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Dilated Cardiomyopathy (DCM) is a major cause of cardiac death which can arise

via various mutations in the contractile proteins of the cardiomyocyte. In order to explore

subcellular mechanisms of this disease and a potential treatment called 2-deoxy-ATP (dATP),

we employ multiscale modeling from the atomistic to cellular level. We use molecular dynamics

(MD) and Brownian dynamics (BD) studies to explore the effects of 3 major DCM-associated

mutations (D75Y,E59D, and G159D) on cardiac troponin C, and integrate simulation-gathered

transition rates into a Markov State model (MSM) of the sarcomere to predict cellular contractile

effects. We employ BD simulations to probe the electrostatic affinity of tropomyosin as it
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rotates about the actin thin filament, developing a multi-well energy landscape which can

be used in higher-order stochastic models of sarcomere activation. Using BD, we discover

that dATP-bound myosin has increased affinity to an actin dimer compared to ATP-myosin,

indicating that dATP treatment enhances crossbridge (XB) attachment rates. Integrating this

information into a Monte Carlo MSM of crossbridge cycling, we quantify the effect of dATP

treatment on XB attachment, powerstroke and detachment rates which explain augmented

force development and magnitude in both steady-state and twitch simulations. Finally, we

investigate the effects of dATP on calcium handling through Gaussian accelerated MD on apo,

Mg.ATP-bound, and Mg.dATP-bound SR-ATPase (SERCA 2A) to determine effects of the

drug on protein conformation. BD is employed to measure ATP- vs dATP- association rates

as well as Ca2+ binding rates. We found that dATP has higher affinity for SERCA 2A than

ATP, and when dATP is bound Ca2+ prefers to bind calcium Site II rather than Site I, in direct

opposition to the ATP case. We found that these two rate differences can partially explain

experimentally noted effects of dATP on the calcium transient when scaled up to an ODE model

of calcium handling, but we can fully explain the effects by altering other rates in the SERCA

cycle and analyzing other Ca2+-ATPases. These studies provide pipelines for the integration

of computational technologies at multiple spatial and temporal scales to answer biophysical

questions about DCM mechanisms and treatments.
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Introduction

0.1 Genetic underpinnings of Dilated Cardiomyopathy

Dilated Cardiomyopathy (DCM) is one of the four classified forms of cardiomyopathy

besides hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM), and arryth-

mogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) [1, 2]. DCM, one of the major

causes of cardiac death, is characterized by impaired systolic function and dilatation of one

or both ventricles [1, 3]. Hemodynamically, contractility is depressed and Pressure-Volume

(PV) loops are right-shifted in DCM. In 30-50% of cases DCM is linked to familial etiology,

including mutations in the regulatory thick and thin myofilament proteins - myosin, actin, the

Troponin (Tn) complex, Tropomyosin (Tm), and Titin (Ttn) [3, 4]. Many times DCM presents

with conduction defects and sequelae of other cardiac defects. This is more common with

cytoskeletal and z-disc mutations [2, 5]. Genome Wide Association Studies (GWAS) have

helped identify many of the sarcomeric mutations associated with the phenotype of DCM

[6, 7, 8, 9, 10, 11, 12, 13, 14]. Despite the identification of sarcomeric mutations associated

with DCM, it is still difficult to predict the exact functional consequences of the mutation at

the cellular level based on its molecular structure and function. Identified sarcomeric muta-

tions may represent a gain of function or loss of function at the cellular level, as assessed by

myofilament mechanics [6, 15, 16]. Furthermore, a spatial and temporal translation of the

cellular level mechanical phenotype to an organ level DCM phenotype has not been seamlessly

achieved. These patho-physiological translative events from genetic to molecular to cellular to

organ level, underscore the need for investigation at and across all biological scales to fully
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comprehend the development of DCM and potential treatments [17].

Experimental studies, using the skinned muscle preparation or intact cardiomyocytes

from gene-targeted mouse models [18], adenoviral-mediated transfection [19, 20, 21, 22], in-

vitro protein exchange experiments [23] for in-vitro protein motility assays [21, 24], mammalian

two-hybrid luciferase assay system [9, 10], steady-state force-calcium assays [19, 20], and

contractility assays [25, 22, 23], have reported alterations in key mechanical properties of

myofilaments in DCM. These include changes in calcium sensitivity [26, 21, 18, 22, 23, 24,

27], thick and thin myofilament cooperativity and cross-bridge (XB) cycling rates [28], as a

functional outcome of many identified sarcomeric DCM mutations. Most studies have reported

a decrease in calcium sensitivity of myofilaments as a consistent functional phenotype for DCM

identified sarcomere mutations [10, 21, 18, 29, 24]. Interestingly, I61Q cTnC mutant in mice

(neither found nor associated with DCM clinically), that has decreased calcium myofilament

binding affinity, recapitulates DCM phenotype cellularly and in vivo [30]. However, exceptions

to this have been reported wherein both an increase and no change in calcium sensitivity

were reported in DCM [31, 24]. Dweck et al. reported that there is a decrease in calcium

sensitivity of tension development in G159D cTnC mutant only when it is incorporated in

regulated actomyosin filaments and not in isolated cTnC [31], highlighting the effect of

protein interactions as the hierarchy of structural organization becomes more physiological and

complex in the contractile apparatus. Furthermore, Memo et al. reported a decrease in calcium

sensitivity of myofilaments for four DCM associated mutants (K36Q TnI, R141W TnT, ∆K210

TnT, E40K Tm), no change in calcium sensitivity of one mutant (E54K Tm) and increase in

calcium sensitivity in another (D230N Tm) [24]. These observations suggest that decreased

calcium sensitivity is a dominant stimulus sufficient to cause DCM, but is neither necessary,

nor the only cellular mechanism triggering the remodeling observed in DCM. A recent study

postulated that the blunting of the relationship between calcium sensitivity of myofilaments

and PKA mediated beta-adrenergic stimulation via cTnI phosphorylation [24] in sarcomeric
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DCM mutants might be the defining cellular phenotype for DCM regardless of the directional

shift in calcium sensitivity. It should be noted that aside from DCM mutations in contractile

sarcomere proteins that lead to diminished force production, mutations in other key cytoskeletal

and sarcomere proteins like the z-disc proteins and Titin can lead to disruptions in transmission

of force, sensing of force and mechano-transduction which are also causative toward DCM [5].

These observations suggest that molecular interactions and effects of various DCM mutants

converge to a depressed contractile phenotype at the cellular level due to alterations in (a)

calcium sensitivity of myofilaments, (b) thin-filament activation, (c) maximal ATPase activity,

(d) in-vitro motility (e) calcium affinity of Tn and (f) mechano-transduction, thereby triggering

the signaling mechanism leading to DCM [5, 32]. Further studies are warranted to establish the

key converging cellular mechanisms and signaling pathways in DCM.

Clinically, mutations are prevalent from birth in familial DCM. However, the temporal

transition to DCM is not yet understood [33]. A recent study using tissue Doppler and strain

echocardiography, showed that even early on there are subtle indications [32]. In subclinical

DCM mutation carriers, reduced systolic myocardial velocity, strain and strain-rate were

reported despite normal LV geometry, ejection fraction and diastolic function [32]. Early

diagnosis in such cases can provide with much needed time [32]. It is also important to note

that some HCM patients develop dilated ventricles at later stages for example in patients with

mutations E180V in Tm and R92W in cTnT [5]. Studies have shown this to be distinct from

DCM phenotype [34]. So in familial DCM at the whole heart level there is subtle manifestation

of DCM from birth and transition to late stage DCM eventually. Mechanical and pathway

driven changes lead to this cardiac remodeling [35, 30]. Investigations on the effects of DCM

mutations quantitatively and qualitatively, in animal model studies, linking genotype to muscle

phenotype i.e., from molecular level changes to myofilament level changes to intact tissue level

changes to whole heart level changes are scarce [36, 37]. This is due to the technical challenges

and expense of carrying out such an expansive study to experimentally measure data on a single
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DCM mutation. Additionally, as studies report cellular data, isolating the singular effect of

the genetic mutation becomes difficult due to downstream effects of the mutation that also

contribute to the systemic perturbations leading to the phenotype.

A potential way to study the mechanical effects of genetic mutations comprehensively is

by multi-scale computational modeling. Cardiac muscle biomechanics has been experimentally

and computationally investigated in molecular machineries of sarcomeric protein complexes

[38, 39, 40], in thick and thin myofilaments [41, 42, 43], in isolated cardiomyocytes under

steady-state and dynamic conditions [44, 45], in myocardium, and in the whole heart [46, 47,

48, 49, 50]. An integrative mathematical formulation to scale from protein level changes to the

cardiomyocyte function is yet to be implemented. Parameterization of computational models

requires collating data from various studies for a single mutation at various spatial and temporal

scales. This results in data from variable experimental conditions and requires standardization

in terms of (a) temperature, (b) species, and (c) bridging of spatial and temporal scales, in order

to input model parameters [51, 43]. In this review we discuss various in silico approaches and

the challenges thereof, by examining previously identified and experimentally studied DCM

mutations in thin filament proteins Tn and Tm, with the goal of elucidating the mechanical

effects of sarcomeric mutations from molecular level to the cellular scales.

0.2 Mechanisms of cardiac muscle contraction

Cardiac muscle contraction is triggered following calcium induced calcium release

(CICR) from the sarcoplasmic reticulum (SR) [52]. In 1954, two groundbreaking studies

proposed the sliding filament theory of muscle contraction describing the molecular basis of

muscle contraction [53, 54]. According to the sliding filament theory, thin (actin) and thick

(myosin) filaments slide past each other, while maintaining absolute lengths, during contraction

to generate contractile force. Cardiac TnC (cTnC), a 18 kDa thin filament protein within the

Tn complex, is a key regulator of muscle contraction. Calcium binding to cTnC triggers the
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biomechanical cascade of contraction events within the sarcomere [55]. Calcium binding to

cTnC induces a conformational change within the Tn complex, thereby displacing Tropomyosin

(Tm) from actin filaments to expose myosin binding sites and increasing the probability of

cross-bridges cycling. In the resting state of the myofilaments when Ca2+ is not bound to

cTnC, cTn complex anchors Tm in a Blocked position, thereby, sterically hindering access to

sites on the thin filament where Myosin S1 heads can bind to actin to form XBs [55]. Upon

Ca2+ binding cTnC undergoes a conformational change, which exposes a hydrophobic patch

within cTnC and allows cTnC to bind to the switch peptide subunit of cardiac Troponin I (cTnI).

Once the cTnC has bound to the cTnI switch peptide, cTn complex releases the anchoring

Tm, allowing the Tm molecule to slide around the actin filament. Tm molecules overlap by

7-10 residues, which leads to cooperative interactions between nearest-neighbor thick-thin

myofilament proteins that can be affected by the stiffness of the Tm molecule. Tm moves from

the Blocked (B) state to a Closed (C), a 25◦ state of rotation in which myosin binding sites are

partially exposed [56, 55, 57].

When Tm enters the C state and partially uncovers the binding site on actin, myosin

S1 heads, which make up the bulk of the thick filament, are able to attach and form force-

producing crossbridges in an ATP-driven cycle. The detached myosin head binds ATP, which

hydrolyzes to ADP and inorganic phosphate (Pi). The myosin S1 head can then bind the actin

thin filament with a weak attachment leading to a stronger attachment. The binding event

pushes Tm a further 10 ◦ into the Open (M) state, exposing myosin binding sites on the thin

filament fully[56, 55]. The myosin head releases Pi as it undergoes a powerstroke, transitioning

the formed crossbridge into a force producing strained state [55, 58]. ADP is then released from

myosin, which can detach from the thin filament in order to bind another ATP molecule and

restart the cycle. Another form of cooperativity is present during crossbridge cycling, known as

XB-XB cooperativity, where a bound crossbridge can lead to nearby crossbridges binding due

to a change in the angle between the myosin S1 head and the thick filament [59, 55, 60]. A third
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form of cooperativity has been coined XB-RU cooperativity, and refers to the phenomenon

of crossbridge formation contributing to higher Ca2+ affinity of nearby binding sites on actin.

Cooperative mechanisms in the thick and thin filaments allow for large increases in overall

force production over a relatively small physiological range of [Ca2+].

During the relaxation phase of the cardiac cycle, Ca2+ is rapidly removed from the

cytosol in order to allow calcium to unbind the Tn complex so XB cycling can cease. The

SR Ca2+-ATPase, also known as SERCA, is the workhorse as this process, removing 70%

of Ca2+ in rats and up to 92% of Ca2+ in rabbits and humans [61, 62, 63]. The remaining

cytosolic Ca2+ is removed using the Na2+/Ca2+ exchanger, the sarcolemmal 2+-ATPase and

the mitochondrial 2+ uniporter [62]. Large stores of Ca2+ are now trapped in the sarcoplasmic

reticulum, ready for fast release during CICR after the next depolarization event.

0.3 2-deoxy-ATP as a therapeutic in cardiomyocytes

Cardiac contraction and Ca2+ removal mechanisms in the cardiomyocyte are largely

driven by adenosine triphosphate (ATP). A similar molecule, 2-deoxy-ATP (dATP), also exists

in small amounts in the cytosol and only differs from ATP by the removal of an oxygen atom

from the 2’ carbon of the ribose ring. In normal cell conditions, dATP concentrations are

incredibly low compared to [ATP]. In fact, a study averaging nucleotide concentration data

from various mammalian cells found that on average, [ATP] is 3152 ± 1698 µM, whereas

[dATP] is 24 ± 22 µM, placing dATP concentration at < 1% of the ATP pool [64]. dATP

synthesis occurs within the cytosol via the enzyme ribonucleotide reductase [65].

The main role of dATP is to become a component of DNA structures in preparation

for cell replication. However, it has also been shown to activate ATP-driven processes such as

those in cardiac muscle contraction. In 2000, Regnier et. al. discovered that after replacing

ATP with dATP in rat cardiac trabeculae, a 37% increase in maximal force (Fmax) and a 55%

increase in rate of tension redevelopment (ktr) was observed at pCa = 4.5 [66]. Filament sliding
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speed was also increased more than two-fold, leading to the hypothesis that dATP acts as a

myosin activator to increase crossbridge (XB) cycling speed by increasing attachment rate f

and detachment rate g (to a smaller extent) in order to increase overall cardiac force production

[66]. Further study of the system showed that steady state force at all calcium concentrations, as

well as tension development rates, increased in demembranated rat trabeculae both expressing

the α-myosin isoform predominant in rats as well as the β -myosin isoform more heavily

expressed in humans [67]. This finding further demonstrated the need to explore dATP as a

therapeutic for activation of cardiac contractility [68].

A study of skinned porcine papillary muscle strips next tested the functionality of

different dATP/ATP ratios on cardiac force production. At high concentrations of Ca2+ (pCa

= 4.5), steady state force was found to increase linearly as a function of percent dATP, but a

clear positive nonlinear relationship between steady-state force and percent dATP emerged

at physiological [Ca2+] (pCa = 5.5) [69]. This analysis suggested that dATP may have four

times higher affinity for myosin than ATP, and that even modest increases to the dATP pool

(10%) in cardiomyocytes has a significant impact on contractility [69]. A similar percentage

study conducted in monolayers of embryonic chick cardiomyocytes found that very high

levels of dATP (> 70 µM) was associated with adverse effects such as loss of spontaneous

contraction and apoptosis, but lower levels (< 60 µM) allowed for more powerful contractions

without affecting beat frequency [70]. In a later study, mechanical testing was performed on

demembranated left ventricular cardiac tissue from adult humans with end-stage heart failure,

where a 100% dATP solution allowed for an 35% increase in maximal isometric force at pCa

5.6 [71]. at 10% dATP, the study found a 14% increase in force, again demonstrating a positive

nonlinear effect of the molecule in a new species [71]. In another heart failure study, left

ventricular myofibrils from dogs with naturally-occuring DCM were treated with dATP [72].

dATP-treated tissue was found to have higher Ca2+-sensitivity than untreated DCM myofibrils,

and replacing ATP with dATP recovered contractility function of the muscle [72].
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The method of treatment most widely explored for increasing cytosolic [dATP] in car-

diomyocytes is upregulation of ribonucleotide reductase (R1R2 or TgRR). Rat cardiomyocytes

overexpressing R1R2 were found to increase shortening by 40% and shortening speed by 80%

at 0.5 Hz stimulation, despite the fact that the overexpression only increased [dATP] to 2% of

the ATP pool [73]. Relaxation kinetics were also found to improve, with time to 50% relaxation

halved in R1R2 overexpressed cells [73]. Interestingly, maximal and minimal [Ca2+] were

unaffected between the R1R2 and wild-type cells, but the Ca2+ transient decay occurred more

quickly in the R1R2 cells indicating the potential for dATP to affect Ca2+-handling ATPases

[73]. Healthy transgenic mice overexpressing TgRR exhibited improved systolic function, and

extracted cells from these mice were observed to display increased contraction ((maximal short-

ening increased by 21.5%, maximal rate of shortening increased by 15.4%)and relaxation , (rate

of relaxation increased by 28.4%) [74]. This study found no major differences in Ca2+ transient

of the trangenic cardiomyocytes and demonstrated that long-term treatment (5 months) can

sustain enhanced function without major side effects in mice [74]. R1R2 overexpressing human

pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) were cocultured with wild-type

cells in order to test the ability for dATP to affect untreated cells near a treatment region [75].

Wild-type cells were found to exhibit identical contractile behaviors to R1R2 overexpressed

cells, indicating that dATP can freely diffuse through gap junctions and affect nearby cells due

to its small size even if the drug is not delivered to every cell in the treatment region [75].

Adeno-associated viral (AAV) vector transfection has been explored as a treatment

option to deliver R1R2 to cardiac cells [76]. An AAV vector was designed to overexpress

R1R2 with a cardiac troponin T promoter in order to localize expression to the heart [77]. The

vector was administered to healthy mice as well as infarcted rats, which resulted in increases to

fractional shortening without alterations in heart rate [77]. Post-MI investigations on rat tissue

indicated that treated rats recover fractional shortening and resemble sham hearts within an 8

week time period [77]. Large animal studies have also been performed to test AAV-mediated
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dATP gene therapy. A study of 17 Yucatan minipigs began with induced myocardial infarction

(MI) followed by coronary infusion of the R1R2 AAV vector BB-12 [78]. Treated pigs showed

improved +dP/dt and -dP/dt 56 days after treatment indicating enhanced systolic and diastolic

function compared to the untreated group, as well as improved left ventricular ejection fraction

(LVEF) [78].

Recently, computational molecular modeling has been employed to determine specific

biophysical mechanisms of dATP on the sarcomere. A 50 ns MD study was performed on

myosin S1, testing the differences between ADP-Mg2+- and dADP-Mg2+-bound myosin.

dADP was found to orient differently within the nucleotide binding pocket, demonstrating

altered contacts with key nucleotide binding residues such as PHE 129 and overall maintaining

less contacts with the protein [79]. These effects cascaded through the protein to the actin

binding surface, allowing more positive residues to be exposed to the solvent, which likely

increases electrostatic affinity for the negatively-charged actin thin filament [79]. This study

provided atomic level detail regarding the effects of dADP on myosin S1.

dATP has shown promise as a therapeutic in mice, rats, dogs, minipig, and human

studies. The small molecule has been seen as an effective method for recovering cardiac

mechanical function in DCM patients as well as MI. However, the mechanisms of dATP on

contractile proteins in the cardiomyocyte, as well as effects on Ca2+-handling ATPases, are

incompletely understood. Multiscale modeling can be an effective tool toward answering

biophysical euqations about the differences between ATP and dATP in their interactions with

cardiac tissue. The potential of scaling from atomic to molecular, subcellular, and cellular

biophysics to add detail without extending beyond the bounds of computational feasibility also

comes with a variety of challenges which we outline below.
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0.4 Modeling approaches and bridging the gaps - a DCM
case study

0.4.1 Effects of DCM mutants in regulatory thin filament proteins cTn
and Tm

Mutations in regulatory thin filament sarcomeric proteins Tn and α-Tm have been

associated with DCM (Figure 1). A clinical study of idiopathic DCM patients found mutations

in the Tn complex in 7% of patients, with severe prognosis for patients with mutations in cTnC

[5, 4]. cTnC D75Y/E59D missense mutation was detected in an adult male who suffered sudden

cardiac death as a result of idiopathic DCM [22]. D75Y and E59D are point mutations located

in the low affinity Ca2+ binding site on cTnC near the N-terminus. Studies in skinned and

intact cardiomyocytes have reported a marked decrease in calcium sensitivity, cell shortening

and force production for the double mutant (D75Y/E59D) and D75Y alone in spite of the fact

that the mutations do not influence the intracellular calcium homeostasis [22, 23]. However,

both D75Y and E59D are required to reduce the actomyosin ATPase activity and maximal

force in muscle fibers, indicating that E59D enhances the effects of D75Y [23]. In addition

to D75Y and E59D, the G159D cTnC mutation has been found in human DCM patients

and has been shown to impair cTnC-cTnI interaction and decrease Ca2+ binding affinity

[9, 25, 29, 80]. G159D cTnC mutant exhibits reduced opening and closing rates of N-terminus

of cTnC post-calcium binding and dissociating respectively [81]. Additionally, G159D cTnC

mutant abolishes the accelerated closing rate of the N-terminus of cTnC triggered by PKA

mediated phosphorylation of cTnI [81]. Four rare clinical variates (Y5H, M103I, D145E, and

I148V) of TnnC1 have been reported in association with DCM [82], of which Y5H cTnC

mutation was reported in a pediatric patient with idiopathic DCM concomitant with a mutation

in Myosin [83]. Three of these (Y5H, M103I, and I148V) showed decreased calcium sensitivity

of myofilaments and impaired response of the myofilament to undergo Ca2+ desensitization

upon PKA phosphorylation [84]. The fourth variant D145E presented with a MyBP-C rare
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Figure 1. DCM associated mutations shown in regulatory thin filament proteins cTn and Tm.
DCM mutations for cTn are shown in the cartoon representing primary amino acid sequence
of cTnC, cTnI, and cTnT and in the cTnC crystal structure of the 52 kDa domain of human
cTn (PDB: 1J1E) in the calcium saturated form (cTnC in blue, cTnI in red, cTnT in orange,
calcium in green, mutations in pink). Residues 1-182 are missing in the crystal structure of
cTnTthe mutations in that region have been enclosed within an open box and point to a cartoon
rendering of residues 1-182 of cTnT (faded orange ribbon structure juxtaposing Tm). DCM
mutations in Tm are shown in crystal structure for Tm (PDB: 1C1G) (Tm in teal, mutations in
pink).

variant. Given that D145E mutation shows increased calcium sensitivity and is associated

with HCM, it is quite plausible that the concomitantly present MyBP-C mutation mediated the

observed DCM response [85, 84]. Additionally, cTnC mutant Q50R has been identified in a

DCM family with a member with the rare disease of peripartum dilated cardiomyopathy [86].

A DCM associated mutation in cTnI, A2V, was found to hinder cTnC-cTnI interaction
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via mammalian two-hybrid luciferase assay [10]. Two other cTnI mutants, K36Q and N185K,

were reported in 2009 and found to decrease calcium sensitivity of actin-myosin S1 ATPase,

maximal ATPase activity and reduce calcium binding affinity of cTnC [87, 4]. Two more cTnI

mutants P16T and D180G were reported recently [88, 83].

