long time-scale simulations have the potential to quantitatively investigate the kinetics of the 

opening and closing of the cTnC hydrophobic patch. Here we elucidated the hydrophobic 

patch opening behavior of all three systems under investigation using microsecond Anton43 

simulations. The degree of opening of the hydrophobic patch can best be described by the 

interhelical angle between helices A and B 28. Both apo and Ca2+-bound cTnC are found in 

the closed conformation 9,44, with an interhelical A–B angle of ~135° 9. The cTnI switch 

peptide must be present to stabilize the open conformation of the Ca2+-bound regulatory 

domain of cTnC (interhelical A–B angle of ~90°) 10,45 since the open conformation is only a 

transient state that is sampled by cTnC after Ca2+-binding 17,46. Kinetics and the free energy 

difference of the opening-closing process were extracted from the simulations, shedding 

light on the different ways that the mutations affect the process of contraction. The 

intramolecular conformational changes induced by Ca2+ binding and the subsequent 

association of the cTnI switch peptide have been measured experimentally to be 

significantly slower than the actual Ca2+ binding33,41. Unfortunately there is no direct 

experimental observable that can confirm the simulations in terms of frequency and degree 

of hydrophobic patch opening. However, simulated data for gain-of-function and loss-of-

function mutations agreed with expected opening behavior 17. Additionally, by simulating 

the force-pCa curves from the BD and MD results, we obtain indirect experimental 

verification.

The A/B interhelical angle as a function of simulation time is a measure of the average 

degree of openness of cTnC. Qualitatively, NcTnC-D75Y (Figure 4A) had a similar behavior 

to wildtype NcTnC (see 17), in that it remained closed most of the time but occasionally 

ventured to transiently open conformations (~105°). A more quantitative analysis of the 

opening of the hydrophobic patch in cTnC can be gleaned using a set of incremental cutoff 

angles dividing structures into respective open and closed conformations as shown in Figure 

4B. While the experimentally determined cTnI-bound structures of cTnC all exhibit A/B 

interhelical angles of around 90° (which will be considered the most stringent criterion of 

defining a structure to be open), we chose angles between 135° and 90° as cutoff angles. For 

each of these cutoff angles, the Boltzmann distribution of states was used to derive the free 

energy difference ΔG based on the occupancies of the open (≤ cutoff angle) and closed (> 

cutoff angle) states, . In a related analysis we also evaluated the average 

time between open conformations as a function of the same cutoff angles (Figure 4B). 

Compared with wild type NcTnC, NcTnC-D75Y had a slightly opened equilibrium A/B 
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interhelical angle of ~130°. This causes opening to A/B interhelical angles between 110° 

and 130° to be related with a slightly lower free energy cost than the wildtype system. The 

frequency of the most opened sampled conformations (A/B interhelical angle ~05°) was 

identical in NcTnC-D75Y and NcTnC. Sampling of even further opened conformations 

would require simulations beyond the low microsecond timescale and was not feasible. 

Nonetheless, we are estimating that the free energy difference between a fully closed and 

fully open state is slightly larger for NcTnC-D75Y compared to wildtype NcTnC, even 

though it is hard to make accurate predictions since the shape of the NcTnC-D75Y ΔG-curve 

deviates somewhat from a linear relationship. We also evaluated the average time between 

open conformations as a function of the same cutoff angles (Figure 4B). The opening 

frequency of fully opened conformations (A/B interhelical angle of 90°) was extrapolated to 

be in the 100 µs to 1 ms range. This would correspond to a 2–20 fold decrease in the 

opening frequency compared to wildtype. We found that a semi-open configuration (A/B 

interhelical angle of 110°) was sufficient to model changes to myofilament mechanics (see 

below). Table 1 summarizes those values for a cutoff angle of 110°.

The cTnC-E59D mutation is interesting since experimentally it has been found to reduce 

calcium affinity and sensitivity of myofilaments in a cTnC-D75Y/E59D system. cTnC-E59D 

however was functionally benign and did not impact calcium sensitivity of myofilaments in 

experiments 18. Here we investigated the molecular effects of cTnC-E59D on hydrophobic 

patch opening using microsecond MD simulations, as shown in Figure 4A (A/B interhelical 

angle as a function of simulation time for NcTnC-E59D). While still being in the closed 

conformation on average, for about 500 ns the system was in a semi-open conformation 

opening up all the way to 87.4°. This is reflected in a free energy difference between the 

open and closed conformations of 6 kcal/mol compared to ~8 kcal/mol for wildtype NcTnC 

(Figure 4, Table 1). Similarly the time between full opening events (A/B interhelical angle of 

90°) drops to 1 µs compared to ~50 µs for wildtype NcTnC (Figure 4). Again, Table 1 

summarizes those values for a cutoff angle of 110°.