An earlier study employing two-hybrid assays to investigate cTnT mutations R131W,

R205L, and D270N, all of which have been found in human DCM patients, impaired cTnC-

cTnI/cTnC-cTnT interaction [9]. A contractility study in rabbit muscle fibers reported that these

mutations and TnT R141W decrease Ca2+ sensitivity of force generation, maximal ATPase

activity and myofilament sliding speed [21]. Additionally, Robinson et al. reported a decrease in

calcium sensitivity of these cTnT mutants as well, with the exception of cTnT mutation D270N.

D270N cTnT led to a decrease cooperativity of Ca2+ binding but not overall Ca2+ affinity of

cTn as measured by pCa50 in reconstituted thin filaments [29]. The ∆K210 cTnT mutation has

been shown to decrease Ca2+ sensitivity of force generation and hinder cTnT-cTnI interaction

without affecting maximum force generation [19, 9, 18, 29]. There are conflicting reports on

the effect of ∆K210 on cooperativity of force generation [89, 18, 29]. Four missense mutations,

R134G, R151C, R159Q, and R205W, in cTnT were identified in probands with familial DCM

[90], of which two (R134G, and R205W) were also reported in pediatric patients with familial

DCM [83]. Functional analysis of these mutations in reconstituted myocytes showed decreased

calcium sensitivity of force development [90]. Additionally, a HCM associated mutant E244D,

was identified in a DCM associated proband [90] and in a pediatric patient with familial DCM

[83]. Further, a cTnT mutation R139H showed decreased calcium sensitivity and was reported

in late onset DCM in a 70 year old woman (Morales et al., 2010). This is interesting as usually

cTnT mutations are associated with early onset and aggressive form of DCM. Lastly, E96K

cTnT mutation was reported in a 5 month patient with idiopathic DCM [83].

Tm mutations E40K and E54K were identified in a Genome-Wide Association Study

(GWAS), and when reconstituted in rabbit muscle fibers were found to decrease Ca2+ sensitivity
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[8, 21]. Interestingly, the E40K mutation was found to decrease myofilament sliding speed

while the E54K mutation had no effect on sliding speed [21]. Both mutations caused localized

destabilization of the Tm dimers and affect interactions with actin which would then directly

affect ATPase activity [91]. In addition, D230N Tm mutation showed decreased calcium

sensitivity of myofilaments, and dissociation between calcium sensitivity and PKA mediated

beta adrenergic response to TnI phosphorylation [11, 24]. Lastly, multiple Tm mutations

(K15N, I92T, A277V) have been reported in pediatric cases with idiopathic or familial DCM

[83].

The above-mentioned familial mutations in the regulatory proteins cTn and α-Tm,

that have been identified in human patients over the course of years, display some wide-

ranging molecular effects that mainly converge to few cellular mechanisms such as altered

calcium sensitivity and decreased ATPase activity ultimately leading to depressed contractile

force observed in DCM. A recent innovative motility assay study proposed that the varying

experimental findings of DCM-associated thin filament mutations in α-Tm and cTn can be

explained by a decoupling of Ca2+ sensitivity from cTnI phosphorylation by PKA [24]. This

finding, along with the wide variety of mutations in thin filament proteins that have been

connected to the development of DCM, underscores the urgency of studying the complicated

cascade of contraction events as a whole in order to create a cohesive picture of DCM causes

and progression. Genetically engineered animal models provide an opportunity to understand

the sequelae of molecular and cellular events as they translate to the whole heart level. Notably,

genetically engineered mice with sarcomeric mutations ∆K210 [18, 36] and R141W [37]

in cTnT have been generated. These studies showed a gene-dosage effect on the cardiac

phenotype and recapitulated the human phenotype. Despite the key genotype-to-phenotype

insights gleaned from animal model studies, most experimental studies have so far been

conducted in reconstituted in vitro systems. Majority of experimental studies have measured

the effects of thin filament protein mutations on cell-level function, but have not looked more
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closely into molecular mechanisms or expression of dysfunction on the whole heart level.

Multi-scale computational modeling offers a complementary set of tools that can help us

understand the spatial and temporal transition to clinical DCM.

0.4.2 Molecular modeling of regulatory thin filament protein mutations

Structural determination from x-ray crystallography and NMR studies has helped pro-

vide key insights into molecular basis of cTnC function [92]. Previously published experimental

and theoretical studies have used these structural data to probe rapid, nanosecond and microsec-

ond timescale conformational dynamics, by using Brownian Dynamics (BD) and Molecular

Dynamics (MD) simulations, that are correlated with calcium binding [93, 27]. MD and BD

simulations are useful in-silico approaches that have been employed to understand the molecu-

lar basis of altered structural and functional dynamics of regulatory myofilament proteins such

as cTnC in varied states. For example, Varughese and Li investigated, with MD, changes in the

structural dynamics of cardiac Tn, including TnC, upon binding bepridil, a known inotropic

agent [38, 39] combined long time-scale MD simulations and BD simulations to understand

the dynamics of wild-type TnC in its calcium-free, calcium-bound, and TnI-bound states, as

well as V44Q [94].

Intra-molecular dynamic changes in cTn 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 [43]. Additionally, cTn mutations can affect interactions between cTnC, cTnI, and cTnT

as well as downstream contractile proteins such as Tm and actin [9, 29]. A recent in silico study

[43] employed MD and BD simulations to postulate the decreased calcium binding affinity of

cTnC and the altered rate of hydrophobic patch opening within cTnC as the molecular basis

of the reported changes in calcium sensitivity and force production in the D75Y cTnC DCM
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mutant. An MD study on residues 70-110 of cTnT found that familial HCM -linked mutations

R92L and R92W, located near the Tm binding domain, lead to increased hinge movement

downstream on the cTnT molecule as well as decreased helical stability [95]. Importantly, the

study found that divergent phenotypes emerge in a live mouse model of these mutations, which

demonstrates a limitation to modeling isolated proteins [95].

MD simulations have the potential to uncover biophysical effects of DCM associated

mutations in cardiac Tm. Recent MD studies have explored the properties of Tm in healthy

cases as well as patho-physiological cases, noting that Tm stiffness may impact downstream

contractility events greatly [96, 97, 98, 99]. A 2012 study used MD to study familial HCM

associated Tm mutations D175N and E180G and found that both mutations lead to increased

flexibility of Tm and therefore, decreased persistence length of the molecule [100]. Another

MD study has also been performed on HCM Tm mutations E62Q, A63V, K70T, V95A, D175N,

E180G, L185R, E192K in order to explore the effects of point mutations on Tm flexibility and

Tm-actin interactions [101]. In the case of DCM, a time-independent electrostatic snapshot

of the DCM associated Tm mutation showed that E54K and E40K mutations alter the surface

charge of Tm, which may affect Tm-actin interaction [8, 91]. A time-dependent MD study was

also performed on the E54K Tm mutant in combination with 7 actin monomers and showed

that this mutation causes increased stiffness and decreased curvature in the Tm molecule overall

while stabilizing and destabilizing the coiled coil structure in different regions of the molecule

and greatly weakening Tm-actin binding [101]. More MD studies are needed in the area of Tm

DCM mutations in order to visualize effects of other mutations, such as E40K, that may affect

Tm-actin and Tm-cTn interactions.

In-silico investigation of sarcomere protein structure-function dynamics by MD and BD

simulations provides key insights toward understanding molecular effects of genetic mutations

and post-translational modifications [40, 43]. However, these structure-function dynamics can

change significantly when myofilament proteins interact with one another in an integrated
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physiological system. It has been reported that kinetic rates of a given state transition vary in

isolated molecular states and integrated myofilament states [102]. This was well demonstrated

in a previous study where the off-rates of calcium binding were studied in depth from isolated

cTnC molecule to a structurally integrated myofilament preparation [102]. The whole cTn

complex has been modeled using MD, both with and without Ca2+ bound [103, 104]. A 2014

study proved the value of modeling the complex as a whole, because removing Ca2+ from

the regulatory binding pocket on cTnC affected cTnC hydrophobic patch opening as well as

the folding and flexibility of the cTnI switch region [104]. Moving further up in scale, an

integrated MD study of a whole thin filament including cTn, 14 actin monomers, and two

overlapping Tm molecules illustrates the importance of modeling inter-protein interactions

along the thin filament [105]. The MD simulation performed was only 1 ns in length, but was

able to accurately capture the rotation of the I-T arm in the Tn complex as a direct consequence

of Ca2+ binding [105]. The model was used to study cTnT mutations R92W and R92L

associated with familial HCM and found that both mutations decrease bending forces in the

hinge region of cTnT which affects Tm interaction, a downstream effect that may not have

been captured if the study were performed on isolated cTnT [106].

Integration of molecular level state-transition kinetic data into the sarcomere level is a

key challenge yet to be solved for using in-silico methods. At the molecular level it takes about

510 s for calcium to bind to cTnC [94, 39]. With state-of-the-art supercomputers we are now

able to simulate molecular events such as calcium-binding events and conformational state-

transitions within cTnC (a relatively small protein18 kDa), events that occur in the microseconds

range. At the myofilament level it takes about 700 ms for a contraction-relaxation cycle to

take place in a sarcomere [107, 51]. Recording the kinetics of all inter-molecular and intra-

molecular state transitions for every myofilament protein during one contraction-relaxation

cycle in a sarcomere is a tremendous task, as illustrated by the 1 ns upper limit of an MD

simulation incorporating the full thin filament [105]. This is due to the enormous computational
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power and speed that would be needed to solve for longer time scale simulations and bulky

proteins, such as Titin (3.9 MDa), Myosin (220 kDa), and Tropomyosin (37 kDa), that form the

backbone of the sarcomeric thin and thick myofilament protein complexes. Nevertheless, key

insights into molecular behavior of bulky proteins like Titin that are commonly known to be

mutated in DCM have been achieved by MD simulations [108]. An earlier MD study of Titin

wherein single Ig domains of Titin were stretched reported sequential unfolding of Ig domains

corroborating experiments [109, 110, 111]. A recent study of Titin examined the hydrophobic

core region of the protein associated with a DCM mutation V54M and reported destabilization

of transition from bend to coil in secondary structure of Titin and reduced affinity to Z-disc

protein T-cap/telethonin [112]. Given that Titin mutations are commonly associated with DCM,

molecular modeling of Titin domains associated with DCM is mandated. While we have much

to gain from MD simulation studies, gaps in our experimental knowledge toward understanding

dynamics of molecular level interactions and kinetics of state transitions between thick and

thin myofilament proteins compound the challenges in standardizing conditions and validating

results from the molecular simulation studies.

0.4.3 In-silico translation of molecular level changes to thin filament
mechanics

The mathematical formulation of cardiac myofilament models that explicitly incorporate

spatio-temporal acto-myosin interactions and stochastic XB formation to compute contractile

force have lagged behind electrophysiological models of the heart [41, 50]. This is largely

due to the (a) paucity of kinetic data on thick-thin myofilament interactions and molecular

state-transitions, (b) requirement of partial-differential equations (PDEs) to solve for explicit

spatio-temporal acto-myosin interactions, (c) lack of complete understanding of translation

of steady-state contractile force into a length and load-dependent dynamic contractile force

response via XB cycling, (d) difficulty in solving for computationally expensive stochastic

interactions, (e) partial understanding of cooperative mechanisms involved in myofilament
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activation, and (f) technical gaps in our knowledge due to species differences and varied

experimental conditions in scientific studies. Nonetheless, ordinary differential equation (ODE)

and Monte Carlo Markov models of regulated co-operative myofilament activation with nearest

neighbor interactions, wherein some molecular states are lumped together empirically and

model parameters are optimized such that the best-fit of the base model to the experimentally

measured steady-state force-calcium data-sets is achieved, have been formulated [113, 114,

45, 115, 41, 44, 42, 116, 117]. These relatively simplified mean-field Markov models of

cooperative myofilament activation and contraction have helped provide deeper insights as to

how changes in inter-molecular and intra-molecular interactions in myofilament proteins can

alter steady-state myofilament properties (myofilament calcium sensitivity and cooperativity of

myofilament activation) and function (maximal force generation), which can then translate to

cardiac pump dysfunction as reported in DCM.

Arguably the most logical type of sarcomere-level model to begin with, when testing

the effects of point mutations on thin filament proteins, is a Markov model of thin filament

activation. One such model, originally developed in 2010 and since expanded for a variety of

applications, consists of 26 spatially explicit regulatory units (RUs), each RU including 7 actin

monomers, one Tm molecule, and cTn [42]. The model captures cooperativity of thin filament

activation by relying on the Tm position (blocked, closed, or open) of each RU’s nearest

neighbor in order to determine rates governing state transitions. Using this model as a starting

point, further studies have been able to test a variety of contractility protein mutations at a larger

spatial and temporal scale than MD simulation can reasonably accomplish. A relevant example

is a recent study that simulated Tm mutations E180G and D175N, which have been found in

HCM patients, using a Monte Carlo framework extension of the Campbell model [117]. MD

simulations indicated that both Tm mutation increase Tm flexibility while lowering persistence

length of the molecule [100]. The thin filament model was able to simulate experimentally

gathered wildtype and mutant contraction data by altering Tm persistence length, transition
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rates between the blocked and closed Tm states, and percentage of the XB cycle spent in the

attached force-producing state [117]. MD simulation data of isolated Tm can offer information

on persistence length but not on Tm-actin interaction or XB cycling, which were discovered to

be possible downstream effects of these mutations.

A previously published multi-scale modeling study from our group was one of the first

studies to directly incorporate the molecular changes computed from BD and MD simulations,

in the DCM mutant D75Y cTnC, into a six-state Markov model of steady-state myofilament

contraction (Figure 2) [43]. The key results from the study reported that the intra-molecular

changes (decreased calcium binding affinity of cTnC and depressed rate of hydrophobic patch

opening during cTnC conformational change) in D75Y cTnC mutant are sufficient to explain

the observed decrease in myofilament calcium sensitivity under steady-state experimental

conditions in skinned cardiomyocytes. Additionally, the study highlighted how DCM mutants

like E59D cTnC which appear to have healthy myofilament response in skinned myofilament

experiments, can in fact be harboring molecular modifications which can potentially turn

deleterious under stressful conditions for the myocardium. A weakness of this study was

that they did not model the effects of the double mutant D75Y/E59D. This would have been

more appropriate as both mutations, D75Y, and E59D are needed for a reduction in maximum

myofibrillar ATPase and maximum force of contraction in skinned fibers. Additionally, The

D75Y mutant is important for the effect seen in calcium binding affinity, however the cellular

phenotype may not be explained solely by a single mutation based on the in vitro data. This

study was instrumental in its scope, as it bridged the genotypic defects at sarcomeric protein

level to myofilament phenotype in silico, by directly incorporating molecular parameters from

BD and MD simulations into appropriate markov states of cTnC activation. The study again

displays the numerous challenges for the mathematical modeler in scaling from molecular level

to myofilament levels to compute steady-state contractile force, as MD data was insufficient to

fully capture cellular mutant contractility changes which may be due to cTnC-cTnI interaction
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or other protein interactions in the sarcomere as shown in case of G159D cTnC mutant. It is

important to note that prediction of steady-state force-calcium data is not predictive of cellular

phenotype by itself. For example, a reduction in calcium sensitivity of myofilaments can be

compensated for by an increase in calcium transient. In such a case there will be no apparent

change in contractile function at the cellular level. Similarly, an increase in calcium sensitivity

of myofilaments can be offset by defects in mechano-sensing. In fact these compensatory

changes are integral to the process of cardiac remodeling leading to DCM. Further, as is evident

in many DCM mutants (see Table Table1),1), change in calcium sensitivity is not the only

predisposing factor in DCM and the acto-myosin ATPase activity should also be modeled

in. Therefore, it is important to factor in the contractile phenotype from an intact cell and

incorporate dynamic coupling in a model between thin-thick myofilaments, passive tension,

calcium homeostasis, and mechano-transduction, at the least to be considered a cellular level

model.

Given the gaps in our knowledge of kinetic rates during molecular transitions and

variations in experimental data collated from numerous studies, the mathematical modeler is

required to carefully choose explicit Markov states within an appropriate framework, and to

standardize technical variates of species, temperature, and molecular state in order to glean

meaningful insights from any multi-scale computational study. It is known that various rodent

species (mouse, rat, guinea pig) express variable isoforms of key myofilament proteins under

normal conditions, for e.g., mouse and rat express α-myosin heavy chain (MHC) isoform [118],

whereas, guinea pigs express β -MHC under basal conditions [119]. Given that α-MHC is at

least three times faster than β -MHC, this difference in basal conditions in rodents is sufficient

to alter the rate of XB cycling significantly [118]. Isoform switches in myofilament proteins

are known to occur in patho-physiological conditions as well [120]. Similar changes in protein

isoform expression and kinetics have been reported for other myofilament proteins [121]. These

changes impact the myofilament properties of calcium sensitivity, cooperativity and maximal
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Figure 2. Schematic showing incorporation of molecular data of cTnC activation obtained
from BD and MD simulations into a six-state Markov model of myofilament activation at
steady-state conditions, as an example of bridging molecular to cellular scales in a modeling
study by Dewan et al. [43]

force output significantly. Additionally, increased temperature is known to have a significant

effect on increasing calcium sensitivity of myofilaments and increasing the maximal developed

contractile force under steady-state conditions in intact and skinned ventricular tissue/cells

from various species [122, 123, 124]. This is likely due to alterations in molecular kinetics of

state transitions of myofilament proteins with temperature. Also, kinetics of state-transitions

can vary significantly in isolated molecular states vs. integrated systems, as elucidated in an

earlier study where the off-rates of calcium binding were studied in depth from isolated cTnC
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molecule to a structurally integrated myofilament preparation [102]. These biophysical variates

must be accounted for during longitudinal scaling from molecular states to myofilament states,

as failing to do so can potentially exaggerate or mask the magnitude of, and can even potentially

alter the direction of, steady-state myofilament properties as reported for a mutation. It is

imperative to note that this is not always possible due to paucity of experimental data, still,

careful consideration must be given to these variates in order to arrive at meaningful analysis

from in-silico studies and to achieve good quantitative agreement with experimental data.

0.4.4 Scaling from thin filament mechanics to thick filament mechanics

Results of Markov models of cooperative myofilament activation with nearest neighbor

interactions just described suggest that a meaningful prediction toward patho-physiological

outcome of genetic mutations is possible in-silico [43, 117]. While this, of course, does not

mean that the models are entirely correct in their predictions, as the whole system is not

explicitly represented; it does suggest that the key myofilament properties are adequately

represented to recapitulate fairly complex phenomena. These Markov models adequately

describe the process of thin filament activation, such that the myofilament contractile response

is mediated by a prescribed length-clamp and/or calcium-clamp at any given point of time.

However, under physiological conditions, myofilament activation and XB cycling are temporally

modulated by cyclical variation in length, calcium, and loading conditions during a contraction-

relaxation cycle [125]. Modeling thick-thin myofilament effects into a dynamic model of

contraction, wherein length-dependence and load-dependence of the myofilaments have been

incorporated, will allow us to further gain quantitative insights in the shortening response of

the contractile machinery and the work done by myofilaments. This is imperative to scaling the

effects of the identified DCM mutant from genotype to phenotype.

The length-dependence of myofilament activation and the load-dependence of the

rate of myofilament shortening, are tightly regulated and complex properties of the healthy
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myocardium that are highly dependent on the spatio-temporal arrangement of the myofilaments.

In a simplistic view of our understanding of cardiac biomechanics, length dependence of

myofilament activation is modulated by the degree of overlap between thick and thin filaments

and calcium sensitivity of myofilaments [53, 54, 126, 57]. On the other hand, load-dependence

of rate of myofilament shortening is modulated by number of XBs in the strongly bound

state, distance between the thick and thin filaments, myosin isoform, degree of thick-thin

filament cooperativity, rate of XB cycling, and stiffness of XBs [127, 128, 129, 130, 131, 132].

Ultimately, the twitch dynamics of the myofilaments are the key determinants of the cardiac

pump output during various phases of the cardiac cycle [133]. In reality, we are yet to fully

comprehend the molecular basis of these dynamic emergent myofilament properties and their

modulators. An explicit PDE model that simulates the myofilament contraction-relaxation cycle

while recapitulating length-dependent myofilament activation and force-velocity relationships

is yet to be described to the best of our knowledge. However, phenomenological models based

on empirical relationships have been described to quantitatively recapitulate these myofilament

properties [128, 134, 107]. Phenomenological vs. explicit Huxley-type muscle models of XB

cycling have been discussed before [135].

Computational models of XB cycling dynamics are key toward scaling-up and integrat-

ing length dependence and dynamic muscle activation into studies of thin filament DCM pro-

teins. For example, the Rice ODE model of XB cycling accurately mimics length dependence

of active/passive forces and Ca2+ binding, while simplifying a complex myofilament geometry

by keeping track of the overlap fraction between thick and thin filaments [45]. This model

has been expanded in more recent studies to include more complex geometries and metabolic

intermediates, and has been incorporated into organ-scale finite element models through solving

the sarcomere model at different points in a finite element mesh [136, 137, 138, 139]. Although

the model traditionally calculates force from a half sarcomere and extrapolates to cell-level

force values, it may be possible to explicitly model a full cell with 32 sarcomeres using a
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Blue Gene supercomputer in order to capture cooperativity of the whole cell [44]. Another

XB modeling approach more explicitly models the sarcomere geometry by including 3 half

thick filaments surrounded hexagonally by 13 half thin filaments, mathematically modeled

by a 3D spring array using finite element analysis and governed by Monte Carlo processes

[140]. This model importantly includes filament compliance in its calculations, creating a

more biophysically accurate window into the individual proteins making up the myofilament.

The Chase model has been used to study specific familial HCM-associated cTnI mutations by

converting experimentally gathered Ca2+ transient information into altered probability of XB

activation [141]. However, this study assumes that altered Ca2+ binding kinetics are the sole

contributor to altered contractility without considering the interaction of mutated cTnI with

other thin filament proteins. When searching for XB models that will be able to accurately

model DCM sarcomere mutations, mechanistic models are more promising as they allow for

direct input of protein-level changes into a larger scale model.

Phenomenological computational models of twitch tension, which do not explicitly

translate the molecular behavior of myofilament proteins to the myofilament properties, can

still provide invaluable insight in the workings of the myocardium. Therefore, it is critical

to underscore the key considerations and challenges to take into account when formulating

dynamic models of cardiac twitch. Temperature dependence of myofilament dynamics, loading

conditions (preload and afterload), frequency of electrical pacing which determines the calcium

load, and biological species, are biophysical experimental variates that significantly alter twitch

dynamics [142]. Previous studies have reported frequency and temperature dependent changes

in contraction-relaxation dynamics and maximal twitch force, based on phase-plane analysis

of dynamic force-calcium relationships from intact rat myocardium [131]. Briefly, increasing

frequency of stimulation resulted in a increased developed force, enhanced myofilament

responsiveness to calcium and abbreviated twitch duration; increasing temperature from (22

to 37◦C), while maintaining stimulation frequency and preload, resulted in biphasic effects
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- between 22 and 3◦C, developed force did not decrease despite abbreviated twitch duration;

between 30 and 37◦C, a steep decline in developed twitch force was observed. This would

suggest independent temperature dependence on myofilament activation and relaxation kinetics.