For cTnC-G159D we also computationally determined the molecular effects on hydrophobic 

patch opening. Experimentally this mutation has been associated with an increased 2 or 

unchanged 25 Ca2+ sensitivity. The hydrophobic patch remains closed through all of the 4.67 

µs of MD simulation and never opens beyond 107.3°. This is reflected in a free energy 

difference between the open and closed conformations of ~9.5 kcal/mol compared to ~8 

kcal/mol for wildtype NcTnC (Figure 4). Similarly the time between full opening events 

(A/B interhelical angle of 90°) increases to 800 µs compared to ~50 µs for wildtype NcTnC 

(Figure 4). Table 1 summarizes those values for a cutoff angle of 110°.

In-silico translation of molecular level changes to myofilament mechanics

The primary sequence of cTnC is identical between rat and human with the exception of one 

amino acid in the linker region and one in C-terminus domain of cTnC (Figure 5A). Also 

there are no other known isoforms of TnC in the heart. Thus the MD and BD simulation 

results for human cTnC can be applied to a Markov model standardized to rat parameters.

The current six-state Markov model describes cTnC activation by calcium and co-operative 

myofilament activation (Figure 2B, 2C). Thin filament regulation is similar to the 
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myofilaments in that the calcium binding to cTnC (Markov state Bl) triggers a 

conformational change in cTnC (Markov state B2) which leads to conformational changes in 

cTnI and cTnT (lumped Markov state B3) such that Tm moves allowing for weak binding of 

cross-bridges to bind to actin (Markov state C). The weakly bound cross-bridges then cycle 

to load-bearing strongly bound cross-bridges that generate force (Markov state M). Thus, the 

Markov model explicitly defines the physiological states of calcium binding to cTnC and the 

conformational changes that result in cTnC as a consequence. Also the downstream 

conformational changes that occur in myofilament activation are implicitly defined in the 

lumped Markov states B3 and C. Lastly, in the model only one cross-bridge binds per RU, 

however physiologically at least seven cross-bridges can bind per RU. The model computes 

the co-operative nature of thin filament activation of myofilaments by nearest neighbor 

interactions. By adding states B2 and B3 to the model, it was possible to use rates derived 

from BD/MD simulation in the Markov model.

In order to maintain uniformity of parametric conditions (temperature and species) when 

scaling up longitudinally from molecular state to myofilament state we computed the wild 

type myofilament properties for rat myocardium at 300K. The resultant steady-state force-

pCa relationship at 300K (Figure 5B) had a pCa value of 5.64, a Hill coefficient of 5.7 and 

maximal tension of 42.78 mN/mm2, computed using Q10 values that were experimentally 

derived for steady-state force-pCa in skinned rat myofilaments 35. The simulation result 

from the Markov model fit to the steady-state wild type force-pCa curve for rat 

myofilaments at 300K within less than 5% error range (Figure 5C). It is known that kinetic 

rates of a given state transition vary in isolated molecular states of cTnC and integrated 

myofilament states 34. This was very well elucidated in a previous study 34 where the off-

rates of calcium binding were studied in depth from isolated cTnC molecule to a structurally 

integrated myofilament preparation. Thus here we describe the choice of transitional kinetic 

rate parameters for each Markov state transition. The rate of calcium binding to cTnC has 

been measured experimentally for rat to be 1.4 • 108 (M•s)−1 33. This rate is not reported to 

change in isolated cTnC in solution vs. in integrated myofilaments. However, the off-rate of 

calcium binding to cTnC is highly sensitive to its corresponding system state (isolated or 

integrated). Accordingly, we chose the off-rate of calcium as measured in rigor state of 

myofilaments at 25°C 34. For the conformational state transition of cTnC in myofilaments 

we assumed that these kinetic rates are largely insensitive to system state. Thus we directly 

input the values from the MD simulations. Further, the transition Markov states B2 to B3 

and B3 to C are lumped states as they implicitly integrate intermolecular associations 

between TnC-Tnl-TnT-Tm-Actin and thin filament co-operativity. Thus the parameters for 

these state transitions were scaled to fit the standardized wild-type steady-state force-pCa 

relationship. Lastly, for the state transition C to M, the apparent forward (fapp) and reverse 

(gapp) rate of cross-bridge cycling were derived from reported Q10 of Ktr and tension cost35. 