An earlier study elegantly measured the relationship between cardiac work output and external

load in single rat cardiomyocytes [143]. They reported work output of cardiomyocytes under

a range of loading conditions ranging from isometric, unloaded and physiologically loaded

conditions. Alterations in loading conditions affect XB cycling rates and force-velocity relations.

Factoring in the effect of loading conditions, imposed on the myocyte during experimental

study from which parameters are being collated, is crucial to correct interpretation of modeling

results and for scaling the results to the organ level. Lastly, different experimental studies report

data from different biological species, each of which expresses different myofilament protein

isoforms that can independently alter twitch dynamics [144, 51]. It is important that careful

consideration be given to these variables as models are parameterized.

0.4.5 Summary and perspectives

An important aspect that requires careful consideration and work in modeling studies

is coupling of calcium homeostasis and mechano-transduction mechanisms to myofilament

mechanics. Sarcomere generated force cannot predict the organ level phenotype in entirety if

upstream and downstream regulatory mechanisms in the cell are not coupled to it. In order

to comprehensively translate to the cellular scale, coupling of models of active tension to

models of (a) passive tension mediated by Titin, (b) upstream calcium homeostasis mechanisms

mediating CICR, (c) cytoskeletal proteins and z-disc proteins that sense and transmit force

signals, (d) ATP, ROS and energy regulation by mitochondria, (e) insulin signaling, (f) beta-

adrenergic signaling pathways, and (g) signaling networks mediating nuclear transcription

response toward sarcomere addition should be considered. However, with added complexity

in models the degree of ambiguity in results also increases which may prove futile. It is
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important to note that DCM is a disease characterized by an organ level phenotype, so in order

to understand the complex cascade that can cause a point mutation in a contractile protein to

lead to growth and remodeling of the heart as a whole it is necessary to scale current molecular

and cellular level models to finite element models of the heart with realistic geometries. For

more information on whole heart modeling and its potential, detailed reviews and modeling

frameworks exist [47, 48, 138, 50]. Of note is the recent study reporting phenomenological

modeling of the tension integral of the cardiomyocyte twitch as the predictor for DCM and

HCM phenotype in cardiomyopathies [30]. Furthermore, given that familial DCM manifests

clinically over-time it is pertinent to simulate pathological cardiac remodeling leading to DCM.

Growth modeling frameworks utilizing stress or strain as the growth stimulus for sarcomere

addition at the whole-heart level coupled with cardiac mechanics have been recently reviewed

and present with a promising avenue to scale-up [46, 49]. In addition, mechanistic frameworks

for modeling biochemical signaling networks that have previously been formulated [145], such

as for PKA mediated beta-adrenergic signaling [146], will be useful tools as cardiac signaling

in DCM is being studied based on RNAseq and phosphoprotemics [35, 147]. Formulating

explicit models of molecular behavior and scaling them longitudinally to cellular levels is an

extremely challenging task and perhaps not without its own pitfalls. Nonetheless, in-silico

modeling of cardiac biomechanics, in parallel with the experimental studies, is a powerful set

of tools that can be applied toward integrative and quantitative understanding of DCM.

0.5 Conclusion

This dissertation is focused toward demonstrating the feasibility and applicability of

multiscale modeling to gain mechanistic insights into role of known genetic DCM mutations in

contractile proteins, as well as the potential for dATP to treat contractile cardiac defects (Figure

3). We discuss some of the insights that can be gained from computational models of cardiac

biomechanics when scaling from the molecular to cellular level. We have so far described the
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Figure 3. Schematic illustrating the scope of multi-scale modeling techniques, panning spatial
and temporal scales, to complement experimental data at all biological scales. Representative
examples of modeling frameworks from molecular to cellular (solid black arrow-focus of this
review) to whole heart level (dotted black arrow) and growth modeling (dotted gray arrow) are
shown.

considerations and challenges that must to be accounted for when computationally modeling the

mechanical effects of sarcomeric mutations of DCM from genotype to cellular phenotype. In

particular, we discussed the difficulties in standardizing parameters for a multi-scale modeling

study from varied experimental data sets. We have also provided an introduction to cellular

mechanisms of force production, and a review of previous experimental and computational

studies of dATP treatment.

We will next apply computational modeling techniques across scales in an effort to

answer two major questions about cardiac health: (1) How can disparate genetic mutations lead
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to similar disease phenotypes in DCM patients? and (2) How does dATP act on contractile and

calcium handling proteins in order to augment cardiac function? Methods such as Molecular

Dynamics (MD), Brownian dynamics (BD), electrostatic analysis, and Markov State Models

(MSMs) of subcellular function are interwoven to minimize gaps in knowledge that may result

from using one method independently. We investigate three DCM-associated genotypes - E59D,

D75Y, and G159D - to determine how mutating one residue in troponin C can change the

Ca2+ binding affinity and folding pattern of the protein, cascading upward to alter calcium

sensitivity of cardiomyocytes and, eventually, present as DCM. BD and electrostatics analysis

of tropomyosin (Tm)-actin interactions provide us with a realistic multi-well energy landscape

of Tm as it moves about the thin filament, adding molecular detail to well-established theories of

Tm movement which can be used to populate energy-based models of thin filament activation.

To investigate the second guiding question of the dissertation, we focus both on me-

chanical impacts of dATP and the effects of the drug on the calcium handling pump SERCA.

Mechanically, we build on MD analysis of ADP- and dADP bound myosin S1 [79] to study

the electrostatic impact of dATP treatment on myosin-actin affinity. Differential crossbridge

affinity, combined with predicted changes to powerstroke rate and XB detachment, allow

us to quantify the effects of dATP on all stages of the XB cycle and, in turn, cardiac force

production. Our analysis also provides explanations for the noted fact that appreciable in-

creases in force production develop even at low levels of dATP upregulation [69]. Gaussian

accelerated MD of apo, MgATP-bound, and dATP-bound SERCA is employed to calculate

low-energy structures of the protein in normal and drug-treated conditions. BD simulations

explore differing association rates of ATP/dATP and Ca2+ ions to these structures, which can

then be integrated into a cellular calcium-handling model to determine their impact on cellular

relaxation. Taken together, these analyses of dATP treatment provide compelling evidence of

molecular mechanisms behind the global impacts of dATP treatment on cardiomyocytes.

28



0.6 Acknowledgements

The Introduction contains excerpts of the material as it appears in: Dewan, S*, McCabe,

KJ*, Regnier, M, McCulloch, AD (2017). ”Insights and Challenges of Multi-scale Modeling

of Sarcomere Mechanics in cTn and Tm DCM mutants-Genotype to Cellular Phenotype”.

Frontiers in Physiology, 8, p 151. The dissertation author was the co-first author of this review

article.

29



Chapter 1

Molecular Effects of cTnC DCM Muta-
tions on Calcium Sensitivity and Myofil-
ament Activation: An Integrated Multi-
scale Modeling Study

Reproduced with permission from Dewan S, McCabe KJ, Regnier M, McCulloch AD, Lindert

S (2016) ”Molecular Effects of cTnC DCM Mutations on Calcium Sensitivity and Myofilament

Activation - An Integrated Multi-Scale Modeling Study”. J. Phys. Chem. 120(33), pp 8264-

8275 Copyright 2016 American Chemical Society.

30



1.1 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 intramolecular

mechanisms by which these mutations affect myofilament contraction. On the basis of the

location of cardiac troponin C (cTnC) mutations, we tested the hypothesis that intramolecular

effects can explain the altered myofilament calcium sensitivity of force development for

D75Y and E59D cTnC, whereas altered cardiac troponin Ctroponin I (cTnCcTnI) interaction

contributes to the reported contractile effects of the G159D mutation. We employed a multiscale

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

forcepCa 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 degrees) 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 multiscale in silico study to elucidate

how direct molecular effects of genetic mutations in cTnC translate to altered myofilament

contractile function.
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1.2 Introduction

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

is characterized by dilatation of the heart and impaired contractile function of the ventricles

[3]. DCM is the most common reason for heart transplantation, occurring in approximately 58

people per 100,000 and causing approximately 10,000 deaths and 46,000 hospitalizations each

year in the United States. It is estimated that 30-35% of DCM cases are linked to mutations in

the genes encoding contractile proteins [148, 9], including titin, actin, myosin, tropomyosin,

and all three subunits of cardiac troponin (cTn) [6]. 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) [149]. Binding of the signaling ion Ca2+ to the N-terminal regulatory

domain of cTnC results in structural and dynamic changes that trigger contraction [150, 102].

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 [150, 151]. Structurally, TnC is one of the best studied

regulatory proteins in the sarcomere. Numerous structures of the TnC regulatory domain

[152, 153, 154, 155] as well as the full-length, two-lobed molecule exist [156, 157]. The

regulatory domain, a highly α-helical molecule that constitutes the first 89 N-terminal residues

of the troponin C protein, consists of five α-helices (N, AD). Previous computational studies

have addressed modeling many cTn-related processes on a molecular scale [93, 94, 39, 22, 38,
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Figure 1.1. 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).

158, 103, 159, 104]. At least three clinically observed mutations in cTnC have been proposed

to be associated with DCM 1.1. 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 [22, 23]. Interestingly, the E59D mutation alone was phenotypically comparable to

wild-type cTnC in its effects on myofilament function [22, 23]. Another cTnC 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

[148] and unaltered contractility in rats [25].

The molecular mechanisms by which these cTnC mutations cause contractile alterations

remain unclear. Intramolecular 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
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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 site II in the C-terminus of cTnC and is closer

to the cTnCcTnI IT arm binding site. On the basis of the locations of these mutations, we

hypothesized that, for the D75Y and E59D mutations, the intramolecular effects within cTnC

are sufficient to explain reported contractile defects, whereas altered cTnCcTnI 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 multiscale computational models, combining molecular dynamics, Brownian

dynamics, and Markov models of myofilament activation. To address our hypotheses, we

used a modified, previously described model [42] 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

forcepCa 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.

1.3 Materials and Methods

1.3.1 System Preparation

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

bound systems were investigated: wild-type cTnC, G159D cTnC (both based on PDB ID

1J1E), D75Y NcTnC, and E59D NcTnC (both based on PDB ID 1AP4). The initial preparation

of the systems, including introduction of mutations, is described in refs [93] and [39]. The
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Ca2+-bound cTnC and cTnCG159D systems contained three bound Ca2+ ions (one in the N-

terminal lobe and two in the C-terminal lobe). The Ca2+-bound NcTnCD75Y and NcTnCE59D

systems contained one bound Ca2+ ion (in the 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.

1.3.2 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 wild-type 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 wild-type Ca2+-bound cTnC, 4.67 µs for Ca2+-bound

cTnCG159D, 7.16 µs for Ca2+-bound NcTnCD75Y, and 7.16 µs for Ca2+-bound NcTnCE59D.

1.3.3 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 [160]. 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 ref [94]. Defining a cutoff angle below which
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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 ∆G 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 AB 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 ∆G vs cutoff angle behavior was

observed for a NcTnC mutant that opened all the way in the simulations [94] and there was

nothing obvious about the systems used in this analysis that should prevent them from opening

the entire way.

1.3.4 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 Åof the site II Ca2+.

Subsequent clustering was performed by RMSD using GROMOS++ conformational clustering

[161]. A RMSD cutoff of 0.4 Å(wild-type cTnC), 0.5 Å(cTnC-G159D), 0.5 Å(NcTnC-D75Y),

and 0.4 Å(NcTnC-E59D) was chosen, respectively. These cutoffs resulted in six (wild-type

cTnC), six (cTnC-G159D), six (NcTnC-D75Y), and four (NcTnC-E59D) clusters that repre-

sented at least 90% of the respective trajectories. The central members of each of these clusters
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were chosen to represent the calcium binding loop conformations within the cluster and thereby

the conformations sampled by the trajectory.

1.3.5 Brownian Dynamics Simulations

Similar to studies presented in ref [39], Brownian dynamics simulations were performed

with BrownDye [162] to estimate calcium association rates. PQR files for representative protein

structures determined by a cluster analysis were generated using PDB 2pqr [163]. There

were six (wild-type cTnC), six (cTnC-G159D), six (NcTnC-D75Y), and four (NcTnC-E59D)

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

between 0.4 and 0.5 Åhave 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 [164] 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 A) 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 Åwithin the calcium binding site for all structures in

the analysis. 200,000 single trajectory simulations were performed on eight parallel processors

using nam simulation. The reaction rate constants were calculated using compute rate constant

from the BrownDye package [162]. 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.
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1.3.6 Markov State Model of Myofilament Activation

Calcium binding to cTnC triggers a conformational change in cTnC (Figure 1.2A). 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 regulation [42]. The four defined states in the

original computational model are B0, blocked myofilament state where myosin S1 head binding

to actin is 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 S1; 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 intramolecular cTnC states probed by BD and MD simulations (Figure 1.2A). Thus, the

current model incorporated the following additional states: B2, blocked calcium-bound state

with conformational change of TnC exposing a hydrophobic patch, thereby allowing binding

to TnI, and B3, blocked state with TnC bound to TnI (Figure 1.2B). By adding states B2 and

B3 to the model, it was possible to use rates derived from BD/MD simulation in the Markov

model. 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:

dP[B0]
dt

= kCa−[B1]+ kpr−[B2]− kCa+[Ca2+](t)[B0] (1.1)

dP[B1]
dt

= kCa+[Ca2+](t)[B0]+ kpr−[B2]− (kCa−+ kpr+)[B1] (1.2)

dP[B2]
dt

= kpr+[B1]+ kIC−[B3]− (kIC++ kpr−)[B2] (1.3)
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Figure 1.2. (A) Molecular state of cTnC (in blue) in apo state (B0 in the Markov model),
calcium (in green) bound state (B1 in the Markov model), and calcium-bound state with exposed
hydrophobic patch allowing for cTnI (in red) to bind to cTnC (B2 in the Markov model). (B)
Schematic of one regulatory unit (RU) sequence of the six-state (B0, B1, B2, B3, C, M) Markov
model of co-operative 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 nine adjacent RUs, linked by tropomyosins,
depicted in one possible configuration of nearest neighbor interactions (the double-headed
arrow) (see Methods and ref [42] 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 ref [42]), determine the degree of co-operativity of myofilament activation in the Markov
model.

dP[B3]
dt

= kIC+[B1]+ ko f f−[C]− (kon + kIC−)[B3] (1.4)

As in the earlier model [42], actin regulatory units (RUs), are comprised of seven actin
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monomers, TnC, TnI (the inhibitory subunit of Tn), and Tm, together with the S1 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 1.2C). We solved for

nine 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:

φ =
P(B)−P(B0)−P(B1)−P(B2)

P(B)
(1.5)

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 equa-

tions was simplified considerably into a linear problem that is solved using eigenvalues. State

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

the forward and reverse rates of transition. For the transition B0 to B1, the calcium binding

kCa+ on-rate and kCa− off-rate were obtained from literature values for rat myofilaments at

27◦C [165, 166]. 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 forcepCa

relationship in rat myofilaments at 27 ◦C. The apparent forward ( f xy) and reverse (gxy) rates of

cross-bridge cycling for state transition C to M were calculated on the basis of Ktr (Ktr = f xy +

gxy) and ATPase Q10 values from ref [124] with the formula:

Q10 = (R1/R2)
10/(T 2−T 1) (1.6)

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

state forcepCa curve was standardized to 27 ◦C for rat myofilaments by calculating the Tmax,
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EC50, and Hill coefficient nH to 27 ◦C based on the Q10 values from the literature [124] and

fitted using the Hill equation:

P(Ca2+) = Pmax[Ca2+]nH/([Ca2+]nH +ECnH
50 ) (1.7)

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 forcepCa 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 on the basis of MD data but all

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

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

Supporting Information. The cTnC alignment BLAST tool was used to perform protein

sequence alignment corresponding to the cTnC FASTA sequence for rat (Rattus Novergicus, gi

66969456) and human (Homo sapiens; gi 2460249).

1.4 Results and Discussion

1.4.1 Full Atom, Explicit Solvent Simulations of Full Length cTnC
Show Straightening of the Linker Region

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

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

sites I and II [167]. The C-terminal domain is linked to the regulatory domain by a short flexible

linker (approximately residues 89-93). Four more helices (E-H) comprise two more EF-hands

with calcium binding sites III and IV. Site II, the low-affinity, Ca2+-specific Ca2+-binding

site, is generally considered the only site directly involved in calcium regulation of cardiac

muscle contraction [168]. Previous simulations focused only on NcTnC and not the relative

dynamics of NcTnC and CcTnC. To account for changes in the interdomain arrangement of
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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 distance between site III and IV Ca2+ remained

around its crystallographic value throughout the entire 9 µs simulation (Figure 1.3A). 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 Åand remained in that state stably for the rest of the simulation, as shown in

Figure 1.3A. This increase in intercalcium distance was caused by a straightening of the central

cTnC helix, leading to an increased distance between NcTnC and CcTnC (see Figure 1.3B).

Experimentally, it has been demonstrated that isolated cTnC takes on a more extended form

than cTnC anchored in the cTn complex [169]. 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 the absence of a target protein

but subsequently collapses when a target protein is presented [170]. These simulation results

are therefore consistent with experimental observations.

1.4.2 Effects of cTnC DCM Mutations on the Calcium Binding Affinity
of cTnC

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

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

NcTnC-D75Y, cTnC-E59D, and cTnC-G159D systems (Table 1.1). The average calcium asso-

ciation rate constant of wild-type cTnC was determined from Brownian dynamics simulations

on representative structures from the MD simulations of wild-type Ca2+-bound cTnC to be
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Figure 1.3. (A) Pairwise distances between Ca2+ in binding sites II, III, and IV, respectively.
Distance between Ca2+

II -Ca2+
III , Ca2+

II -Ca2+
IV , and Ca2+

III -Ca2+
IV over the course of an 8.76 µs MD

simulation for wild-type Ca2+-bound cTnC. (B) The simulation starts with a bent central helix
and remains in a kink for about 800 ns. After about 800 ns, the central helix in cTnC straightens
and remains straight until the end of the simulation (0.88.8 µs).

1.5∗1081/(M ∗ s) (Table 1.1). This is in good agreement with the association rate determined

for wild-type NcTnC (3.1∗1081/(M ∗ s)(16)). Additionally, these rates are in excellent agree-

ment with experimentally determined values of (2−4)∗1081/(M ∗ s) for wild-type isolated

cTnC [165, 171, 172], while Ogawa reported a diffusion limited association (> 4∗1071/(M∗s))

[173]. The idea behind our approach was to adjust the BD parameters so that we can reproduce

values for the wild-type 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∗1061/(M ∗ s), a 50-fold reduction from its wild-type value. This is

in agreement with experimental data suggesting a decrease in calcium affinity in NcTnC-D75Y

[22]. 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
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the conformations of the calcium-binding site most commonly observed during the 7.16 µs

MD simulation predicted an average calcium association rate constant for NcTnC-E59D of

1.2 ∗ 1071/(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 [22, 171]. The BD simulations for G159D

predicted an average calcium association rate constant of cTnC-G159D of 1.0∗1061/(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 cal-

cium binding to cTnC. The finding of a lower calcium association rate was unexpected, since

cTnC-G159D has been associated with an unaltered or increased Ca2+ sensitivity in skinned

myofilaments from rat and human, respectively [148, 25]. Thus, we speculated that cTnC-cTnI

interaction effects will be required to explain the steady-state contractile effects of G159D.

1.4.3 Effects of cTnC DCM Mutations on Rates of cTnC Conforma-
tional 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 [94]. 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 Anton

[174] simulations. The degree of opening of the hydrophobic patch can best be described

by the interhelical angle between helices A and B [160]. Both apo and Ca2+-bound cTnC

are found in the closed conformation [152, 175], with an interhelical A-B angle of 135◦

[152]. 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◦) [153, 176], since the
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open conformation is only a transient state that is sampled by cTnC after Ca2+ binding [94, 39].

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+ binding [165, 172]. 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 [94]. 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 1.4A) had a similar behavior to wild-

type NcTnC (see ref [94]), 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 1.4B. 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 ∆G

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 1.4B). Compared with wild-type NcTnC, NcTnC-D75Y

had a slightly opened equilibrium A/B 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 wild-type system. The frequency of the most opened sampled conformations
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Table 1.1. 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)]
∆ G

(kcal/mol)
∆ t

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

(A/B interhelical angle 105◦) was identical in NcTnC-D75Y and NcTnC. Sampling of even

further opened conformations would require simulations beyond the low microsecond time

scale 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

wild-type NcTnC, even though it is hard to make accurate predictions, since the shape of the

NcTnC-D75Y ∆G 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 1.4B).

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 wild-type. We found that a semiopen configuration (A/B

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

below). Table 1.1 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 [22]. Here we investigated the molecular effects of cTnC-E59D on hydrophobic

patch opening using microsecond MD simulations, as shown in Figure 1.4A (A/B interhelical
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Figure 1.4. (A) Interhelical angles over the course of the simulations for Ca2+-bound wild-
type 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 ref
[94]), and the three Ca2+-bound DMC mutation (NcTnC-D75Y, NcTnC-E59D, cTnC-G159D)
simulations are shown. The widely accepted openclose cutoff criterion of 90◦ is marked by a
vertical black line.

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 semiopen 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 wild-type NcTnC (Figure 1.4,

Table 1.1). Similarly, the time between full opening events (A/B interhelical angle of 90◦) drops

to 1 µs compared to 50 µs for wild-type NcTnC (Figure 1.4). Again, Table 1.1 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 [148] 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◦.
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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 wild-type NcTnC (Figure 1.4). Similarly the time

between full opening events (A/B interhelical angle of 90◦) increases to 800 µs compared to

50 µs for wild-type NcTnC (Figure 1.4). Table 1.1 summarizes those values for a cutoff angle

of 110◦.

1.4.4 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 the C-terminus domain of cTnC (Figure 1.5A).

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 1.2B,C). Thin filament regulation is similar to the

myofilaments in that the calcium binding to cTnC (Markov state B1) 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.
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Figure 1.5. (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
the N-terminus lobe of cTnC. (B) Standardized steady-state forcepCa relationship at 27, 25, 20,
and 15 ◦C (data extracted from ref [124]). (C) Steady-state force-pCa curve simulation (solid
black trace) fit to the standardized force-pCa relationship (solid black dots) for rat myofilaments
at 27 ◦C (300 K).

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 300 K. The resultant steady-state

forcepCa relationship at 300 K (Figure 1.5B) had a pCa value of 5.64, a Hill coefficient of 5.7,

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

derived for steady-state forcepCa in skinned rat myofilaments [124]. The simulation result from

the Markov model fit to the steady-state wild-type forcepCa curve for rat myofilaments at 300

K within less than 5% error range (Figure 1.5C). It is known that kinetic rates of a given state

transition vary in isolated molecular states of cTnC and integrated myofilament states [166].
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This was very well elucidated in a previous study [166] 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 [165]. 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 the 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-TnI-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) rates of cross-bridge cycling were derived

from reported Q10 of Ktr and tension cost [124]. Input parameters for each state transition are

summarized in Table 1.2 (Figure 1.2).

1.4.5 Myofilament Effects of DCM cTnC Mutations

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

determined (Figure 1.5C, Table 1.2). For each cTnC mutation, all parameters in the Markov

model were kept constant, except for the intramolecular values for calcium binding to cTnC

and forward rate of conformational change of cTnC such that the hydrophobic patch is exposed

within cTnC (see Table 1.3). The values of these intramolecular cTnC state transitions were

input directly as reported by MD and BD simulations for all three DCM mutations.

The Markov model simulation for the D75Y-cTnC system resulted in a decrease in
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Table 1.2. Best-Fit Parameters in the Six-State Markov Model of Myofilament Activation for
WT Rat Cardiac Myofilaments at 300 K Steady-State Force-pCa Relationship

Parameter WT
kCa+ [1/(µ M * ms)] 0.14

kCa− [1/(ms)] 0.25
kpr+ [1/(ms)] 5699.43
kpr− [1/(ms)] 19500

kIC+ [1/(µ M * ms)] 0.01
kIC− [1/(ms)] 0.08
kB+ [1/(ms)] 18
kB− [1/(ms)] 0.04
f XY [1/(ms)] 0.04184
gXY [1/(ms)] 0.01892

γB 80
γM 75
µM 46

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

(Figure 1.6A). This decrease in calcium sensitivity is consistent in direction with experimental

recordings in skinned cTnC-D75Y mutant myofilaments [22, 23]. 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 ∆G 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 1.6B), consistent with experimental observations

in skinned myofilaments [22, 23]. This was interesting, as the calcium binding affinity of E59D-

cTnC was decreased but the ∆G for the E59D-cTnC conformational change was increased.
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Table 1.3. Parameters in the Six-State Markov Model of Myofilament Activation for WT,
D75Y-cTnC, E59D-cTnC, and G159D- cTnC Rat Cardiac Myofilaments at 300 K Steady-State
Force-pCa Relationship for a Cutoff Angle of 110◦

Parameter WT D75Y E59D D159D

G159D
(cTnC-cTnI

Interac-
tions)

kCa+ [1/(µ
M * ms)]

0.14 0.005 0.012 0.001 0.001

kCa−
[1/(ms)]

0.25 0.25 0.25 0.25 0.25

kpr+
[1/(ms)]

5699.43 26435.49 27055.77 1337.31 1337.31

kpr−
[1/(ms)]

19500 19500 19500 19500 19500

kIC+ [1/(µ
M * ms)]

0.01 0.01 0.01 0.01 0.01

kIC−
[1/(ms)]

0.08 0.08 0.08 0.08 3.87 X 10−4

kB+ [1/(ms)] 18 18 18 18 18
kB− [1/(ms)] 0.04 0.04 0.04 0.04 0.04

f XY

[1/(ms)]
0.04184 0.04184 0.04184 0.04184 0.04184

gXY [1/(ms)] 0.01892 0.01892 0.01892 0.01892 0.01892
γB 80 80 80 80 80
γM 75 75 75 75 75
µM 46 46 46 46 46
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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 the 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 ∆G, 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 the whole

cTn structure and a 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 intramolecular interactions could explain

experimental observations if a more relaxed opening angle for cTnI binding is sufficient.

The Markov model simulation for the G159D-cTnC system predicted an extremely

right shifted steady state forcepCa curve (Figure 1.7A). 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, 177]. The calcium affinity values for cTnC from BD simulations and delta G values from
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Figure 1.6. Steady-state force-pCa simulation (solid black trace) prediction for (A) cTnC-
D75Y mutation and (B) cTnC-E59D 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-E59D from skinned myofilaments.

MD simulations suggest an offsetting intramolecular 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 intramolecular 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

1.7B). It is important to note here that this fit was possible only when the KD (equilibrium

constant) of the state transition between B2 and 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
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Figure 1.7. 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 interac-
tion 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.

phosphorylation of cTnI) also have a 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 1.2B) 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, 81]. We speculate that this effect outweighs the reversed

effects on hydrophobic patch opening and calcium association. Nonetheless, the multiscale in

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

longitudinally translate to myofilament contractile response.

1.5 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 µs time
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scale MD simulations. All three mutations decreased the cTnC calcium association rate by

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

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

with WT. Using these findings, we scaled the molecular state results from BD and MD simula-

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

This multiscale approach enabled us to test and understand the intramolecular effects of cTnC

DCM mutations on contractile function. Results from the myofilament simulations suggest

that the intramolecular 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, intramolecular changes observed in the G159D genotype of cTnC are not

sufficient to explain the experimentally observed contractile effects. Importantly, they shed

light on how the interaction of cTnC with cTnI can offset the intramolecular effects of G159D

cTnC mutation observed in DCM. To summarize, we report the intramolecular 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 toward demonstrating the feasibility and applicability of multiscale model-

ing to gain mechanistic insights into the role of known genetic DCM mutations in contractile

proteins.
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Chapter 2

Estimating the multi-well energy land-
scape of Tropomyosin on the actin thin
filament using BrownDye
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2.1 Abstract

In this study, we use Brownian dynamics to describe the activation process of the cardiac

thin filament during contraction. The model is developed based on the fact that, when Ca2+

is available, tropomyosin (Tm) oscillates over the surface of actin filament in the azimuthal

direction in order to regulate the access of myosin heads to actin binding sites. This dynamic

motion is characterized by the existence of three distinct equilibrium positions, namely; blocked

(B), closed (C), and open (M) regulatory states. The exact dynamics and energy landscape

governing Tm motions between these B-C-M conformational states are not yet fully understood.

The aim of this study is to use BrownDye simulations to estimate high and low energy positions

for Tropomyosin (Tm) as it moves azithumally about the actin thin filament during sarcomere

activation. The energy landscape calculated from these simulations can theoretically be used to

inform the locations φBC and φCM in the stochastic ODE Tm simulations based on a multi-well

energy landscape of Tm movement.
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2.2 Introduction

Tropomyosin (Tm) is a coiled-coil regulatory protein that binds head-to-tail to the

adjacent Tm molecules to form a continuous chain. This chain is constrained at a particular

angular position (φ ) slightly away from the surface of the actin filament by electrostatic

forces. This setting allows Tm to oscillate in the azimuthal direction with respect to the actin’s

longitudinal axis. The dynamic motions of Tm over the surface of an actin filament are believed

to play an important role in the process of striated thin filament activation and have been

hypothesized to be a key effector in regulating muscle contraction [178, 179, 180, 181, 182,

183, 96, 184, 185, 186, 187, 188, 189, 190].

Two different hypothetical mechanisms have been proposed to describe Tm motions on

the actin’s surface. The sliding mechanism suggests that Tm translates over a relatively flat

region and assumes that there are no major changes in the structural configurations of both Tm

and actin [191, 192]. In contrast, the rolling hypothesis posits an axial rotation/deformation

of the Tm-chain about its axis [193, 194]. In either motion scenario (sliding or rolling), the

Tm chain undergoes distinct movements to uncover the myosin-S1 binding sites located on the

surface of the actin filament. These motions are characterized by three equilibrium positions,

namely: the blocked position “B” (binding sites are blocked), closed position “C” (weak

binding is permissible), and the open position “M” (strong binding of S1). These maneuvers are

set by a well-established mechanism, commonly known as the three-state- model (B-C-M) of

McKillop and Geeves McKillop1993. While the three-state-model describes Tm’s equilibrium

regulatory states, the intrinsic mechanism by which the Tm chain oscillates between these

states remains incompletely understood.

Tm is generally considered to be a flexible chain, as shown by several recent myofil-

ament mechanistic models [195, 196, 197, 191, 198]. These models were developed based

on the path-integral theory of a continuous flexible chain [199], which was used to derive a

nonlinear elastic energy governing the Tm’s azimuthal movements. In these models, a Monte
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Figure 2.1. Brownian dynamics simulation setup to reconstruct the energy landscape profile
of Tm azimuthal motions over actin surface. In panel A, we show our simulation setup
with reaction (binding event) or escape of Tm-actin trajectories using the Browndye package
developed by Huber and McCammon [162]. In panel B, we begin with PDB 4A7F structure
positioned in the Tm open state (green ribbon) of approximately 35 degrees (using the closed
Tm state as the 0 degree reference). The atomic structure of Tm was then rotated about the
axis of the actin thin filament at -2 degree decrements up to the blocked state at 0 degrees (red
ribbon). The actin structure is shown in grey, with an intermediate Tm structure shown at 25
degrees of rotation, corresponding to the closed state (yellow ribbon).

Carlo-based algorithm was used, and Tm was assumed to slide over actin, without rotating

around its own axis, with an elastic energy dependent only on Tm’s bending stiffness. These

models have successfully predicted the angular positions spanned out by the Tm-chain and

regulated by Ca+2 availability during the process of thin filament activation. However, their

applicability in describing how Tm alternates between angular locations is limited, and they

cannot be used to track the intrinsic Tm dynamic motions between regulatory positions.

2.3 Brownian dynamics methods

Brownian dynamics simulations using the BrownDye package [?] were used to calculate

the second order association rate KD (1/M.s) between the Tm molecule and the actin filament

as a function of the azimuthal angle φ . This is accomplished by generating one million
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trajectories of interaction between a 272-residue Tm segment and a thin filament segment

comprised of 5-actin monomers. The atomic structure used in the simulations was a crystallized

actin-Tm-myosin complex in the rigor state (PDB: 4A7F), with myosins and ligands removed

[192]. Using the visual molecular dynamics (VMD) tools [200], the Tm segment is rotated

around the actin filament in the azimuthal direction at 2-degrees increments up to 36-degrees of

rotation in order to cover the full range of Tm movements during thin filament activation. The

initial configuration of the Tm-actin interactions that we used to run the Brownian dynamics

simulations is shown in Figure 2.1A. We begin our simulation with the rigor state (PDB 4A7F)

structure positioned nearby the Tm open state (M) at about 35-degrees. This atomic structure of

the Tm is then rotated about the axis of the actin thin filament at -2 degree decrements up to the

blocked (B) state, which is defined at an angle of about 0-degree. The actin structure is shown

in grey, with an intermediate Tm structure given at 25-degrees of rotation, corresponding to the

closed (C) state. The ribbon structures of the B-C-M states are rendered in red, yellow, and

green respectively, as shown in Figure 2.1B.

The tropomyosin and actin structures were converted to PQR format using pdb2pqr

and the Amber force field package [201, 202]. The APBS solver was then used to generate

electrostatic potential grids for the structures at 300K [203]. A permittivity value of 4 was

set for the solute, and 78.5 for the solvent, with a solvent ion concentration of 0.15 mM KCl

corresponding to a Debye length of 7.86 . 1 million BrownDye trajectories were computed for

each 2-degree rotation position.

2.4 Results: a multi-well energy landscape emerges from
electrostatic studies

The electrostatic calculations for each actin-Tm configurations were obtained using

ABPS software [164]. For instance, the electrostatic maps for both actin and Tm atomic

structure in the open state is given in Figure 2.2. In particular, the electrostatic surface maps for
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both actin and Tm atomic structures are given in panel A and B respectively. The green dotted

line represents the locus of the Tm location over the actin surface with landmark points 1, 2,

and 3 given to highlight the interaction locations of both actin and Tm in the open M-state.

In Figure 2.3A, using the Brownian dynamics simulations, we show the calculated

second order association rate KD for the Tm-actin complex as a function of the azimuthal angle

φ at 5-different (12, 13.5, 15, 16.5, and 18 ) reaction distances that are measured from the

actin surface. An association event was considered to occur when 3-polar contact pairs were

within the reaction distance set. These reaction distances were considered in order to compare

the KD-φ profile at multiple distances, and because there is no experimental data available to

provide exact rates of association between these molecules. Moreover, for each simulation, a

set of contact atom pairs was generated to find likely hydrogen bonding pairs of atoms between

the two molecules within 6 of each other. Between 1-2 million trajectories were performed for

each Tm location. After completion of the trajectories, the ratio of association events to escape

events was used to calculate a second order association rate. The results are then averaged and

the standard errors of the mean are computed. The KD-φ distribution has been found to exhibit

multi extrema points that mimic the energetic barriers between the Tm transition states on the

actin surface. The obtained rates are then used to reconstruct an approximate activation energy

landscape Ui
a,BD of the Tm-actin complex.

In Figure 2.3B, we show the reconstructed activation energy landscape of the Tm-actin

complex as a function of the azimuthal angle (φ) using both Eyring’s formulation and the

association rate data computed using the Brownian dynamics simulation protocol mentioned

previously. This energy profile is accomplished by estimating high and low energy barriers

for Tm as it rotates around the actin thin filament during sarcomere activation. Clearly, the

energy-angle distribution demonstrates a multi-well topology. For instance, there are two clear

minima that are located roughly at angles φ = 3 and 26 degrees respectively. These two angles

represent the stable Tm locations on the actin surface and correspond to the blocked (B) and
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Figure 2.2. The electrostatic calculations that we initially used to run the Brownian dynamics
simulations of the Tm motions on actin surface using the APBS package [203]. In panel A,
we show the electrostatic surface map for the actin atomic structure. The surface coloring for
the grey area is omitted for better visualization of the interacting side on the actin surface. In
panel B, we show the electrostatic surface map for the Tm atomic structure. The green dotted
line represents the locus of the Tm location over the actin surface with landmark points 1, 2,
and 3 given to highlight the interaction locations of both actin and Tm in the open M-state
corresponding to the original PDB crystal structure.

closed (C) states. The maxima points of the energy profile represent the unstable points and

mark the transition barriers required for the Tm to undergo conformational changes. It should

be noted that, although the crystal structure complex around the 35-degrees represents the rigor

open state of Tm at full activation, this state is achieved through steric interactions with myosin-

S1 heads in the physiological system. The computed energy profile does not show a clear

minimum at this location. This is due to the lack of myosin-S1 head interactions considered in

the Brownian dynamics simulations. However, the energy profile shows downward movement

toward another stable point. The Brownian results of both the KD and the Ui
a,BD are then used

to reconstruct activation energy profiles using both φ 4 and φ 6 polynomial functions to confirm

the multi-well profile topology, as shown in Figure 2.3(B).

2.5 Discussion and future directions

This study reinforces the theory surrounding the multi-well energy landscape Tm

navigates as it rotates about the actin thin filament. We are also offered insight about the
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Figure 2.3. Estimating association rates and the multi-well energy landscape profile of Tm
motion on the actin thin filament using BrownDye [162]. In panel A, we show the 2nd order
association rates of Tm-actin complex at a 15 reaction distance as a function of the azimuthal
positions of Tm on the actin filament. In panel B, we show the corresponding activation energy
landscape profile calculated using Eyring formulation.

potential locations of high energy barrier points for the complex. The association rate landscape

can be considered as the inverse of a general energy landscape for the Tm-actin complex in the

absence of other associated sarcomeric molecules such as the troponin complex and the myosin

S1 head. The angles associated with local maxima in the association rate landscape, 3 degrees

and 26 degrees, closely match the documented positions of closed and blocked tropomyosin,

respectively. At these positions, strong electrostatic interactions between Tm and actin lead

to minima in the multi-well energy landscape for the system. The minima in the association

rate landscape, corresponding with presumed maximum energy barriers, are observed at 35

degrees and 14 degrees. 35 degrees corresponds with the open Tm state, which has been found

to be energetically unfavorable without a bound myosin S1 head to push Tm to this extreme

angle [204]. The 14 degree position should correspond to φBC, the angle at which a high energy

barrier exists between the blocked and closed states.
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The use of Brownian dynamics to describe myofilament activation can potentially move

the field of cardiac mechanics toward more detailed atomistic models of subcellular function,

as we integrate Brownian ratchet theory into models of larger subcellular processes. Brownian

motion is fundamental to current atomistic-level investigations in both coarse-graining and

all-atom molecular dynamics simulations which have been used to provide biophysical detail

of many thin filament proteins including Tm and the Tn complex [205, 94, 38, 206, 43, 96,

207, 208, 100, 101, 103, 104, 105]. In particular, Brownian dynamics models of the actual

molecules, built up from structural information at the molecular level, would constitute the

next level toward the molecular end of the hierarchy of models [209, 162]. Such models, even

though more coarse-grained than a full molecular dynamics model which includes all atoms of

the motor molecules and solvent, might be able to provide the shape of the energy landscape

[210], the effective diffusivity along the reaction coordinate, and the degree of coupling among

adjacent tropomyosin molecules. Furthermore, recent work on coupling Brownian dynamics

with more detailed molecular dynamics simulations could be used to explore the activation due

to the Ca+2 ions [211, 212].

The results offer insight about the potential locations of high energy barrier points

for the complex. The association rate distribution as a function of the azimuthal angle is

used to derive a generic energy landscape for the Tm-actin complex in the absence of other

associated sarcomeric molecules such as the troponin complex and the myosin S1 head. The

angles associated with the two local maxima in the association rate profile closely match

the documented Tm positions in blocked and closed states, respectively. At these positions,

strong electrostatic interactions between Tm and actin lead to minima in the multi-well energy

landscape for the system. The locations of the minima in the association rate landscape mark

the energy barriers between both states. The open Tm state has been found to be energetically

unfavorable without a bound myosin S1 head to push Tm to this extreme angle [204]. The

12.5 degree position should correspond to φBC, the angle at which a high energy barrier exists
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between the blocked and closed states.

It should be noted that, although the Brownian dynamics results show a multi-well en-

ergy profile, they don’t demonstrate an energy minimum at the 35 degree Tm open state for the

following reasons. Firstly, the myosin S1 is not included in the Brownian dynamics simulation

and hence does not interact with the complex. We however hypothesize that bound myosin in

the crossbridge binding site on the actin thin filament would greatly increase the energetic fa-

vorability of the open state, while minimizing association rates for all other positions. Secondly,

we do not consider the case of low cytosolic Ca2+, in which the troponin complex sterically

hinders Tm from moving out of the blocked state. In this case, one can assume the lowest

energy well would exist at around zero degrees, with all other states becoming less favorable.

Finally, this model considers a portion of Tm which excludes the Tm-Tm overlap region, which

makes it impossible to consider the documented effects of nearest-neighbor interactions on

the energy landscape. A more generic multi-well energy landscape (φ6-potential) is derived

based on the results obtained from the Brownian dynamics simulations. The model accounted

for the fact that Tm must move between B-C-M equilibrium angles and considered variations

in Ca2+ and Tm-Tm coupling which impact the critical angles φBC and φCM that outline the

energy barriers between the staple states.
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Chapter 3

Electrostatic Analysis of myosin-actin in-
teractions in the presence of ADP or 2-
deoxy-ADP
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3.1 Abstract

The naturally occurring nucleotide 2-deoxy-ATP (dATP) can be used by cardiac muscle

myosin as an alternative energy substrate. We, and others, have previously shown that dATP

increases contractile force and myosin cycling rates in both failing and nonfailing hearts, but the

structural basis of these effects has remained unresolved. In this work, we use computational

approaches to investigate the structural basis of force augmentation by dATP in cardiac muscle,

from the single-myosin level to the sarcomere level. Using Brownian dynamics simulation and

computational structural analysis, we find that the deoxy-hydrolysis products (dADP and Pi)

bound to pre-powerstroke myosin induce an allosteric effect that restructures the actin-binding

surface on myosin and increases the rate of cross-bridge formation. We then show that this

predicted effect translates into increased electrostatic interactions between actin and cardiac

myosin. Thus, electrostatic restructuring of myosin by dATP actuates the resting sarcomere

to potentiate cross-bridge formation upon activation, leading to force augmentation in cardiac

muscle. The structural alterations in myosin induced by dATP may provide insight into the

design or selection of small molecules to be developed as therapeutic agents to treat heart

failure.
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3.2 Introduction

Heart failure (HF) is a chronic progressive condition in which the heart is unable

to efficiently pump blood throughout the body, and it is a significant and growing medical

challenge. Current treatments only slow progression of HF and do not rescue cardiac muscle

function. Consequently, there is a pressing need for novel therapeutic interventions that enhance

cardiac contractility in failing hearts.

Cardiac muscle contraction is generated at the molecular level by cyclical, ATP-driven

actin-myosin interactions, making myosin an appealing therapeutic target for treating ventricular

systolic dysfunction. As such, there are several myosin-specific small molecule compounds

currently being developed and tested to treat HF. One is the naturally occurring ATP analogue

2-deoxy-ATP (denoted dATP). We have previously demonstrated that dATP can be used by

cardiac myosin in place of ATP as the substrate that fuels actin-myosin cross-bridge cycling

[66]. Moreover, we have shown that dATP increases contractility in rat myocardium [66],

improves left ventricular function in a porcine model of myocardial infarction [78], and

increases contractility of ventricular muscle from patients in human end-stage heart failure

[71].

Chemo-mechanical studies suggest that the dATP-mediated force augmentation occurs

by increasing cross-bridge binding and cycling rates [67, 213, 214, 215], but a precise structural

explanation for this is lacking. A recent computational study using molecular dynamics

simulations suggests that dATP behaves as an allosteric effector of pre-powerstroke myosin,

such that when dADP.Pi is in the nucleotide binding pocket, local structural changes lead to

exposure of more positively charged residues on the actin binding surface of myosin compared

with ADP.Pi [79]. This led us to hypothesize that dATP increases electrostatic interactions

between cardiac myosin and actin, and that this should result in: (i) a destabilization of the

resting conformation of myosin in the cardiac sarcomere, and (ii) prime myosin for binding to

actin to increase cross-bridge formation during activation.
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To test these hypotheses, we used a molecular computational approach. Atomically

detailed structural models of pre-powerstroke myosin-ADP, myosin-dADP, and actin were used

to investigate how each nucleotide affects the steric orientation of the actin-myosin binding

surface and the energetics associated with the actin-myosin complex. Brownian dynamics (BD)

simulations [using Browndye software [162]] of myosin binding to actin were then used to

predict actin-myosin electrostatic contact pairs and binding kinetics. BD simulations suggested

an increased number of electrostatic binding interactions between opposite charges on myosin

and actin and predicted highly non-linearly increased rates of binding as the distance of myosin

from actin is reduced. The computational approach used in this study suggests a molecular

mechanism for enhanced myosin-actin cross-bridge binding with dATP in cardiac muscle that

can explain the observed increased contraction of myofibrils, myocytes, and tissue and the

enhanced ventricular function.

3.3 Methods

3.3.1 Brownian Dynamics simulations

Simulations were performed using Browndye software to determine the differences

between ATP- and dATP-bound myosin in terms of actin association [162]. A previous

Molecular Dynamics study on pre-powerstroke myosin (PDB: 1VOM) yielded the starting

structures for our myosin rigid bodies [79]. PDB files for Run 1 of the MD simulations at the

50,000 ps timepoint with only protein present (no ligands) were used for both ADP-bound and

dADP-bound myosin. An actin monomer (PDB: 2ZWH) with all ligands removed was used

to represent the thin filament to avoid electrostatic interactions with other binding sites along

the filament [216]. The actin and myosin-ADP structures were manually aligned using Visual

Molecular Dynamics (VMD) to ensure that the myosin binding cleft on actin was appropriately

oriented with the binding domain on myosin [200]. To ensure the accuracy of the bound

conformation, the actin monomer was twice aligned with Chain B of PDB:5KG8 (rigor myosin
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X co-complexed with actin) to create a dimer which more accurately represented the interaction

between myosin and the thin filament, and the myosin structures were aligned with chain A of

the same PDB structure [217]. The dADP-myosin and ADP-myosin structures were aligned to

an identical structure using VMD to ensure that the simulations are fully comparable.