Input parameters for each state transition are summarized in Table 2 (Figure 2).

Myofilament effects of PCM cTnC mutations

The parameters for the optimized best-fit wild type steady-state force-pCa curve were 

determined (Figure 5C, Table 2). For each cTnC mutation, all parameters in the Markov 

model were kept constant, except for the intra-molecular values for calcium binding to cTnC 
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and forward rate of conformational change of cTnC such that the hydrophobic patch is 

exposed within cTnC (See Table 3). The values of these intra-molecular cTnC state 

transitions were input directly as reported by MD and BD simulations for all three DCM 

mutations.

The Markov model simulation for D75Y–cTnC system resulted in a decrease in calcium 

sensitivity of myofilaments as seen by a rightward shifted steady state force-pCa curve 

(Figure 6A). This decrease in calcium sensitivity is consistent in direction with experimental 

recordings in skinned cTnC-D75Y mutant myofilaments 18,24. However, the magnitude of 

the decrease in calcium sensitivity of myofilaments was significantly exaggerated by the 

Markov model prediction compared to experimental data. This could be because of either 

the a) likely changes in the rate of hydrophobic patch closing which we assume to not 

change in mutations, or b) rather unlikely allosteric effects of cTnC-D75Y mutation in the 

CcTnC domain that may change the rate of calcium binding to cTnC and rate of 

hydrophobic patch exposure. This result suggests that the decrease in calcium binding 

affinity of cTnC coupled with the decrease in ΔG can explain the directional shift in the 

steady-state force-pCa relationship showing a decrease in calcium sensitivity of tension in 

skinned myofilaments for cTnC-D75Y.

The Markov model of E59D–cTnC did not shift the force-pCa relationship relative to the 

wild-type steady state force-pCa curve (Figure 6B), consistent with experimental 

observations in skinned myofilaments 18,24. This was interesting as the calcium binding 

affinity of E59D–cTnC was decreased, but the ΔG for the E59D–cTnC conformational 

change was increased. While this did imply that the intramolecular alterations could offset 

the phenotype such that it may appear benign as observed experimentally, it is remarkable 

that the effects in and of themselves are sufficient to replicate the experimentally reported 

results when cTnI switch peptide can bind to cTnC in the partially open conformation state. 

The experimentally determined cTnI-bound structures of cTnC exhibit A/B interhelical 

angles of around 90° (which will be considered the most stringent criterion of defining a 

structure to be open), it is probable that cTnI is able to associate with cTnC before this fully 

open conformation is achieved. We explored this possibility with the Markov model. The 

simulation results for cTnC-E59D showed that a partially opened conformation state of 

cTnC at an opening angle of 110° could explain the experimental observations. Interestingly, 

simulation results for a 90° opening angle for E59D–cTnC showed a significant leftward 

shift in force-pCa relationship unlike a modest leftward shift for D75Y–cTnC. This was 

explained by the smaller change in AG, with an increase in opening angle, for D75Y than 

E59D based on MD simulation results. These results would implicate that the switch peptide 

of cTnI must bind to cTnC in its partial open conformation state. To validate the prediction 

that cTnI can bind to a partially open conformation of cTnC would require more 

sophisticated MD simulations with whole cTn structure and more explicitly defined Markov 

model state for cTnC-cTnI interaction with experimentally derived parameters. Although 

these are beyond the scope of the current study we can conclude that E59D–cTnC mutation 

intra-molecular interactions could explain experimental observations if a more relaxed 

opening angle for cTnI binding is sufficient.
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The Markov model simulation for G159D–cTnC system predicted an extremely right shifted 

steady state force-pCa curve (Figure 7A). This is not meaningful as the heart will likely fail 

under such extreme conditions and neither were such values reported from experimental 

observations. In fact the tightly controlled experimental results in rats suggest that G159D is 

a benign mutation and has no apparent effect on myofilament contractile function 25,47. The 

calcium affinity values for cTnC from BD simulations and delta G values from MD 

simulations suggest an offsetting intra-molecular interaction but clearly these effects are not 

sufficient to capture the experimentally reported benign phenotype. This would suggest that 

changes in cTnC-cTnI interactions potentially offset the resultant intra-molecular effects. 