PQR files were generated for all structures using PDB2PQR [163]. Electrostatic

potential grids were generated using APBS version 1.4 by solving the Poisson-Boltzmann

equation using the Amber force field at 300K [164]. A relative permittivity of 4 was used for

the solute, and 78.5 for the solvent, and a 150 mM concentration of KCl was assumed for the

system. A list of polar complex pairs (defined as contact pairs) was generated by comparing

the myosin and actin input coordinates and considering pairs of atoms within 3.5 Åof each

other, and the complete list of contact pairs can be found in associated files. A total of 49 atom

pairs met the criteria for the ADP case, and 66 atom pairs met the criteria for the dADP case. A

simulation trajectory was considered successful when at least 3 polar contact pairs were within

the prescribed reaction distance criterion, and association rates were determined by using the

ratio of successful to unsuccessful trajectories together with the assumed diffusivity of the

molecules [218]. Specifically, the association rate constant (kon) is calculated as

kon = s∗ kdb ∗ (a/n) (3.1)

where s is a scaling factor, a is the number of binding events, n is the total number of trajectories,

and kdb is the rate constant of diffusion as calculated using the Smoluchowski equation (i.e.,

the diffusion-limited case) using information about the molecule charges and solvent [218].

The reaction distance criterion was varied to examine a large range of possible rates since

experimental association rate data for this system are unavailable. 500,000 trajectories were

performed to calculate the average association rates for both the ADP and dADP case to decrease

the width of the binomial rate distribution and increase confidence in the rate calculations.
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3.3.2 Energetic calculations for an actin-myosin complex

Energies were calculated for the bound actin-myosin complex using Amber 18 [219].

From the PDB file containing both actin and myosin, parameter/topology (prmtop) and co-

ordinate/restart (inpcrd) files were created using tleap (a program within the AMBER suite

that generates topology files from predetermined coordinate files) and amber protein forcefield

ff14SB [220]. Initially, the total energy was calculated in PMEMD (Particle Mesh Ewald Molec-

ular Dynamics) using thermodynamic integration (ADP-Myosin: −2.96 ∗ 104kcal ∗mol−1,

dADP-Myosin: −3.2075∗104kcal ∗mol−1). To ensure that atom overlap was not incorrectly

affecting energy calculations, 20,000 minimization steps were performed on the system using

PMEMD. Minimization had little effect on the energetic calculations - after minimization,

energied were calculated as ADP-Myosin: −3.05 ∗ 104kcal ∗mol−1 for ADP-myosin and

−3.25∗104kcal ∗mol−1 for dADP-Myosin.

3.4 Results - Electrostatic restructuring of the actin-myosin
interface via dADP.Pi leads to increased binding kinet-
ics

In pre-powerstroke myosin, dADP.Pi allosterically affects myosin, resulting in a struc-

tural rearrangement of the nucleotide binding pocket that translates to an altered actin-binding

region of myosin [see Ref [79]]. However, the effects of the altered actin-binding region

of myosin by dADP.Pi on the actin-myosin association kinetics and energetics remained un-

known. Here, we used atomically detailed structural representations of actin and myosin to

investigate how either dADP.Pi or ADP.Pi (represented as dADP or ADP hereafter) bound to

pre-powerstroke myosin affects: (i) the steric orientation of the actin-myosin interface, (ii) the

electrostatic potential of the actin-myosin complex, and (iii) the actin-myosin binding kinetics.

Figure 3.1A shows the bound conformation of the actin-myosin complex, with myosin-ADP in

red, myosin-dADP in blue, and an actin monomer in green. With dADP bound to myosin, there

73



is a significant increase in the number of residue “contact pairs (defined as being < 3.5 Åapart)

compared to myosin-ADP (66 pairs for dADP compared to 49 for the ADP case). Figure 3.1B

depicts the various residue interactions for actin and the actin-binding surface of myosin-ADP

(black lines) or myosin-dADP (blue lines), where the thickness of the lines corresponds to the

number of atoms in contact between the two residues. The diagram highlights the increased

actin-myosin interactions in the dADP case via the myosin polar residues ASN 541, LYS 546,

HIS 548 and 550, and SER 549 and 552. Moreover, for myosin-dADP, more atomic contact

pairs are associated with Serine, Lysine, and Histidine (Fig. 3.1C).

Bringing more polar residues on myosin into the actin-myosin interaction likely in-

creases the number of hydrogen bonds between myosin and actin, leading to a more stable com-

plex formation. Consistent with this, upon calculating the electrostatic potential (free energy)

of the actin-myosin complex for each nucleotide case, we found that the electrostatic potential

associated with the actin-myosin protein complex is approximately 8% lower with dADP

bound to myosin compared to ADP (−3.21∗104kcal ∗mol−1 versus −2.96∗104kcal ∗mol−1,

respectively). Thus, our computational structural analysis [combined with our previous study

[79]] predicts that dADP acts as an allosteric myosin effector to directly increase the number

of polar interactions between actin and myosin, thereby increasing the electrostatic affinity of

myosin for actin. Specifically, we propose that interactions formed by ADP and dADP within

the nucleotide binding pocket allosterically result in distinct actin-binding site conformations

by altering the dynamics of the switch 1 loop [79].

Based on these results, we hypothesized that increased electrostatic interactions between

actin and myosin-dADP will increase the actin-myosin association kinetics. However, given

the extremely rapid kinetics of weak cross-bridge binding, it is very difficult to measure the

association rates experimentally. Thus, we employed a robust set of Brownian dynamics (BD)

simulations to estimate 2nd order bi-molecular association rates for actin-myosin complex

with either dADP or ADP bound in the nucleotide binding pocket of myosin. Association
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Table 3.1. Second-order bi-molecular association rate constants for myosin-ADP or myosin-
dADP binding with an actin dimer. Rate constants were determined by Brownian dynamics
simulations. For each nucleotide, as the reaction distance criteria decreases, the on-rate
increases nonlinearly. However, the on-rate for dADP-myosin to the actin dimer is consistently
greater compared to ADP-myosin for all reaction distance criteria, with the greatest fold change
in the 1.2-2.5 nm range. This strongly supports the notion of an increased electrostatic affinity
between actin and myosin induced by dADP.

Actin-Myosin on-rates (µM−1 ∗ s−1)
Reaction
distance

criteria (nm)
Myosin-ADP

Myosin-
dADP

Fold Change

0.7 0.42 0.82 1.9
0.8 1.66 4.18 2.5
1.0 8.02 22.02 2.7
1.2 21.37 76.84 3.6
2.5 403.10 1431.73 3.6
5.0 3198.05 4460.93 1.4

rates between actin and ADP-bound or dADP-bound myosin were determined for a wide

range of “reaction distance criteria, defined as the minimum separation distance between

specified atomic contact pairs (as defined above) in the actin- myosin complex required to

reach before a reaction was considered to have occurred. We simulated binding of myosin to an

actin dimer (500,000 independent trajectories) rather than an actin monomer (as shown in Fig.

3.1A) to provide a more realistic landscape of myosin binding with F-actin while maintaining

computational efficiency. Intuitively, association rates are predicted to increase with increased

reaction distance criteria for either nucleotide (Table 3.1). Furthermore, as we hypothesized,

myosin-dADP is predicted to have a higher association rate with actin compared to myosin-

ADP, with the greatest fold-change occurring in the range of reaction distance criteria of 1.2 to

2.5 nm (Table 3.1). This is likely due to the allosteric response of pre-powerstroke myosin to

dADP [Ref [79]] that leads to a more positively charged binding surface of myosin-dADP in the

loop 2 region [79] and increased polar hydrogen bonding interactions (Fig. 3.1), which together

contribute to a greater electrostatic affinity between actin and myosin and faster association

kinetics.
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Figure 3.1. dADP acts as an allosteric myosin effector to promote polar interactions between
actin and pre-powerstroke myosin. (A) An actin monomer (green) and either ADP-bound (red)
or dADP-bound (blue) myosin S1 segments. (B) Contact pairs of residues between actin and
ADP-bound myosin (black lines) and dADP-bound myosin (blue lines) for an actin-myosin
complex. The thickness of the line connecting the interacting residues corresponds to the
number of atoms in contact between the residues, and the shading of the residue indicates
whether it is polar (white), acidic (light gray), or basic (dark gray). (C) Number of atoms in
contact (see main text) between actin and myosin-ADP (white bars) and myosin-dADP (blue
bars) in a pre-powerstroke actin-myosin protein complex. There are significant increases in
atom contacts that consist of polar residues (SER, LYS, and HIS; highlighted by dashed boxes)
between actin and myosin-dADP compared to actin and myosin-ADP.
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3.5 Discussion

A structural basis of dATP-mediated force augmentation in cardiac musclefrom single

molecules to the sarcomere. Previous work by our group and others has demonstrated that

the naturally occurring nucleotide 2-deoxy-ATP (dATP) can serve as an alternative energy

substrate by cardiac myosin, that promotes cross-bridge formation and increases cycling rates

[66, 67, 221]. Our goal in this study was to understand the structural basis of the effects of

dATP on myosin molecules and myofilament ultrastructure in resting and activated cardiac

muscle that underlie changes in actin-myosin cycling and cardiac function. Our approach

included single-molecule and protein biochemistry. Our combined results suggest that the

augmentation of force by dATP is precipitated by a dATP-induced allosteric effect that disrupts

the resting conformation of myosin motors and increases its electrostatic interactions with actin

in the sarcomere. Our BD simulations of the bi-molecular association of an actin monomer with

either ADP- or dADP-bound myosin predict that dADP significantly increases the association

rate compared with ADP. We attribute this to a dADP-induced conformational change of

the actin-binding surface of myosin that exposes more positively charged and polar residues

(Fig. 3.1), effectively increasing its electrostatic affinity for actin. This type of structural

analysis provides a unique picture of the functional mechanisms of small molecule-based force

augmentation in cardiac muscle in the context of potential systolic heart failure treatments.

It is important to note that there are limitations to the simplified BD studies performed

here. Firstly, the system was assumed to consist of a free-floating myosin S1 head diffusing

near a free-floating actin dimer. In the sarcomere, however, the myosin S1 head is tethered to

the thick filament and actin is polymerized into F-actin to form the thin filament, restricting

the mobility of each protein relative to one another. The simplifications of the model were

chosen to optimize computational efficiency while still elucidating nucleotide-based effects on

binding rates. Additionally, enthalpic force calculations included multipole information up to

the dipole level as calculated from electrostatic grids using the Adaptive Poisson-Boltzmann

77



Solver (APBS), but the software uses an implicit solvent to maintain computational feasibility

which affects the overall calculation of electrostatic energies. Therefore, the rates we report here

should be considered evidence of qualitative (or pseudo-quantitative) increases in actin-myosin

binding due to the presence of dATP rather than exact calculations, and actual rates are likely

to be lower.
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Chapter 4

Predicting the effects of dATP on cardiac
contraction using a Monte Carlo Markov
State Model of the sarcomere
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4.1 Abstract

2-deoxy-ATP (dATP) is a naturally occurring homolog of ATP that has shown promise

as a therapeutic because it significantly increases cardiac myocyte force development even at

low dATP/ATP ratios. To investigate mechanisms by which dATP alters myosin crossbridge

dynamics, we used Brownian dynamics simulations to calculate association rates between actin

and ADP- or dADP-bound myosin that were then incorporated in a mechanistic Monte Carlo

Markov State model of cooperative sarcomere contraction. A unique combination of increases

to myosin attachment, powerstroke, and detachment rates was required to match experimental

steady-state and kinetic data for dATP force production in rat cardiac myocytes when the model

was constrained by the Brownian dynamics model of myosin binding to an actin dimer. We

also discovered that nearest-neighbor cooperativity contributes to, but does not fully explain,

the nonlinear relationship between dATP/ATP ratio on the steady-state force-[Ca2+] relation.

Dynamic twitch simulations performed using experimental calcium transients as inputs suggest

that myofilament effects of dATP alone are not sufficient to explain experimental observations

of improved relaxation kinetics during dATP treatment, suggesting that dATP may also affect

sarcoendoplasmic reticulum Ca2+-ATPase activity even at low concentrations. By enabling

the effects of dATP on sarcomere mechanics to be quantified, this novel multi-scale model

may serve as a new platform for understanding the mechanisms of molecular therapeutics for

cardiac contractile dysfunction.

80



4.2 Introduction

2-deoxy-ATP (dATP) is a small molecule which is present in most cell types due to its

primary role as a building block of DNA. When dATP replaces ATP in cardiomyocytes, it has

been shown to increase force production, enhance crossbridge cycling speed, and accelerate

the removal of Ca2+ from the cytosol during cell relaxation [66, 73, 74]. It has also been

found that, at low ratios of dATP to ATP, large nonlinear increases in force are observed at

physiological Ca2+ concentrations [69]. Therefore, upregulation of dATP in cardiac cells via

adenoviral-mediated gene transfection of Ribonucleotide Reductase (R1R2) has been studied

as a potential treatment for heart failure [76, 78]. A variety of in-vitro and animal studies

have demonstrated efficacy and safety of modest increases of dATP as a treatment, but further

study is needed to resolve the specific molecular mechanics by which dATP augments cardiac

myocyte contraction [222].

dATP has been studied experimentally in skinned myofibrils, cells, and mouse models,

but the specific combination of mechanisms by which dATP improves contractility is not yet

known. Hypothesized mechanisms of deoxy-ADP and -ATP include altered: (1) nucleoside

triphosphate-myosin affinity; (2) acto-myosin affinity; (3) phosphate release from myosin;

and (4) nucleoside disphosphate release from post-powerstroke myosin [74, 79]. Current

experimental methods do not allow each of these mechanisms to be probed individually owing

to their small spatial and temporal scales and coupled reactions. Multiscale computational

models are needed to integrate heterogeneous experimental data. A variety of model paradigms

have been used to simulate the contractile biophysics of the sarcomere [42, 223, 45]. There

are three properties that we consider to be important for understanding the effects of dATP on

force development that should be integrated into a model: spatial thin filament cooperativity;

explicit tracking of ATP throughout the crossbridge cycle; and competitive binding of ATP and

dATP at different ratios.

Here we present a novel model of thin filament activation and crossbridge cycling to
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address three mechanistic questions about the effects of dATP on cardiac contractility: (1) To

what degree are crossbridge cycling rates altered when myosin binds dATP rather than ATP?

(2) Is the significant effect of dATP on steady-state force development at surprisingly low ratios

of dATP:ATP a result of nearest-neighbor cooperativity, or other factors? (3) How do altered

crossbridge cycling rates with dATP treatment result in faster twitch relaxation kinetics? To

constrain and inform parameter estimation, atomistic Brownian dynamics simulations were

used to estimate attachment rates of myosin binding to actin. These predictions permitted a

unique combination of powerstroke and detachment rate parameters to be found that best match

published steady-state and dynamic experimental measurements. The analysis shows that

nearest-neighbor interactions between regulatory units along the thin filament likely contributed

to the significant increases in steady-state force outputs at low fractions of dATP, but did not

fully explain experimental measurements. We also concluded that observed alterations in twitch

kinetics during dATP treatment are likely to depend, in part, on additional effects of dATP on

the intracellular calcium transient.

4.3 Methods

4.3.1 Model Description

We constructed a Monte Carlo Markov Chain (MCMC) model of thin filament activation

and crossbridge cycling which are based on the integration of two existing Monte Carlo models

of the sarcomere [42, 224]. The model has a total of five states at each of 26 regulatory

units (RUs) spaced evenly in one spatial dimension over time. Each RU consists of seven

actin monomers, the troponin (Tn) complex, one tropomyosin (Tm) molecule, and the nearest

available myosin S1 head. We assume that only one crossbridge (XB) may bind a single thin

filament RU at a time as in earlier iterations of the model [116, 42].

The model assumes five possible conformational states an RU may occupy: State 1 (B0)

in which the Tm molecule is fully covering the myosin binding site on the actin thin filament,
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constituting the ”Blocked” state. Rates k+Ca and k−Ca govern the transition to state 2 (B1) in

which Ca2+ has bound to the Tn complex on the thin filament, allowing for a conformational

change in Tn that allows Tm more flexibility. Rates k+B and k−B govern the transition to state 3

(C) in which Tm moves 25 degrees azithumally into the ”Closed” position on the thin filament,

partially exposing the myosin binding site. The nearest myosin S1 head is detached from the

thin filament. Rates f+ and f− govern the transition to state 4 (Ma) in which myosin is bound

to the thin filament, sliding Tm an additional 10 degrees into the ”Open” state. The XB is

in the pre-powerstroke state and does not produce force. Myosin is bound to ADP and Pi.

Rates k+P and k−P govern the transition to state 5 (Mb) in which the XB is bound and in the

post-powerstroke, force producing state, after Pi release. Finally, rates g+ and g− allow RUs to

transition back to the C state concurrently with ADP release and either repeat the XB cycle or

relax (Figure 4.1).

4.3.2 Thin filament activation kinetics and cooperativity

Thin filament cooperativity was introduced into the model in the same was as previously

[42, 116]. Briefly, we begin with the Gibbs relation to calculate an equilibrium constant Kre f
BC

between states B and C, in the case where both neighboring RUs are in the C state:

Kre f
BC = exp

−∆Gre f
B↔C

RT
(4.1)

In the case where the nearest neighbors are in a state other than C, the transition to the

C state will become less probable due to steric hindrance and Tm overlap. We represent the

additional energy barriers due to the positions of nearest-neighbor Tm molecules, where X and

Y represent the left and right neighbors, respectively, as:

∆GXY
BC = ∆Gre f

BC +∆GX
BC +∆GY

BC (4.2)

Therefore the equilibrium constant K for the transition from Blocked to Closed with
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Figure 4.1. (A) Schematic outlining the 5 main states of the Monte Carlo Markov State
model. States B0 and B1 (red boxes) represent the blocked state of Tm, where 0 represents no
Ca2+ bound and 1 represents bound Ca2+. The C state (yellow box) represents a 25 degree
azithumal shift in Tm around the actin filament to comprise the closed state. The green boxes
represent the two states where Tm is in the Open state, a 35 degree total shift from the blocked
state. Ma represents the pre-powerstroke attached myosin position, and Mb represents the
post-powerstroke force producing condition. Transitions from Blocked to Closed to Open
states are affected by nearest-neighbor Tm interactions, which is signified by the dotted lines
surrounding the transition arrows. (B) For a single steady-State simulation, 1032 3-second
timecourses are run and averaged at each pCa value being tested and occupancy of each state is
tracked. (C) Mb state occupancy is considered to be directly related to overall force production.
The steady-state Mb occupancy at each pCa value is calculated by averaging the final 0.5 s of
the simulation. (D) Steady state values of force are normalized to the pCa 4.0 force output and
plotted as a function of pCa.
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left and right neighbors in states X and Y, is calculated as

KXY
BC = γ(XY )Kre f

BC (4.3)

As we derived previously [42], the cooperativity coefficients for all possible combina-

tions of neighbor states are:

γ(XY ) = γ(Y X) =



γ
−2
B B,B

γ
−1
B B,C

γ
−1
B γM B,M

1 C,C

γM C,M

γ2
M M,M

(4.4)

where

γB = (exp
−∆GB

B→C
RT

)−1 (4.5)

and

γM = exp
−∆GM

B→C
RT

(4.6)

Essentially, γB represents the cooperative impact of a neighboring blocked RU which

tends to pull nearby RUs into the B state from the C state when γB ¿ 1. γM then represents the

impact of neighboring RUs on the M state, which would facilitate the movement from B to C

(and therefore toward the M state) if the value of γM ¿ 1.

Coefficient q, which determines the weight of cooperative coefficient γ toward forward

and reverse rates were set to q = 1 for all simulations, where q factors into dynamic simulations
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as:

kXY
b+ = kre f

b+ γ(XY )q (4.7)

kXY
b− = kre f

b− γ(XY )(q−1) (4.8)

The calcium binding step is not considered to be a cooperative process, and rates are

calculated as:

k+Ca = k+re f
Ca ∗ [Ca2+] (4.9)

k−Ca = k−re f
Ca (4.10)

4.3.3 Crossbridge Cycling Kinetics

As described in previous studies [224, 58], the free energy of each crossbridge cycling

state is defined as a function of XB distortion:

GC = 0 (4.11)

GMa = α∆G+ kXB,RT (x− xb0)
2 (4.12)

GMb = η∆G+ kXB,RT x2 (4.13)

Where constants α = 0.28 and η = 0.68 as set in the original model [224]. XB

distortion in the Ma state was considered to be 0, which simplifies the free energy profile for

state Ma to GMa = α∆G. Additionally, XB distortion in the Mb state was assumed to be 7.5

nm in all cases, an additional simplification from the original model. ∆G was determined as

a function of concentrations of ATP, ADP, and Pi which were assumed to be constant for our
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system:

∆G = ∆GAT P− ln(
[AT P]

[ADP][Pi]
) (4.14)

where [ATP] and [Pi] = 3e3 uM, [ADP] = 30 uM, and ∆GAT P = 13 RT.

In order to maintain detailed balance, reverse rates r ji for XB transitions were calculated

from forward rates ri j through the following relationship :

rx,i j(x)
rx, ji(x)

= eGi(x)−G j(x) (4.15)

where i is the initial state and j is the final state for a given transition. For example, to

determine the reverse powerstroke rate, k−P , which represents the transition from the Mb state

back to the Ma state,

k−P =
k+P

eGMa(x)−GMb(x)
(4.16)

As in the case of the B to C transition, the C to M transition is affected by nearest

neighbor interactions due to the presence of myosin heads pushing the Tm molecule an

additional 10 degrees around the filament. To represent the nearest neighbor interactions

present in the C to Ma transition as well as the C to Mb transition, the equilibrium constant for

the transition from Closed to Open is

KCMXY = µ(XY )KCMre f (4.17)
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and the coefficients µ(XY ) are:

µ(XY ) = µ(Y X) =



µ
−2
B B,B

µ
−1
B B,C

µ
−1
B µM B,M

1 C,C

µM C,M

µ2
M M,M

(4.18)

The coefficients r that determines the weight of cooperative coefficient µ toward M or

C states were set to 0.5 for all simulations, where r enters into dynamic simulations as:

f+XY = f+re f
µ(XY )r (4.19)

f−XY = f−re f
µ(XY )(r−1) (4.20)

g+XY = g+re f
µ(XY )(r−1) (4.21)

g−XY = g−re f
µ(XY )r (4.22)

4.3.4 Monte Carlo Methods and Optimization

The model was simulated in time using Monte Carlo methods and implemented for fast

execution on a GPU in CUDA. The probability of a given transition pi j at a given time step

was calculated as:

pi j = ri j∆t (4.23)
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where ri j is the reaction rate considering the state of the left and right neighboring RUs

and ∆t is the chosen time step. At each time step, for each RU, a random number R between 0

and 1 was generated, and transitional probabilities were calculated for the given RU considering

its current state and the states of neighboring RUs. Potential transitions were calculated for

each state based on Figure 4.1. For example, in the case where a given RU is in the Ma state,

with a left neighbor in the B0 state and right neighbor in the C state,

P1 = k+P ∆t (4.24)

P2 = f−(BC)∆t (4.25)

The final state of the RU, Zt+∆t , is determined by comparing R to P1 and P2. If R < P1,

Zt+∆t = Mb. If P1 < R < P2, Zt+∆t = C. If P2 < R, Zt+∆t = Ma, in other words, the RU does

not change states. ∆t = 5e−4 for all simulations in order to ensure that the sum of all possible

transition probabilities will be less than 1 for our ranges of possible rates.

For steady state simulations, constant [Ca2+] was applied for all t. The initial condition

for all 26 RUs is the B0 state, and boundary conditions were set so that the 1st and 26th RU were

clamped in the B0 state. The proportion of RUs in each state was recorded at each time step,

and simulations were repeated 1024 times and state occupancy averaged due to the stochasticity

of the system. Total force was considered to directly relate to the number of RUs in the Mb

state at any time t. Therefore, to calculate steady state force FSS, the number of RUs in the Mb

state for all 2.5 < t < 3.0s were averaged, and normalized to the value at pCa = 4.0 (4.1.

To simulate slack-restretch experiments for the calculation of ktr, a steady- state simu-

lation is run for 2 s, at which point all RUs are reset to state B1 to simulate breaking of XBs.

Then, the steady state simulation continues and ktr is calculated as ktr = (1.264t1/2)
−1 [225] in

order to compare with experimental values which were calculated in the same manner [67].
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Simulations were performed with varying ratios of dATP to ATP in order to test

competitive binding of the nucleotide. The association rate of ATP and dATP to myosin were

assumed to be identical due to earlier studies suggesting the same [66]. For each RU moving

from the C state to the M state, an additional random number P was generated at each time point.

This number was compared to the inputted percent dATP of the system. If P ¿ percentdAT P, the

ATP rates were used to govern the transition. However, if P≤ percentdAT P, dATP was assumed

to be near the binding pocket instead and dATP rates were used for the transition. A boolean

was used to track the presence of ATP/ADP (0) or dATP/dADP (1) attached to myosin in both

the Ma and Mb states depending on the nucleotide present during the transition from C to M.

4.3.5 Brownian dynamics

Methods for the Brownian dynamics studies drawn from herein are described in detail in

[226]. PDB: 5KG8 was used as a template structure for the bound conformation of myosin and

an actin monomer or dimer [217]. ADP- and dADP- bound myosin S1 structures were gathered

from run 1 of molecular dynamics simulations from [79] at 50 ns. PQR files were created

for all structures using the Amber18 forcefield with PDB2PQR [219, 227, 163]. Electrostatic

fields were generated for both myosin and actin structures using APBS [203]. To determine

association rates, Brownian dynamics (BD) simulations were performed using BrownDye

software [162]. In the actin monomer case, 1 million BD trajectories were completed for both

ADP-and dADP myosin, and for the actin dimer cases 500,000 trajectories were completed.

For each trajectory, a binding event was considered to occur if 3 atom pairs (calculated as likely

hydrogen bonding atoms within 3.5 Å of each other in the bound conformation) moved within

the a certain reaction distance during the trajectory. Instead of prescribing a specific reaction

distance for the simulation, the closest distance between the binding regions was recorded for

each trajectory. This allowed for calculation of association rates for a wide range of reaction

distances (6 Å to 100 Å) using the rates of distances function in BrownDye. For more detailed
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information on BD methods and rate calculation, see [226].

4.4 Results

4.4.1 Wild type Steady state force-pCa curve optimization and model
behavior

A wild type (WT) steady state force-pCa curve was optimized to experimental data

from Regnier et al. [67], who measured steady-state force in skinned rat trabeculae with the

α-myosin heavy chain (α-MHC) isoform and only ATP in the system. Optimization was

further constrained by matching the experimental slack-restretch rate of tension redevelopment

at pCa = 4.0, which was measured to be 13.8 s−1. It was also assumed that γB > γM > µM

because the energy required to move Tm 25 degrees from the B to C state is assumed to be

higher than the smaller 10-degree C to M transition [42]. Optimized parameters are displayed

on the first line of Table ??, and optimized curves are displayed as black lines in 4.2. The

experimental data indicated a WT ktr of 13.8 s−1, compared with a simulated ktr of 13.64 s−1

in the optimized best fit.

Table 4.1. Optimized parameters for ATP and dATP SS curve fitting. The two dATP cases
represent the f+ value determined from BD with 1 actin or 2 actin molecules, and in each case
k+P and g+ were optimized based on the calculated f+.

k+Ca(µM−1ms−1) k−Ca(ms−1) k+B (ms−1) k−B (ms−1) f+(ms−1) k+P (ms−1)
ATP 0.0935 1.0 24.7 0.09 0.1 0.754

dATP (1 actin) 1.377 7.4
dATP (2 actin) 0.448 2.6

g+(ms−1) γB γM µM ktr(s−1)
ATP 1.0 98 10 7 13.64

dATP (1 actin) 11.2 19.53
dATP (2 actin) 3.45 17.0

Sensitivity of the steady-state force curve to cooperative parameters γB, γM, and µM

was tested using the optimized ATP curve as a baseline parameter set 4.2. γB affects the

calcium sensitivity of the steady-state force greatly, as larger values of γB decrease the calcium

sensitivity of the thin filament. A large change in cooperativity is observed when moving from
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Figure 4.2. Sensitivity analysis of cooperative parameters γB, γM, and µM, and XB parameters
f+, k+P , and g+. For all parameters, values used for steady state curves are 10% *(Blue), 50%
(Green), 100% (Black), 150% (Orange), and 200% (Red) of optimized WT value. Experimental
steady state values are indicated using black dots with error bars, and the optimized WT curve
is an identical solid black line in each graph. Corresponding EC50 and nhill beneath, with dot
colors corresponding to the curve above.
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a value of 9.8 to 49, but beyond this value the cooperativity does not change significantly. γM is

the least sensitive cooperative parameter for the given starting parameter set. This parameter is

still necessary for cooperativity in the model, however, because of the change in cooperativity

evident in the change from γM = 1 (no cooperativity) to γM = 5. Increasing µM leads to

increased calcium sensitivity and cooperativity, as higher values ease the movement into the

Open force producing Tm position.

4.4.2 Brownian dynamics studies show increased XB attachment rate
for dATP-myosin

After optimizing the ATP curve, attempts were made to optimize the dATP curve by

altering just 3 parameters: f+ (XB attachment), k+P (powerstroke rate), and g+ (XB detachment).

These three parameters were chosen because they are transition points that directly involve

ATP and its interaction with myosin S1 [58]. As hypothesized previously [66, 74], our initial

assumption was that all three forward XB parameters should be increased to lead to higher

force production and faster XB cycling. For the purposes of our model, we also assumed

that these three parameter changes should be sufficient to explain all changes in crossbridge

behavior as a result of dATP treatment. Previously performed Brownian dynamics simulations

of myosin-actin association using a single actin monomer showed a significant increase in XB

association rate for all measures reaction distances [226]. Matching the association rate with

the optimized ATP rate (108) leads to a reaction distance of 13.72 Å. At this reaction distance,

the Brownian dynamics simulation predicted that dATP would increase the association rate f+

(XB attachment) 13-fold to 13.77 (Figure 4.3B).

Additional Brownian dynamics simulations were performed on an identical system, but

with two actin monomers rather than one. Structural studies have shown significant interactions

between myosin S1 and multiple actin molecules along the thin filament [217, 228]. In this

second BD study, increases were again observed in association rate at all reaction distances for

dATP- versus ATP- myosin. However, at all reaction distances a smaller increase was observed
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Figure 4.3. BrownDye simulations of acto-myosin association were performed to determine
the electrostatically-based differences in association rate between ADP- and dADP-bound
myosin. A. For each BrownDye trajectory, a myosin monomer was generated randomly on a
spherical surface approximately 120 A from the actin monomer. A timecourse was run on the
molecules combining random diffusion and electrostatic forces to determine if the molecules
moved close enough to be within the prescribed reaction distance, or if the molecules moved
farther away and escaped. B. The bound conformation of ADP-myosin (black) or dADP-myosin
(cyan) with a single actin monomer, visualized using VMD [200]. Below, a plot of second-order
association rates for actin-myosin binding as a function of prescribed reaction distance. For WT
simulations, the association rate was optimized to 1e8 1/(M*s) which corresponds to a reaction
distance of 13.72 A. C. The bound conformation of ADP-myosin (black) or dADP-myosin
(cyan) with an actin dimer, again overlaid on PDB: 5KG8. In this case, the WT association rate
corresponds to a reaction distance of 17 A.
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compared to the single actin monomer study, demonstrating less of an electrostatic effect of

dATP binding when multiple actin molecules are present in the system. In this case, the ATP

association rate of 108(M.s)−1 corresponds to a reaction distance of 17 Å. At 17 Å, the dATP

association rate was calculated as 4.48×108(M.s)−1, a 4.5-fold increase (Figure 4.3C).

The results show a clear increase in XB attachment when dATP is bound to myosin

rather than ATP, for both the case of myosin in complex with one (13.8-fold increase) and two

actin monomers (4.5-fold increase). This is consistent with previous hypotheses that dATP

increases force by increasing XB attachment rate. From this result, we also conclude that the

interaction between myosin and two adjacent actin molecules simultaneously greatly affects

the electrostatics of the XB binding event compared to binding of myosin to a single actin

monomer.

4.4.3 dATP increases maximum steady state force and Calcium sensitiv-
ity

Considering a single calculated f+ determined directly from BD simulations, sensitivity

analysis was performed on the other two XB parameters, k+P and g+. Increasing k+P leads to

a slightly increased hill coefficient, significant decreases in calcium sensitivity and small

increases in maximal steady state force (Figure 4.4A). Increasing g+ caused increases in the

hill coefficient, slight decreases in calcium sensitivity and significant decreases in maximal

force (Figure 4.4B). Accurate recreation of the dATP curve requires an increase in maximum

force and calcium sensitivity, which mathematically requires a combination of increases in k+P

and g+ as hypothesized.

After optimizing for k+P and g+, the dATP experimental steady state curve could indeed

be reliably recreated with a unique set of parameters for each potential f+ value 4.5. For the

case of BD with a single actin monomer, dATP XB attachment rate f+ = 1.377µM−1ms−1. A

combination of k+P = 7.4ms−1, a 9.8-fold increase, and g+ = 11.2ms−1, an 11.2-fold increase,

minimized the residual compared to experimental dATP data (4.5A). For the 2 actin monomer
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Figure 4.4. Sensitivity analysis of powerstroke rate and XB detachment rate when setting
attachment rate according to actin monomer BD simulations ( f+ = 7.4, all other rates from
WT optimization). A. beginning with WT k+P value of 0.75 (purple line), as k+P increases
the maximal steady-state force increases slightly and Calcium sensitivity decreases, with the
highest k+P = 20 being the red line. B. beginning with the WT g+ value of 1 (purple line), as g+

increases the maximal steady-state force decreases and Calcium sensitivity is not significantly
altered, with the highest g+ = 15 being the red line.C. Side-by-side analysis of hill coefficient
(Nhill), calcium sensitivity (pCa50) and max SS force (Fmax) as either k+P or g+ is increased. A
decrease in both Fmax and pCa50 are necessary to match cyan experimental data, indicating that
some combination of increases to both these rates is required.
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Figure 4.5. Using BD-calculated f+, there is one unique combination of increases to k+P
and g+ which minimizes the least squares error compared to experimental dATP data. A.
Optimized WT and dATP curves match experimental data from Regnier et al. Experimental
data are dots with error bars, and solid lines are simulations (black = ATP, blue = dATP using
parameters from 1 actin BD simulation, cyan = dATP using BD results from 2 actin simulation).
B. Slack restretch experiments used to calculate ktr for different parameter sets at pCa = 4.0
(black = ATP, blue = dATP from 1 actin BD, cyan = dATP from 2 actin BD) Absolute forces
were normalized to the maximum WT force to demonstrate differences in steady state force
production. C. absolute forces from (B) were normalized to maximum force of each simulation,
to demonstrate differences in tension redevelopment kinetics.

case, f+ was calculated as 0.448µM−1ms−1. The combination of k+P = 2.6ms−1, a 3.3-fold

increase, and g+ = 3.45ms−1, a 3.5-fold increase, led to the best fit in this case. The best fits

for both cases to the experimental steady-state force-pCa curves can be seen in 4.5B. The

maximum force is slightly higher in the two-actin case than the one-actin case, but both curves

have similar least squares residuals (one-actin: 0.22, two-actin: 0.15).

4.4.4 ktr narrows possibilities for dATP XB parameters

To determine which BD simulated outcome is the most physiologically realistic, ktr

studies were compared to experimental results. At pCa = 4.0, experiments determined ktr =

17.6s−1, a 27.5% increase over WT. For the one-actin BD simulation, ktr = 19.53s−1, a
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43% increase over WT simulations. In the two-actin BD simulation, ktr = 17.0s−1, a 24.7%

increase. The simulated ktr experiments are displayed in 4.5B, visualized to demonstrate

change in maximum force (top) and tension redevelopment (bottom) in the separate images.

The experimental fold increase of 27.5% is in between the two BD-derived parameter sets,

but is significantly closer to the two-actin case, only differing by 0.6 s−1 in absolute ktr. The

two-actin BD simulation resulted in a parameter set that could closely reproduce both the

steady-state curve and ktr results.

4.4.5 Nonlinear force increases are observed at low dATP/ATP ratios

Steady-state simulations were performed on the system at various ratios of dATP to ATP

with competitive nucleotide binding. In Figure 4.7 the steady state force is displayed for various

dATP percents at pCa = 5.5 and pCa = 4.0 to allow for comparisons to experimental studies

in skinned pig trabeculae [69]. For the one-actin BD case, exaggerated nonlinear increases

are seen at very low dATP levels at both pCa 4.0 and 5.5 (4.6, dark blue lines). Even when

thin filament cooperativity is not included in the model (all cooperative parameters = 1, no

coupling between RUs) nonlinear increases are still seen due to the overwhelming effects of

the large rate increases on overall XB cycling speed and force production. Focusing on the 5%

dATP level considered to be an upper bound of dATP gene therapy, at pCa 4.0 the there is a

12.7% increase in steady state force compared to WT. 100% dATP leads to a 30.2% increase in

force, meaning that 42.1% of the overall force increase due to dATP is present when only 5%

of the total energetic pool is dATP. Without RU-RU coupling, the force increase at 5% dATP is

similar but slightly less pronounced, with 40.0% of the total dATP force increase.

For the two-actin BD simulation with less exaggerated increases to all XB parameters,

nonlinear increases are visible at physiological pCa values (pCa = 5.5), but the relationship

appears slightly more linear at pCa 4.0 (4.6, light blue lines). At both pCa values, the nonlin-

earity of the relationship is decreased compared with the one-actin model. At the therapeutic
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Figure 4.6. Steady state force at pCa 5.5 and pCa 4.0 as a function of dATP/ATP ratio (WT =
0% dATP). Dark blue curves: parameters from 1 actin BD study, cyan curves: parameters from
2 actin BD study. A. Full model simulations including optimized cooperative parameters B.
Force results when RU-RU coupling is removed (all cooperative coefficients = 1)

5% dATP value, there was a 6.8% increase in steady-state force at pCa 4.0 compared with WT.

This is 19.1% of the force increase achieved with 100% dATP. Again, a smaller effect was seen

with no RU-RU coupling. at 5% dATP, only 13.3% of the total dATP force increase is observed.

We still see a nonlinear response, but the effect is less pronounced without coupling of RUs.

4.4.6 dATP enhances twitch kinetics

Twitch simulations were performed by inputting calcium transients measured in adult

rat cardiomyocytes by Korte et al. [73] into the model and observing force outputs (4.7A). The

input transients are visible in insets of Figure 4.7A and C. First, the WT calcium transient was

tested on varying ratios of dATP to ATP. Increasing dATP percent led to increased maximum

twitch force, with the 100% dATP case resulting in a 90.2% increase in maximum twitch force

compared to WT. At 10% dATP, the maximum force increase was 18.2 %, again outputting

higher force increases at low dATP levels than one would expect if the relationship between

Fmax and dATP % were linear. Interestingly, the relaxation time to 50% force (RT50) was

increased from 45 ms to 55 ms in the 100% dATP case compared to WT (??B). As for the time

to 90% relaxation (RT90), in the 100% dATP case RT90 = 105ms, an increase compared to the
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Figure 4.7. Twitch simulations with experimental calcium transient inputs. A. Force (normal-
ized to maximum WT force) as a function of time. The input calcium transient is displayed
in the inset, and is digitized from [73]. Solid black line: WT. dotted line: 25% dATP. dashed
line: 50% dATP. dot-dash line: 75% dATP. solid cyan: 100% dATP. B. Identical twitch results,
normalized to the maximum force for each data set. Thw WT curve relaxes faster than all dATP
cases. C. Black line: WT twitch with WT calcium transient from Korte et al. Cyan line: 100%
dATP twitch with dATP treatment calcium transient from Korte et al, as indicated by the blue
line in the inset.

WT case where RT90 =90 ms In the original experiments, these values both decreased with

dATP treatment, although a direct value comparison isn’t possible because the experiments

measured shortening in intact cells, whereas our model simulates isometric skinned trabeculae.

During the original experiments, however, an altered calcium transient was observed in the

case of dATP treatment. When the WT calcium transient was input to generate WT force and

the dATP calcium transient was used for the 100% dATP twitch, RT50 remained unchanged

between the WT and dATP case at 45 ms (4.7C). RT90, on the other hand, decreased in the

dATP case to 80 ms from the WT value of 90 ms. This result suggests that experimentally

observed altered twitch kinetics during dATP therapy owe in part to effects of the treatment

on intracellular calcium handling. Further study should be pursued on the effect of dATP on

the ATP-dependent Ca2+ pumps, especially the sarcoendoplasmic reticulum Ca2+-ATP-ase,

SERCA.
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4.5 Discussion

In this study, we used a multi-scale computational modeling approach to gain insight

into the mechanisms by which 2-deoxy-ATP, even in low ratios to ATP, can significantly in-

crease myocyte twitch force and thin filament calcium sensitivity and alter twitch force kinetics.

Using atomistic Brownian dynamics simulations, we predicted significant increases in the

attachment rate of dADP-myosin to actin than ADP-myosin. These results then constrained the

parameter estimation of a Markov-state model of cooperative myofilament interactions so that

unique estimates of the crossbridge dissociation and power-stroke kinetics could be obtained

from previously measured steady-state force-calcium and transient force redevelopment mea-

surements in rat trabeculae. These optimizations suggested that the attachment rate increase

predicted by BD simulations of myosin association to an actin (4.5 fold), combined with modest

increases in both the powerstroke and XB detachment rate (3.3 and 3.5 fold, respectively),

reliably reproduce tension development and steady state experimental results. The increase in

duty cycle (due to a more significant increase in attachment than detachment rate) contributes

to the observed force increases in steady state results, as originally predicted in experimental

studies which stated that increases to f+ must be higher than increases to g+ [67].

A compelling reason that dATP treatment is so promising is that large force effects

have been observed even at small dATP/ATP ratios. Using the optimized dATP XB cycling

rates, our model predicts that a large positive nonlinear force increase will occur in steady

state force, with a 6.8% increase in steady state force occurring at just 5% dATP in an excess

Ca2+ environment (pCa = 4.0). In an experimental study on pig trabeculae, nonlinear increases

in steady-state force were observed between 0% dATP and 20% dATP for pCa 5.5 but force

increases were proportional to dATP concentration at pCa 4.0 [69]. Our study demonstrated a

nonlinear pattern at all pCa values, even without RU-RU coupling present. Intuitively, it would

seem that the observed pattern occurs due to thin filament cooperativity, as a small number

of bound dATP XBs could precipitate thin filament activation of neighboring RUs. Indeed,
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for the more realistic two-actin BD parameters, without RU coupling, the nonlinear effects

are less pronounced. However, there are other factors at play which must contribute to the

positive nonlinearity apparent even without coupling. One potential contributor may be the

large increase in XB cycling speed and duty cycle of dATP-bound XBs. From the two-actin

BD simulation, f+ increased by 4.5-fold and g+ was increased by 3.5-fold. XB duty cycle,

f+/( f++g+), was 0.09 for WT and 0.11 for dATP because the increase in f+ was greater

than that in g+. At any given time during dATP-aided XB cycling, XBs are more likely to

be attached, which may have an outsize effect on overall force production. Although our

model replicates the overall positive nonlinear phenomenon, there were quantitative differences

between our model results and experimental results in the pig studies [69]. This discrepancy is

likely due to species. Pig muscle experiments test cardiac muscle with β -MHC as the dominant

isoform, whereas our model is optimized for rats expressing α-MHC. In fact, an experimental

study testing differences between the effects of dATP on α- and β -MHC demonstrated varied

impact on steady state and developing force between the isoforms [67].

The model described in this work also makes predictions about alterations to twitch

kinetics due to dATP treatment. Positive nonlinear increases in steady state forces are observed

in twitch simulations, indicating that low therapeutic levels of dATP can provide significant

increases in cardiac contractility in physiological scenarios. Interestingly, when providing

the WT calcium transient in all simulations, the model increases maximum force as the

percent dATP increases, but relaxation rates decrease in the case of both RT50 and RT90. This

result seems to be in opposition to experimental in-vivo results in various species displaying

improved relaxation kinetics. However, when using dATP- affected calcium transients gathered

from experimental data [73], accelerated relaxation rates were indeed observed in the model.

Therefore, an integrated model of excitation-contraction coupling should be employed to further

explore mechanisms by which dATP alters the complex feedback web between the sarcomere,

in a dual role as force producer and calcium buffer, and calcium handling ATPases such as
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PMCA, SERCA, and NCX.

It should be noted that the BD system used in this study to measure the role of differing

electrostatic interactions on the association rate between actin and myosin was simplified. We

considered a free floating myosin S1 and 2 actin molecules rather than myosin as part of a

much larger thick filament system and a thin filament containing dozens of actin monomers as

well as other thin filament proteins such as troponin, tropomyosin, and myosin binding protein

C. However, we chose to model the actin-myosin interaction in a simplified system in order to

study the specific effects of dATP on the kinetics before integrating into a larger-scale model

which incorporates other thin filament proteins such as troponin. The ability of this simplified

system to recreate both steady state and slack-restretch experimental results is strong evidence

of the significant role that electrostatic acto-myosin interactions have in the differences between

observed contractility for ATP- and dATP- myosin. Further molecular level study should

be pursued to validate the accuracy of the specific rate constants, e.g. the 3.3 fold increase

in powerstroke speed and 3.5 fold increase in detachment rate resulting from dATP binding

predicted by our model.