Such a scenario would not be surprising given that the G159D residue is in the cTnC-cTnI 

interaction region. In fact when we hold all other parameters constant except for lumped 

state transition B2 to B3, simulation results can predict experimentally observed results 

(Figure 7B). It is important to note here that this fit was possible only when the KD 

(equilibrium constant) of the state transition between B2 to B3 was significantly lowered. 

Assuming that the change in this lumped state transition is only because of a change in 

cTnC-cTnI interaction, then this would suggest that the mutant G159D–cTnC leads to 

structural change in cTnC that increases its affinity for cTnI. The opening angle change to 

110° was not enough to predict experimentally reported myofilament effects. These 

observations do suggest that cTnC-cTnI interaction is perturbed by G159D, but are certainly 

not conclusive. Clearly, other factors within cTnC (such as calcium dissociation rate) and 

beyond (such as cTnC-cTnI affinity or PKA phosphorylation of cTnI) also have profound 

impact on myofilament Ca2+ sensitivity. These factors are still beyond the reach of our 

molecular-scale and myofilament scale computational analysis. The current six-state model 

(Figure 2B) does not explicitly define the cTnC-cTnI interaction as a Markov state in itself 

but lumps it in the B3 state where cTnC-cTnI-cTnT-Tm-actin interactions take place. This is 

likely the reason that the Markov simulation results in an extremely right shifted contractile 

response. Incidentally, the cTnC-G159D mutation has been shown to interfere with the 

modulation of Ca2+ sensitivity through cTnI PKA phosphorylation at cTnI sites Ser 23 and 

Ser 24 25,48. We speculate that this effect outweighs the reversed effects on hydrophobic 

patch opening and calcium association. Nonetheless, the multi-scale in-silico modeling 

approach described here is a robust way to study as to how molecular effects can 

longitudinally translate to myofilament contractile response.

Summary and conclusions

We investigated alterations in calcium association rates to mutant cTnC using Brownian 

dynamics (BD) simulations and the opening frequency of the hydrophobic patch using us-

timescale MD simulations. All three mutations decreased cTnC calcium association rate by 

10 to 100-fold, but while D75Y and G159D caused a 10-fold decrease in hydrophobic patch 

opening frequency, the E59D mutation increased opening frequency by 50-fold compared 

with WT.

Using these findings, we scaled the molecular state results from BD and MD simulations to 

myofilament state by solving a six-state Markov model of myofilament contraction. This 

multi-scale approach enabled us to test and understand the intra-molecular effects of cTnC 

DCM mutations on contractile function. Results from the myofilament simulations suggest 
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that the intra-molecular changes resulting from the cTnC mutation D75Y and E59D can 

explain experimentally observed directional changes in calcium sensitivity of myofilaments, 

provided the cTnI switch peptide can associate with the N-terminus of cTnC in a partially 

open state of cTnC. However, intra-molecular changes observed in G159D genotype of 

cTnC are not sufficient to explain the experimentally observed contractile effects. 

Importantly, they shed light as to how the interaction of cTnC with cTnI can offset the intra-

molecular effects of G159D cTnC mutation observed in DCM.

To summarize, we report the intra-molecular changes and potential cTnC-cTnI interactions 

in cTnC DCM mutants that underlie experimentally observed contractile defects. This is 

important from a drug development standpoint as it highlights how intramolecular cTnC 

changes and/or cTnC-cTnI interactions can be interactive and offsetting, to the extent that a 

known DCM mutation may appear to be benign functionally. To our knowledge, this is the 

first study to integrate and leverage in silico modeling approaches from molecular level (MD 

simulations) to myofilament level (Markov models of contractility). This is a promising step 

towards demonstrating the feasibility and applicability of multi-scale modeling to gain 

mechanistic insights into role of known genetic DCM mutations in contractile proteins.
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Figure 1. 
Crystal structure of cTn (cTnC in blue, cTnI in red, cTnT in orange, calcium in green) 

complex showing the location of the DCM mutations D75Y, E59D and G159D (in pink).
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Figure 2. 
(A) Molecular state of cTnC (in blue) in apo state (BO in Markov model), calcium (in green) 

bound state (B1 in Markov model) and calcium-bound state with exposed hydrophobic patch 

allowing for cTnI (in red) to bind to cTnC (B2 in Markov model). (B) Schematic of one 

regulatory unit (RU) sequence of the six-state (BO, B1, B2, B3, C, M) Markov model of 

cooperative myofilament activation with nearest neighbor interactions. (C) Schematic of ring 

structure mathematical formulation used to solve the Markov model that incorporates 

looping of short segments of RUs to allow elimination of redundant states due to symmetry, 

resulting from the tight co-operative coupling of 9 adjacent RUs, linked by tropomyosins, 

depicted in one possible configuration of nearest neighbor interactions (the double-headed 

arrow) (see Methods and26 for more details). The nearest neighbor interactions of one RU 

with two adjacent RUs, X and Y – which could be in either Markov state B3, C or M (as 

in 26), determine the degree of co-operativity of myofilament activation in the Markov 

model.
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Figure 3. 
(A) Pairwise distances between Ca2+ in binding sites II, III and IV, respectively. Distance 

between Ca2+
II− Ca2+

III, Ca2+
II− CaIV, and Ca2+

III− Ca2+
IV over the course of a 8.76 µs MD 

simulations for wildtype Ca2+-bound cTnC. (B) The simulation starts with a bent central 

helix and remains the kink for about 800 ns. After about 800 ns, the central helix in cTnC 

straightens and remains straight until the end of the simulation (0.8 – 8.8 µs).
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Figure 4. 
(A) Interhelical angles over the course of the simulations for Ca2+-bound wildtype NcTnC, 

Ca2+-bound NcTnC-D75Y, Ca2+-bound NcTnC-E59D, and Ca2+-bound cTnC-G159D. 

Interhelical angles are a measure of the openness of the hydrophobic patch between cTnC 

helices A and B. An interhelical angle of ~135° corresponds to a closed conformation, while 

an angle of ~90° corresponds to a fully open conformation. (B) Average simulation time 

between opening events in dependence on the cutoff angle. Values for the Anton wild-type 

Ca2+-bound TnC simulation, the Anton wild-type apo TnC simulation (both from 17), and 

the three Ca2+-bound DMC mutation (NcTnC-D75Y, NcTnC-E59D, cTnC-G159D) 

simulations are shown. The widely accepted open-close cutoff criterion of 90° is marked by 

a vertical black line.
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Figure 5. 
(A) Sequence alignment of cTnC for protein sequences from rat and human, highlighting the 

conserved DCM mutations (green box) and two residue difference (red box) in N-terminus 

lobe of cTnC. (B) Standardized steady-state force-pCa relationship at 27°C, 25°C, 20°C and 

15°C (data extracted from35). (C) Steady-state force-pCa curve simulation (solid black trace) 

fit to standardized force-pCa relationship (solid black dots) for rat myofilaments at 27°C 

(300K).
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Figure 6. 
Steady-state force-pCa simulation (solid black trace) prediction for (A) cTnC-D75Y 

mutation and (B), cTnC-D75Y mutation plotted with experimental measures of the same for 

WT (solid black dots), and DCM cTnC mutations (open squares) for (A) cTnC-D75Y and 

(B) cTnC-D75Y from skinned myofilaments.

Dewan et al. Page 23

J Phys Chem B. Author manuscript; available in PMC 2017 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Steady-state force-pCa simulation (solid black trace) prediction for (A) cTnC-G159D 

mutation and (B), cTnC-G159D mutation fitted when accounting for cTnC-cTnI interaction 

effects (see text for details) plotted with experimental measures of the same for WT (solid 

black dots), and cTnC-G159D mutant (open squares) from skinned myofilaments.
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Table 1

Summary of calcium association rates (from BD simulations), computed free energy differences between open 

and closed states (from MD simulations) and average simulation time between opening events (from MD 

simulations) for a cutoff angle of 110°.

system kon [1/(M•s)] ΔG [kcal/mol] Δt

wild-type Ca2+-bound
NcTnC

3.1 • 108 4.0 130 ns

NcTnC-D75Y 5.0 • 106 3.3 30 ns

NcTnC-E59D 1.2 • 107 2.7 40 ns

cTnC-G159D 1.0• 106 5.2 ~700 ns
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Table 2

Best-fit parameters in six-state Markov model of myofilament activation for WT rat cardiac myofilaments at 

300K steady-state force-pCa relationship.

Paramater WT

kca+ [1/(µM * ms)] 0.14

kCa− (1/ms) 0.25

kpr+ (1/ms) 5699.432425

kpr− (1/ms) 19500

kIC+ [1/(µM * ms)] 0.01

kIC− (1/ms) 0.08

kB+ (1/ms) 18

kB− (1/ms) 0.04

fXY(1/ms) 0.041837669

gXY(1/ms) 0.01891771

γB 80

γM 75

µM 46
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