Our results strengthen the hypothesis that the mechanism of dATP therapy, with regard

to increases in contractility, is localized to myosin. Increasing cardiac dATP does not affect

cooperative mechanisms directly, but rather conformationally alters myosin so that it has an

increased affinity to the actin thin filament when detached, coupled with an increased tendency

to detach from actin when in the post-powerstroke state. We also considered the possibility that

an altered myosin S1 conformation may lead to a faster powerstroke. Our results show that

with these constraints on a Markov Chain model of the sarcomere, we can reliably reproduce

experimental results regarding the effects of dATP therapy on steady state force production

and tension kinetics. The experimentally observed improvement in twitch relaxation during

dATP treatment was hypothesized to occur due to increased XB detachment rate. Indeed, our

optimization after taking into account the increased attachment rate predicted by BrownDye
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concluded that the only way to match kinetic and steady state results determined through

experiments is to increase the detachment rate of XBs by 3.5 or 11.2 times depending on the

BD study chosen for optimization. Using our novel framework of integration from atomistic

scale to a Monte Carlo Markov Chain model of sarcomere mechanics, we have achieved broad

insights into the electrostatic effects of dATP on myosin-actin interactions and quantified the

impact of dATP on sarcomere force development.
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Chapter 5

A Multiscale Computational Modeling
Study to Determine the effects of 2-deoxy-
ATP on SERCA Pump Function

105



5.1 Abstract

This study seeks to determine the effect of 2-deoxy-ATP on the SR-ATPase (SERCA),

an ATP- driven pump which expels Ca2+ from the cytosol during cardiac relaxation. This

multiscale study investigates the effects of dATP on calcium handling within the cardiomyocyte

at the molecular and cellular level. We are the first to perform Gaussian accelerated Molecular

Dynamics (GaMD) simulations on a new crystal structure of cardiac SERCA 2A (PDB:

5MPM). Three 160 ns simulation cases were investigated - apo, ATP-bound, and dATP-bound

(2 replicates). dATP was found to cause the separation of cytosolic domains, which could

indicate increased pump speed during dATP treatment. Transmembrane domains surrounding

calcium binding Sites I and II were found to stabilize when either nucleotide was added to

the system. BrownDye simulations were performed on representative structures from each

simulation to determine nucleotide and calcium association rates. dATP was found to have an

80% higher association rate to apo SERCA than ATP. For dATP-bound SERCA, BrownDye

simulations showed higher Ca2+ affinity for Site II than Site I, which is the opposite effect

seen in simulations with ATP-bound SERCA. This ”site swap” phenomenon is likely an effect

of altered electrostatic surfaces in the critical Ca2+ pathway into the transmembrane region

as well as altered position of Ca2+ gating residue E309. BrownDye-gathered rate changes

for nucleotide and Ca2+ binding were able to partially explain the effects of dATP treatment

observed experimentally when integrated into a cell-scale ODE model of calcium handling.

We provide the first biophysical evidence of mechanistic differences in SERCA pump function

caused by interactions with dATP.
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5.2 Introduction

Sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) 2A is a P-Type ATPase [229]

which is critical for sequestration of calcium into the sarcomplasmic reticulum (SR) during

cardiac relaxation and is the dominant SERCA isoform in cardiac muscle [230, 231]. SERCA

is a transmembrane protein embedded in the SR lipid membrane which consists of 3 cytosolic

domains (Nucleotide binding domain - ”N”, Phosphorylation domain - ”P”, Actuator domain -

”A”) as well as 10 transmembrane (TM) helices, M1 through M10 (Figure 5.1A) [232]. The

nucleotide binding region is located within the cytosolic domains closest to the N domain.

Calcium binding occurs in the transmembrane region between helices M4, M5, M6, and M8,

at binding locations known as Site I and Site II [233]. Generally, SERCA moves through two

major states as it pumps calcium into the SR in an ATP-driven manner - E1 and E2. The first

state, E1, exists when the calcium binding sites face the cytosolic side of the membrane [234].

Binding of ATP and 2 calcium ions, followed by ATP hydrolysis and various phosphorylation

and dephosphorylation events, reconform the protein so that the calcium binding sites can

escape into the SR lumen [234]. The SR-facing conformation is known as E2. Release of

ADP, Pi, and Ca2+ ions into the SR lumen allow the protein to move back into the E1 state

[235]. A simplified ODE model of SERCA function developed by Tran et al describes several

rate-limiting steps within the cycle: (1) MgATP binding, (2) binding of the first calcium ion to

site I (site II binding is then considered to occur instantaneously), (3) ADP release, coupled

with the E1-E2 transition, (4) Pi release, coupled with E2-E1 transition [236]. In this study, we

choose to focus on (1) and (2) in order to examine the effects of a novel treatment for heart

failure on SERCA 2A.

2-deoxy-ATP (dATP) is a naturally occuring nucleotide which is nearly identical in

structure to ATP, excepting a missing oxygen on the 2’ carbon of the ribose ring (Figure 5.1B).

Despite the nearly identical structure of the two molecules, force production has been found to

increase dramatically in cardiac cells when ATP is replaced by dATP [66, 67]. This finding
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Figure 5.1. (A) SERCA 2A structure with docked ATP in the nucleotide binding pocket in the
cytosolic region. Structure minimized from PDB: 5MPM. SERCA displayed as ribbons, with
domains highlighted as follows: Nucleotide binding domain (N, Green), Actuator Domain (A,
Red), Phosphorylation Domain (P, Blue), Transmembrane region (Helices M1-M10, grey). ATP
is displayed in the nucleotide binding pocket as balls and sticks, and calcium ions are visualized
as orange spheres in the transmembrane region. (B) structure of ATP versus 2-deoxy-ATP
(dATP).
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has led to various studies exploring the potential for dATP as a therapeutic myosin activator

to treat heart failure [69, 74, 75, 76]. In one such study, upregulation of dATP to 5% of the

overall ATP pool led to increased cell shortening, but also had a marked effect on the calcium

transient [73]. This study reported decreased time to 50% and 90% calcium transient decay,

indicating that calcium relaxation is enhanced during dATP treatment [73]. Although calcium

relaxation kinetics are not meant to be the main function of the drug, this phenomenon may be

an additional therapeutic benefit as many heart failure conditions are characterized by decreased

function and expression of SERCA 2A [237, 238].

It is necessary to explore the effects of dATP on SERCA 2A at multiple scales in

order to uncover potential mechanisms of upregulation which will affect the overall cardiac

calcium transient. We conducted 160 ns Gaussian accelerated Molecular Dynamics (GaMD)

simulations of a new crystal structure of SERCA 2A (PDB: 5MPM) embedded in a lipid

bilayer [239, 240]. Simulations were conducted on 3 separate systems- apo, ATP-bound, and

dATP-bound. Analysis of the MD trajectories and energy landscapes allow us to locate key

areas in the cytosolic and transmembrane domains of SERCA which may be affected by dATP

binding. We then perform rigid body molecular Brownian Dynamics (BD) studies to measure

association rate between SERCA 2A and ATP, dATP, and calcium ions in both Site I and II [?].

BrownDye analysis uncovers a potential pathway by which calcium may bind Site II before

Site I when dATP is bound to the N domain, which is in conflict with known mechanisms of

SERCA function. We also find that dATP shows increased affinity for SERCA2A compared to

ATP. Finally, we integrate the results into an ODE model of calcium handling which allows us

to determine the effects of the observed molecular changes on the calcium transient as a whole

[241].
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5.3 Methods

5.3.1 Gaussian Accelerated Molecular Dynamics Preparation and
Simulations

We began with a crystal structure of cardiac SERCA 2A E2 purified from pig heart and

retrieved from the RCSB Protein Data Bank (PDB: 5MPM)[240]. We removed the ligands

CZA and MgF3, but kept 2 Mg2+ ions and one K+ ion from the original structure for stability.

Using ProPKA 3.1 and previous studies on the homologous SERCA 1A structure, GLU 309,

770, and 907 were protonated and a disulfide bond was added between CYS 875 and CYS

887 using VMD 1.9.4 in order to simulate the protein at pH = 7.0 [242, 243, 244, ?]. Maestro

was used to perform an initial RMSD 0.3 A backbone minimization to prevent atom overlap

[245]. To generate Mg-ATP and Mg-dATP bound structures, the Glide tool was used to dock

the nucleotides into the binding pocket on the cytosolic side of SERCA [246, 247]. For the

dATP case, 2 possible locations of the nucleotide were identified as likely binding positions, so

the outcome closer to the ATP docking location was chosen as the dATP coordinate set. The

protein was embedded in a 12.5 x 12.5 nm POPC lipid bilayer using the VMD 1.9.4 Membrane

Builder tool, surrounded by a water box measuring 125 x 125 x 160 Å, and ionized with 0.15

M KCl according to a protocol by Autzen and Musgaard [248, ?]. A POPC bilayer was chosen

due to the observation that 65% of the cardiac SR membrane is made up of POPC [249]. The

amber14 force field was used to parameterize the protein [220], lipid [250], water and ions.

To parameterize ATP and dATP, Antechamber and the generalized amber force field (gaff)

were used [251, 252]. Prep files for ATP and Mg2+ were gathered from the Amber Parameter

Database hosted by the Bryce group [253, 254].

Gaussian Accelerated Molecular Dynamics (GaMD) simulations were performed using

amber14 [255, 256]. First, minimization protocols were run successively on the solvent, lipid,

sidechains, and whole system. The system was then heated to 100 K quickly (50 ps) and

then slowly the temperature was raised to a physiological temperature of 310 K (250 ps).
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Simulations were run with a 2 fs timestep and 10 Ånon-bonding cutoff. An unrestrained

equilibration was then run on the heated system for 1000 ps. 50 ns of conventional MD was run

on the system, followed by 160 ns of dual-boosted GaMD simulations (both dihedral and total

potential energy boosts). In GaMD, a Gaussian distribution is used to provide a boost potential

for the system in order to enhance energy sampling at shorter simulation time scales [239]. A

total of 5 160 ns GaMD simulations were run: 1 for apo SERCA, 2 for ATP-bound SERCA,

and 2 for dATP-bound SERCA.

VMD was used for trajectory and structure visualization [?]. Atomic distances and

dihedral angle calculations were performed for all trajectories using cpptraj [257]. Energetic

reweighting of trajectory data was performed after all simulations using a Gaussian approxima-

tion of cumulant expansion to the second order. This step is necessary because a boost potential

was applied at each time step in order to flatten the energy landscape during the simulation

and increase conformational sampling [256]. Briefly, the potential for mean force (PMF) as a

function of reaction coordinate A j is calculated as

PMF(A j) =−
1
β

ln p(A j) (5.1)

Where β = kBT and p(A j) is the canonical ensemble distribution. Because boost

potentials followed a Gaussian distribution, p(A j) must be calculated from the ensemble

distribution of the boosted data set as:

p(A j) = p∗(A j)
〈eβ∆V (r)〉 j

∑
M
j=1〈eβ∆V (r)〉 j

ln p(A j),J = 1, ...,M (5.2)

where ∆V (r) is the boost potential of each frame, M is the number of bins, and

〈eβ∆V (r)〉 j is the ensemble-averaged Boltzmann factor for frames in bin j.〈eβ∆V (r)〉 is approxi-
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mated using second order cumulant expansion and is calculated as:

〈eβ∆V (r)〉= exp
{

∞

∑
k=1

β k

k!
σ

2
∆V

}
(5.3)

5.3.2 Brownian Dynamics Simulations

Representative structures for SERCA apo, ATP-bound and dATP-bound conditions

were extracted from trajectories based on the lowest energy frame. For apo, this was 153.8 ns of

simulation time, for ATP 137.6 ns, and dATP 136.0 ns. Structures were stripped of solvent and

lipids in order to simulate on the protein alone. APBS 1.3 was used to calculate electrostatic

grids for SERCA, as well as ATP, dATP, and Ca2+ [164]. Amber restart files were converted

to PQR files using ambpdb [255].

First, Brownian Dynamics simulations were performed to determine the association

rate of ATP and dATP to the nucleotide binding region of apo SERCA using BrownDye [162].

Reaction pairs were determined by manual inspection of the bound system to determine 6

possible pairs for dATP or ATP binding SERCA: ARG 489 Cz - (d)ATP PG, LYS 492 Nz

- (d)ATP PB, PHE 487 CG - (d)ATP C5, LYS 205 Nz - (d)ATP PB, LYS 205 Nz - (d)ATP

PA, and ARG 559 Cz - (d)ATP C3*. A minimum of 3 pairs were required to come within

the reaction distance to consider a trajectory to bind. No specific reaction distance was set,

rather the closest distance for each trajectory was recorded in order to calculate rates for a wide

range of possible reaction distances. Simulations were run with a dimensionless dielectric for

the solvent of 78 and a Debye length of 7.86. The dielectric constant for both solutes was set

to 4.0. 1 million trajectories each were run for ATP- apo SERCA and dATP- apo SERCA.

The output of the simulations was a list of closest distance between the molecules for each

trajectory, which was converted to a table of association rates versus reaction distances with the

function rates of distances in BrownDye.

Similar simulations were performed to determine association rate of Ca2+ to Site I and

112



Site II in the SERCA transmembrane region. For Site I, reaction pairs were determined as:

ASP 799 CG - Ca2+, GLU 770 CD - Ca2+, GLU 907 CD - Ca2+. For Site II, the three reaction

pairs were set as: ASN 795 CG - Ca2+, GLU 770 CD - Ca2+, GLU 309 CD - Ca2+. The same

simulation parameters as above were employed, and 6 different simulations were run: apo Site

I, apo Site II, ATP Site I, ATP Site II, dATP Site I, and dATP Site II. In each case, 1 million

trajectories were run.

5.3.3 Calcium Transient Modeling

To model the Ca2+ transient, the Himeno model was employed [241]. This model was

chosen because it explicitly includes a 3-state simplified SERCA model developed by Tran et.

al. which includes parameters for ATP binding, Ca2+ binding, and E1-E2 transitions [236].

State P1 is E1 SERCA, which undergoes a reversible reaction dictated by rates k+1 and k−1 to

state P2−5, which is E1 SERCA with ATP and 2 Ca2+ ions bound. Ca2+ binding is considered

to be fully cooperative, i.e. binding of the second Ca2+ ion is instantaneous after the first Ca2+

binding event. Reaction rates k+2 and k−2 encompass MgADP dissociation as well as the E1-E2

transition, leading the model to state P6−10. Finally reversible reaction rates k+3 and k−3 return

the pump to state P1 [236].

dATP experimental data were digitized from Korte et al. figure 1B (GFP and R1R2,

respectively) [73]. Fura ratio units were converted to Ca2+ concentration by setting the

maximum fluorescence value to 0.45 uM, and the minimum value to 0.05 uM, since these

are approximately the maximum and minimum Ca2+ values typically seen in the Himeno

model [241]. The Himeno model was optimized to match the ATP Ca2+ transient by varying

AmpSERCA, AmpNCX , AmpNaK , and fn, the same parameters which were tuned by Himeno et

al. in parameterizing their original model [241]. Optimization was conducted using Particle

Swarm Optimization (PSO) in MATLAB. The timescale of the applied current in the Himeno

model was adjusted to reflect the change in species from human to rat and provide a closer fit
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for the WT transient.

5.4 Results

5.4.1 dATP demonstrates stronger interactions than ATP with the
nucleotide binding pocket of SERCA 2A

GaMD simulations were performed on dATP- and ATP-bound SERCA. Likely, the most

obvious changes to SERCA molecular structure would begin within the cytosolic nucleotide

binding pocket and then cascade through the molecule into the transmembrane region. To

investigate the differential interactions of ATP and dATP with the binding pocket, a series of

analyses were completed. Upon visual inspection, ATP appears to flip back and forth within

the pocket in 2 main positions. The first position (Figure 5.2A, top left) closely resembles the

position of ATP analogs in crystal structures with ring stacking between ATP and PHE 487

[258]. However, throughout the simulation ATP often flips downward into a conformation

where the phosphate groups face upwards and the adenine ring closely associates with ARG

559 (Figure 5.2A, bottom left). In the case of dATP, the nucleotide remained more stable in

the binding pocket nestled into the N domain (Figure 5.2A, top right). An analysis counting

the number of nonnative contacts, defined as a 3 Ådistance, between each nucleotide atom

and atoms within the protein identified significantly higher contact levels for dATP within the

binding pocket than ATP (Figure 5.2A, bottom right). The average number of contacts over all

simulation time was 35.6 for ATP, and 49.0 for dATP.

Three residues of interest were investigated to measure nucleotide interaction: PHE 487,

LYS 514, and ARG 559. These residues were chosen due to their recognized roles as crucial

interaction residues with ATP through mutagenesis and crystallography studies [259, 260, 258].

The atom pairs used to define distances were: LYS 514 CE - ATP N6, PHE 487 CD2 - (d)ATP

C6, and ARG 559 NH2 - (d)ATP O2A. Results are shown both as distances vs simulation

time and Potential Mean Force (PMF) plots versus atomic distance (Figure 5.2B). For LYS
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Figure 5.2. Differences between ATP and dATP interactions with the nucleotide binding
pocket. (A) Visualized interactions between ATP/dATP (licorice) and relevant binding pocket
residues PHE 487, LYS 514, and ARG 559 (ball and stick) residues within cytosolic SERCA
domains (grey ribbon). Left, ATP demonstrates two major positions within the binding pocket,
alternating between close interactions with PHE487/LYS514 and moving dowanward in the
pocket toward ARG 559. Top right, dATP holds a more stable position within the binding
pocket, closer to all 3 highlighted residues. Bottom right, number of atomic contacts between
nucleotide and SERCA as a function of simulation time. (B) Top, plots demonstrating distance
between the nucleotide and 3 residues of interest as a function of simulation time. Bottom,
energy plots displaying potential of mean force as a function of atomic distance. Atomic
distances were measured as: LYS 514 CE - ATP N6, PHE 487 CD2 - (d)ATP C6, and ARG
559 NH2 - (d)ATP O2A. In all 3 cases, dATP favors closer interactions with the binding pocket
than ATP. ATP also exhibits two energy wells for LYS 514 and PHE 487, indicating a bimodal
interaction structure.
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514, dATP shows a more stable interaction with an average distance of 9.895 Åand a standard

deviation σ of 1.484. ATP demonstrates a bimodal interaction with the residue, with an average

distance of 21.02 and a σ of 5.595. Similar results are seen for the interaction with PHE487:

for ATP, the average distance is 15.42 with a σ of 4.205, and for dATP the average is 6.662

with a σ of 2.03. Interactions with ARG 559 are more similar between the two nucleotides, but

dATP favors a slightly closer interaction (average: 9.107, σ : 2.346) than ATP (average: 11.69,

σ : 3.234). PMF plots demonstrate that dATP low energy wells occur at lower distances for

all three residues of interest. PMF plots for LYS 514 and PHE 487 indicate two low energy

wells for ATP. For LYS 514, low energy wells occur near 14 and 25 Å, and for PHE 487 the

low energy distances are at 10 and 18 Å.

Closer analysis of the nucleotides themselves reveal differential conformations of ATP

and dATP throughout the simulation. In Figure 5.3A, 100 representative frames of either

ATP (top) or dATP (bottom) are overlayed and visualized as lines. ATP occupies a more

”open” conformation at all frames, while dATP appears to occupy a folded conformation.

Ramachandran-type plots were used to compare angles θ 1 through 6 as identified in Figure

5.3B. dATP shows a preference for more acute angles in θ1 while ATP favors trans confor-

mations in both θ1 and θ2. dATP also demonstrates more stability in θ3 and θ4, while ATP

appears more flexible in these domains. dATP prefers gauche conformations in θ5 while θ5 in

ATP tends to be closer to 0 degrees. In Table 5.1, average and standard deviations of all angles

are provided for both ATP and dATP. Standard deviations are significantly higher for dATP

than ATP in θ2, and θ5 which are reflected by dispersed points in the Ramachandran-type plots.

Conversely, θ4 has a higher standard deviation in ATP than dATP and this is reflected through

angle dispersion in the plots. Overall, nucleotide dihedral angles and overall molecule shape

are makedly different between ATP and dATP, which likely affects the interactions between the

nucleotide and protein residues within the N domain.
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Figure 5.3. (A) Overlays of 100 frames each from ATP and dATP simulations demonstrating
differential conformation of the nucleotides. (B) Ramachandran-type plots indicating favorable
dihedral angles at 6 different points along the nucleotide. Top, ATP plots. Bottom, dATP plots.
dATP shows a preference for more acute angles in θ1 while ATP favors trans conformations in
both θ1 and θ2. dATP also demonstrates more stability in θ3 and θ4, while ATP appears more
flexible in these domains. dATP prefers gauche conformations in θ5 while θ5 in ATP tends to
be closer to 0 degrees.

Table 5.1. Standard deviation and average values of various dihedral angles for ATP and dATP
over a 160 ns GaMD simulation, as defined in 5.3

Dihedral
Angle

ATP Average ATP σ
dATP

Average
dATP σ

θ1 -149.4 52.88 52.16 59.94
θ2 -152.2 36.71 178.9 60.51
θ3 4.411 85.03 81.09 73.71
θ4 176.2 61.83 178.6 28.43
θ5 27.26 27.66 43.29 64.36
θ6 166.9 69.6 155 49.86
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5.4.2 Cytosolic domains separate as a result of nucleotide binding

Cytosolic domain movement in regions N, A, and P is key to the E1 to E2 transition by

which Ca2+ is allowed to move into the SR lumen. To investigate the effects of ATP-versus

dATP binding on these cytosolic domains, a distance analysis was performed by calculating

the Cα - Cα distance between the following residue pairs in the same manner as a recent

MD study [261]: T171-E679 (A-P), R489-E679 (N-P), K515-T171(N-A). Figure5.4 identifies

the locations of these residue pairs, and displays distance-time plots as well as PMF energy

landscape plots for apo, ATP, and dATP cases.

First considering the A-P domain interaction, both ATP and dATP binding stabilize a

slightly more open conformation. For apo SERCA, the average distance between the domains

was 28.35 Åwith a standard deviation of 0.4909. Both ATP and dATP had similar increases

to the inter-domain distance (ATP: average= 28.86, σ = 0.368; dATP: average = 29.17, σ =

0.5367). Both nucleotides separate the domains, which is consistent with findings that the P

and A domains separate to allow ATP to make contact with the phosphorylation site D315

[262]. dATP shows a slight tendency toward higher distances, with low energy conformations

occurring in the 30 and 30.2 Åbins of the PMF plot, indicating that the presence of dATP may

lead to faster phosphorylation of the protein due to farther A-P domain distances 5.4. Closing

of the A and N domains has also been associated with the movement from SERCA E1(Ca) to

E1P, but this appears to occur after the calcium binding step [263].

Another important step in the SERCA pump cycle is the opening of the N-P domain

interface. This movement leads to rearrangement of transmembrane helices M1 - M6 which

allows Ca2+ to escape into the SR lumen [262]. dATP exhibits a pronounced effect on the

interdomain distances for this interface. For apo SERCA, the average N-P distance is 24.16

Åwith a standard deviation of 1.016. ATP bound SERCA demonstrates a slight opening of

the domains and a more stable interaction, with an average distance of 24.88 Åand standard

deviation of 0.6524. dATP bound SERCA results in even larger distances, with an average of
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Figure 5.4. Effects of nucleotide binding to the cytosolic domains of SERCA. (A) A cartoon
visualization showing the 3 cytosolic domains: N (green), A (red), and P (blue). Distances were
measured between alpha carbons of: T171-E680 (A-P), R489-E680 (N-P), K515-T171(N-A).
(B) Distance plots as a function of time, and PMF plots from GaMD reweighted data. For A-P,
both ATP binding and dATP binding have similar increased effects on inter-domain distance.
For N-P, ATP binding does not greatly increase the distance between the domains but dATP
binding significantly increases inter-domain distance. For N-A, both ATP and dATP binding
decrease the overall distance between the reference residues.

25.78 and standard deviation of 0.8388. The distance plot of the simulations shows that apo

SERCA is trending toward a more closed N-P interface, whereas both ATP and dATP tend to

stabilize the structure 5.4. Just as in the A-P case, dATP-SERCA demonstrates low energy

states in the high distance realm of 26 - 28 Å, which indicates that the binding of dATP may

facilitate the transition from cytosolic- to SR-facing SERCA.

The final cytosolic domain interaction is the N-A interface. The 110◦ hinging motion

of the A domain is the most visible indicator of the transition between the ”open” and ”closed”

SERCA conformations [264]. In this case, apo-SERCA favors the most open interface out

of the 3 simulation cases. The average and standard deviation of inter-domain distances for

the N-A interaction are as follows: (1) apo, average = 16.52, σ = 0.8466. (2) ATP, average

= 15.91, σ = 0.449. (3) dATP, average = 15.87, σ = 0.5029. Lower standard deviations and

averages for both ATP and dATP indicate that nucleotide binding stabilizes the structure in the
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closed conformation. Although apo-SERCA trends toward a more open conformation as the

simulation occurs, a full transition to the open state is not observed in any of the 3 cases 5.4.

This is in agreement with recent FRET and MD studies showing that SERCA prefers the closed

conformational state, but is often crystallized in the open state perhaps due to a local energy

minimum in solution [265, 263].

5.4.3 Nucleotide binding stabilizes the interactions between Transmem-
brane Regions crucial to Ca2+ binding

The transmembrane helices of SERCA are the Ca2+-binding region. Speficially, Sites I

and II are located between helices M4, M5, M6, and M8, as visualized in the top left of Figure

5.5 [262, 264]. To investigate interhelical distances, the center of mass of the following atom

pairs were used: : TM5 E770 CD - TM6 D799 CG, TM5 E770 OE1 - TM8 E907 OE2,TM6

D799 CG - TM8 907 OE. From the PMF plots in Figure 5.5, it appears that dATP and ATP have

a nearly identical effect on inter-helix distances between TM5 and TM6 as well as TM5 and

TM8. Specifically, apo-SERCA shows a preferred distance range of 6-8 Åfor TM5-TM6, but

both ATP and dATP result in a smaller low energy window from 6.5 to 8 Å. This stabilization

is also apparent from the standard deviations of the distances. For the TM5-TM6 interhelical

distance, the standard deviations are 0.2563 for ATP and 0.2533 for dATP, while the standard

deviation for the apo case is 0.4797. For the TM5-TM8 distances, the standard deviations for

ATP and dATP SERCA are 0.3988 and 0.2533, respectively, while the apo standard deviation

is 0.7219.

A slightly different trend can be extracted from the interactions between TM6 and TM8,

which encompass the boundary of Ca2+ site I. in the apo case, the average interhelical distance

is 6.439 Åand the standard deviation is 0.2972. For ATP, the average distance is 6.253 Åwith

a standard deviation of 0.2593. In the case of dATP-SERCA, the average distance is 6.227

Åwith a standard deviation of 0.2692. Both ATP and dATP binding result in smaller interhelical

distance, but the closure of these two domains is more pronounced in the case of dATP-bound
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Figure 5.5. Top left, structure diagram of the TM helical structure in the Ca2+ binding region.
SERCA is visualized in grey new cartoon, Ca2+ ions are orange spheres. Highlighted licorice
residues were used to calculate interhelical distances: TM5 E770, TM6 D799, and TM8 E907.
Energy landscapes describe the potential of mean force as a function of TM region distance.
Distances were measured as: TM5 E770 CD - TM6 D799 CG, TM5 E770 OE1 - TM8 E907
OE2, TM6 D799 CG - TM8 907 OE. For both TM5-TM6 and TM5-TM8, both ATP and
dATP binding both have identical effects of stabilizing the distance between the helices. For
TM6-TM8, however, both ATP and dATP stabilize a closer structure between the helices, with
dATP having a slightly more pronounced effect.
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SERCA. Smaller distances between TM6 and TM8 may result in a hindered path for Ca2+ into

Site I and an opening of the helices around Site II for facilitation of Ca2+ binding.

5.4.4 dATP-bound SERCA demonstrates altered Ca2+ affinity in Sites I
and II compared to ATP-bound SERCA

Brownian Dynamics (BD) studies were performed to investigate the differential binding

of ATP and dATP to the SERCA pump, as well as the Ca2+ association into both Site I and

Site II for ATP- and dATP-bound SERCA. Nucleotide association rates were found to differ

between ATP and dATP simulations testing interactions with the lowest energy structure from

GaMD apo SERCA simulations. The ATP association rate was set to 2.59e+06 1/(M*s) based

on model optimization of the Himeno calcium handling model [241] to a wildtype calcium

transient from a dATP study on rat cardiomyocytes from Korte at al (Table 5.2 [73]. The WT

ATP association rate was the output of BrownDye simulations when the reaction distance for

association was 5.49 Å(where 3 atom pairs outlined in the methods were required to be within

the reaction distance for a reaction event to occur). Using the same simulation criteria and a

reaction distance of 5.49 Å, the dATP association rate was found to be 4.7177e+06 1/(M*s).

This represents an 80% increase in association rate over ATP. This analysis suggests that in a

cardiac system with elevated levels of dATP, dATP will competitively bind SERCA and may

affect SERCA pump function even at low therapeutic levels of 2-5% of the overall ATP pool.

Similar Brownian Dynamics studies were performed on ATP-bound and dATP-bound

SERCA to test association rates with Ca2+ in both Site I and II. Figure 5.6 displays association

rate as a function of define reaction distance. A specific association rate was not chosen, but it is

assumed that the propser association rate is in the low 109 range due to the outcome of a similar

Brownian Dynamics study, which found the association rate of Ca2+ to site I to be 3.13e+09

[266]. For the range of reaction distances displayed in Figure 5.6, an interesting phenomenon

can be observed. In the case of ATP-bound SERCA, Ca2+ binds Site I at significantly higher

rates than Site II. This is in agreement with mechanistic understanding in the field, which
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Figure 5.6. Results of Brownian Dynamics simulations of Ca2+ binding ATP-or dATP-bound
SERCA after GaMD was used to generate the lowest energy structure in each case. Rates
are plotted as a function of reaction distance due to the uncertainty in the Ca2+ on rates from
experimental data. ATP data is in black, with Site I binding as a solid line and Site II as a dotted
line. dATP data is in cyan, with Site I solid and Site II dotted. Site II has much lower association
rates than Site I for the ATP-bound structure, but the opposite is true for dATP-bound SERCA.

suggests that Ca2+ first binds Site I and then a cooperative binding mechanism increases Ca2+

binding affinity for Site II [267, 268, 269]. However, in the dATP case the opposite results

occur. Ca2+ association in Site II is nearly identical to the ATP-Site I association rates, whereas

Site 1 binding in the dATP case can be an order of magnitude less, or even more pronounced

at reaction distances between 4 and 4.5 Å. This finding leads us to explore alternative Ca2+

pathways within the transmembrane region which may explain the affinity reversal.

There are two main pathways by which Ca2+ is thought to enter the transmembrane

region. The L1 pathway exists near residues D812, D814, and D817 [270], and the L3 pathway

is located near residues near residues E51, E58, D59, and D109 [271, 272], as described in

Huang et al [267]. Recent MD studies suggest that the L3 pathway is the main entry point for

Ca2+, so we focus on this larger pathway for the purposes of this study [273]. We explored

the lowest-energy structures of both ATP- and dATP-bound SERCA to investigate possible
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mechanisms by which Site II binding is preferred in the dATP-bound case. In visual inspection

of the transmembrane region (Figure 5.7A), it appears that the L1 region is conserved between

ATP-and dATP-bound SERCA. However, there appears to be a flipdown of D109 in the dATP

case (rightmost residue highlighted) which may alter the shape of the L3 pathway significantly.

Indeed, upon generating an electrostatic map of ATP- and dATP-bound SERCA (Figure 5.7B,

red = 3.0 kT/e, blue= +3.0 kT/e), there is a clear difference between the electrostatic surfaces

of L3 in the two simulation cases. in the dATP case, the L3 portal is consolidated slightly

lower into the transmembrane region, and appears to have a ”U” shape rather than the more

condensed L3 shape in the ATP case. We also notice different electrostatic surfaces on the SR

luminal side, which appears to have 2 portals in the ATP case but one consolidated pathway in

the dATP case.

It is well accepted that E309 acts as a gating residue for cooperative binding of Ca2+ to

SERCA [274, 262]. In this capacity, E309 serves as a shield when no Ca2+ is bound within the

transmembrane pump, so Ca2+ ions which enter through the L3 region are forced to bypass

Site II and bind Site I. After Site I binding occurs, E309 undergoes a flip which opens Site II.

In Figure 5.7C, we outline the differing position of E309 in lowest energy conformations of

apo, ATP-bound, and dATP-bound SERCA. The diagram shows the position of E309 as well as

D799, which is an important residue in Site I binding, and E58 which marks the bottom of the

L3 pathway. The diagram also displays the center of mass atomic distance between Site II Ca2+

and E309 C. E309 is closest to the Site II Ca2+ in the apo state with a distance of 6.57 Å. The

residue moves upward slightly in the TM region in the ATP case, where the distance is 7.33 Å.

In the dATP case, E309 appears to have moved fully above the Site II Ca2+ and has a distance

of 8.94Å. The L3 pathway is at the top right of this figure, which means Ca2+ is presumed

to move downward into the TM region until it encounters E309. In the apo and ATP case, it

is intuitive to see the shielding mechanism by which E309 blocks Site II and forces Ca2+ to

move into Site I for binding. However, in the ATP case the shifting of E309 appears to have the
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Figure 5.7. Investigation of probable Ca2+ entry pathways into Sites I and II. (A) Top-down
view into the transmembrane region, with TM helices represented as cyan cylinders. Likely
Ca2+ entry pathways L1 and L3 are highlighted, along with associated residues D812, D814,
D817 (L1) and residues E51, E58, D59, and E109 (L3). In the dATP case, E109 appears to
flip downward and create a different pathway for Ca2+ through L3, although the L1 pathway
appears unchanged between the two cases. (B) Electrostatic depictions of SERCA, with the
large negative L3 region highlighted. In the dATP case, the L3 pathway appears broken up
by the presence of positive residues on the surface, and appears to indicate a lower pathway
for Ca2+ entry into the transmembrane region. (C) Representative structures of apo (top),
ATP-bound (middle) and dATP-bound (bottom) SERCA illuminate a potential explanation for
why dATP binding causes Site II to become more Ca2+ sensitive. Transmembrane helices are
displayed in cyan new cartoon, and residues D799, E309, and E58 are highlighted as licorice.
Orange spheres depict the locations of Ca2+ in Site I and II, and direction of Ca2+ entry through
the L3 pathway is highlighted with a black arrow in the top right of each image. E309, the
recognized gating residue, normally sits almost parallel to Ca2+ site II, forcing calcium to
bypass Site II and first bind Site I. In the dATP-bound SERCA case, E309 moves upwards in
the transmembrane region, potentially allowing Ca2+ to bind Site II first by moving underneath
the residue.
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opposite effect. Namely, the residue has moved upwards within the region and blocks entry into

Site I, encouraging Ca2+ ions to move underneath the residue and bind to Site II. The changing

position of E309, combined with the observed lower L3 region as visualized with electrostatics,

suggest that dATP-bound SERCA may preferentially bind Ca2+ in Site II rather than Site I.

5.4.5 Differential nucleotide and Ca2+ association rates contribute
to experimentally observed calcium transients in dATP-treated
human cells

As described in the Methods section, the Himeno model was optimized to WT calcium

transient data using Particle Swarm Optimization (PSO). Parameters adjusted were AmpSERCA,

AmpNCX , AmpNaK , fn. Optimized WT parameters are documented in Table 5.2.

Within the Tran model, k+1 (rate of ATP binding to SERCA) and kd,Cal (dissociation

constant for Ca2+ binding to SERCA) were altered based on the Brownian Dynamics simulation

results [236]. At 5.5 Å, which is the reaction distance corresponding to the WT rate of ATP

binding to SERCA (2.59e6 1/(M*s)), the dATP association simulations predicted an 82.2%

increase in mucleotide binding rate (4.72e6 1/(M*s)). Since Ca2+ binding is assumed in the

Tran model to be 100% cooperative, we chose the association rates from site 1 for ATP, and

site 2 for dATP, which had the higher respective rates. We chose a relatively low reaction

distance of 4 Ådue to the close proximity of the binding sites ( 6 Å) in order to eliminate the

possibility that an association at one site may register as an association event for the other. At 4

A, the ATP-SERCA Ca2+ association rate to Site 1 was calculated as 8.403e8 1/(M*s), whereas

the dATP Site II association rate was 9.733e8. This means that a 15.8% increase in the Ca2+

binding rate for dATP-SERCA at Site II was observed compared to the rate for ATP-SERCA at

Site I, so kd,Cal was decreased by 15.8%. In Figure 5.8A, the dATP Ca2+ transient is simulated

by altering only k+1 and kd,Cal in the model according to these BD calculations. The transient

relaxation rate is increased, but only slightly (time to 50% decay of 285.3 ms compared to

307.1 ms for WT), and a good fit to the experimental data is not achieved. Next, PSO was used
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Table 5.2. Optimized values for WT and dATP-treated Ca2+ transients based on the Himeno et
al model of calcium handling.

Parameter
WT

Optimized
Value

Optimized
dATP Values

(SERCA
Only)

Optimized
values for

other pumps
(calculated

individually)
AmpSERCA
(mM/ms)

94.47 94.47

AmpNCX
(mM/ms)

128.52 128.52 421.8

AmpNaK
(mM/ms)

17.77 17.77 170.5

AmpPMCA
(mM/ms)

0.19 0.19 2.1

fn 1.37 1.37
k+1 1/(M*s) 2.59e6 4.72e6

k+2 1/(mM*s) 2540 3716
kd,Cal (mM) 0.0027 0.0023

to optimize another SERCA-related rate k+2 , which is determined by ADP dissociation and the

E1-E2 conformational transition. When optimizing for this rate as well as the BD rates, a very

close fit is achieved with a time to 50% decay of 256.4 ms compared to the dATP experimental

value of 240.2 ms. k+2 optimized results are displayed in Figure 5.8B and rates are displayed

in column 3 of Table 5.2. The best fit required a 46% increase in k+2 , from 2540 1/(mM*s)

to 3716 1/(mM*s). With these optimized dATP parameters, the maximum flux through the

SERCA pump was increased by 30% as shown in Figure 5.8C.

Further, we investigated whether adjusting the flux of other Ca2+-ATPases may allow

for fitting of the dATP experimental data. AmpPMCA, AmpNaK , and AmpNCX (amplitudes of

the Plasma Membrane Ca2+ ATPase, Na+/K+ ATPase, and Na+/Ca2+ exchanger, respectively)

were each optimized separately to determine whether a dATP-based effect on these pumps may

provide realistic Ca2+ transients. All optimization was done with PSO using the altered ATP

and Ca2+ binding rates from Brownian Dynamics simulations as described above. The output
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Figure 5.8. Calcium transient modeling using ref. [241]. Optimized WT (ATP) simulated
curve is displayed as a solid black line. Experimental Ca2+ transient for WT (black dotted line)
and dATP treatment (blue dotted line) from [73]. (A) ATP Ca2+ transient (solid cyan) when
altering only the ATP binding rate and Ca2+ binding rate (4A reaction distance) based on BD
results. (B) Optimization to dATP experimental curve (Simulation: Solid cyan, experiment:
dotted cyan) by altering SERCA parameter k2+ (ADP dissociation) in the Tran model, in
addition to BD parameter changes included in (A). (C) SERCA flux, in mM/ms, for WT
optimized simulation (Solid black) and dATP optimized curve from (B). (D) dATP optimized
Ca2+ transients when adjusting the flux of of PMCA (Green line), NCX (Yellow line) or NaK
pump (Red line), after changing the ATP binding rate and Ca2+ binding rate in the same way
as (A).
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transient after optimization for each of the 3 cases is displayed in Figure 5.8D and optimized

values can be found in Table 5.2. In the case of NaK pump optimization, a 9.6 fold increase was

required to achieve a best fit. The time to 50% relaxation was decreased to 244.0 ms, providing

a good fit to experimental data (in which time to 50% relaxation was 240.2 ms). Optimizing

NCX resulted in a worse fit, with a time to 50% relaxation of 279.0 ms. PMCA optimization

had a similar outcome to NaK optimization, with an 11 fold increase in AmpPMCA resulting in

a time to 50% relaxation of 246.9 ms. These results provide evidence that PMCA and NaK

may be candidates for future investigations of dATP effects on Ca2+ handling. Indeed, some

combination of increases to k+2 , AmpPMCA, and AmpNaK may be the mechanistic solution for

the transient effects, although an analysis of this interplay would require further molecular

study to constrain the model to a single solution.

5.5 Discussion and Conclusions

The results outlined in this study constitute several pieces of evidence which may

contribute to improved SERCA pump function in dATP treatment. Firstly, the separation

of cytosolic domains A and P indicates faster phosphorylation of dATP-SERCA compared

to ATP-SERCA. A-P domain separation is associated with nucleotide movement toward the

D315 phosphorylation site [262]. dATP-bound SERCA results in increased N-P cytosolic

domain distance which is a precursor to Ca2+ release into the cytosol. Our simulations did not

capture the major protein pumping movement due to the requirement that Ca2+ bind before

phosphorylation and movement to the SR facing state of SERCA occurs [263]. Transmembrane

helices TM6 and TM8 move closer together after dATP binding to SERCA, which may serve

to occlude Site I as the initial binding site for Ca2+.

We also found that in dATP-bound SERCA, Ca2+ associates first to Site II rather than

the well understood mechanism of Site I binding followed by cooperative Site II binding

[267, 268, 269]. This differential affinity is due to rearrangement of the L3 Ca2+ binding
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pathway as well as upward movement of gating residue E309 within the transmembrane region.

The L3 region is seen as the most viable Ca2+ entry point because the negatively charged

residues in the region contribute to a strongly negative electrostatic potential surface, which

will in turn attract cations. Therefore, the lower and differently shaped L3 negative surface

potential we observed in the case of dATP-bound SERCA may allow Ca2+ ions to more easily

enter Site II by entering below E309. Additionally, E309 moves upwards away from Site II

in the dATP case compared to apo and ATP-bound SERCA, which further served to block

Site I entry and allow the first binding event to happen at Site II. The overall association rates

for dATP at Site II are similar to ATP Site I association rates. This observation indicates that

the rearrangement of L3 does not affect the overall affinity of Ca2+ in the transmembrane

region, but rather serves to shuttle Ca2+ into a different site after passing through L3. dATP

demonstrates an 80% higher association rate than ATP to the N domain of SERCA, which

indicates that the effects of increased dATP in the cytosol may outpace the levels of dATP in

the system, and that dATP can indeed competitively bind SERCA 2A.

Inputting the BrownDye-gathered rates of dATP versus ATP association and Ca2+

association (k+1 and kd,Cal) did not allow us to fully recreate the experimental Ca2+ transient,

but it appears that dATP involvement in the SERCA pump cycle may have larger downstream

affects on protein conformation which may further contribute to the steeper transient relaxation

during dATP treatment. In fact, increasing rate k+2 by only 46% in addition to altering the BD

rates allowed for a good match to the experimental dATP calcium transient. There are also other

ATPases which contribute to the calcium transient such as PMCA, NaK and NCX, which are

found to improve transient relaxation kinetics when their fluxes are increased in the ODE model.

Likely, some combination of SERCA upregulation and these other pumps together provide

the mechanism for improved relaxation during dATP treatment. In order to explore further

downstream effects of dATP on SERCA function, further MD studies should be conducted on

Ca2+-bound SERCA with either ATP or dATP bound to investigate the large-scale movements
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associated with Ca2+ escape into the SR lumen (E1-E2 transition, or rate k+2 ). MD studies with

calcium bound would also serve to answer a crucial question about cooperative binding - when

the first calcium ion binds Site II rather than Site I, does the same cooperative binding process

occur? Is it more or less cooperative than the traditional pathway?

As in previous BrownDye studies exploring Ca2+ - SERCA association [266], our

Ca2+ association rates were higher than experimental results have predicted. In fact, the on

rates predicted from experimental data were in the range of 106 to 108, and our calculated

rates were in the range of 109 to 1010, one to four orders of magnitude higher than expected

[266, 269]. There are several reasons for the overestimation of these rates. Firstly, our

BrownDye simulations did not include any lipids, which would serve to provide significant

steric hindrance to calcium attempting to enter the TM region. Additionally, the simulations

begin by generating calcium randomly on a spherical surface surrounding the protein. In the

physiological system, Ca2+ ions are presumed to enter Sites I and II through the cytosolic side,

and a lipid bilayer separates the Ca2+ pool in the cytosol from that of the SR. Therefore, it is

important to interpret the results as evidence that SERCA has high affinity for Ca2+ due to the

large negative electrostatic surface potentials in the transmembrane region, and that SERCA

has much higher affinity for Site I than site II (in the ATP case) or vice versa (in the dATP

case).

This study is the first to model cardiac isoform SERCA 2A, although multiple MD

studies have been performed on other isoforms more common in skeletal muscle [261, 267, 266,

274, 275, 270]. Due to our investigation of dATP as a specific treatment for cardiac muscle,

this was an ideal case study to investigate a new crystal structure of SERCA. Additionally, to

our knowledge this is the first study to investigate directly the effects of nucleotides bound to

Ca2+- free SERCA. We were able to demonstrate the stabilizing effect of nucleotide binding

to the cytosolic domain and the effects of ATP versus dATP on Ca2+ affinity. This study has

demonstrated the power of multiscale modeling for investigating the effects of ATP analogs
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on cardiac cells, as we integrated knowledge from the atomic to the cellular level to uncover

potential mechanisms of dATP which scale up to a significantly altered calcium transient and

cardiac function as a whole.
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Chapter 6

Conclusion

Broadly, this dissertation seeks to answer questions about cardiac mechanics mecha-

nisms by bridging spatial and temporal gaps using a variety of computational techniques. On the

atomistic scale, Gaussian accelerated Molecular Dynamics studies are performed to determine

the effects of small molecule dATP on a calcium ATPase. Scaling up slightly, we use Brownian

dynamics modeling employing rigid body molecular interactions to determine association rates

between a variety of species including: tropomyosin-actin filament for thin filament activation

insights, myosin-actin to probe crossbridge cycling dynamics, and nucleotide-SERCA to test

effects of dATP on calcium handling processes. Subcellularly, ODE and Monte Carlo Markov

state models of the sarcomere are developed to test the effects of DCM-associated mutations

as well as drug treatment on cardiac contractility. A cellular ODE model of calcium handling

allows us to test drug effects on the calcium transient of the cardiomyocyte. Rather than using

these models separately, they are coupled together across scales in an attempt to add detail into

complex models of cardiac function and integrate the most relevant information in order to

solve problems in cardiac physiology.

In Chapter 1, Molecular Dynamics simulations of troponin C determine differential

conformations of the protein as a result of DCM-associated mutations D75Y, E59D, and G159D,

especially focusing on a critical protein-opening step which precedes further thin filament

activation. Brownian dynamics modeling is also employed to determine calcium binding rates
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for the three mutations of interest. The rates determined from these two steps in the thin filament

activation process are then integrated into transition rates for an ODE Markov State model of

sarcomere activation and force production in order to predict the effects of the mutations on

overall contractility. The mixed success of this study provides a crucial lesson regarding the

challenges of integrating across scales using simplified systems.

Chapter 2 consists of a Brownian Dynamics study of tropomyosin-actin interactions,

testing 19 different locations of Tm movement azithumally around an actin filament for

differences in association rate. Specific association rates in this case are not integratable as rate

constants for higher order models because the Tm-actin interaction involves a sliding motion

where the molecules stay in close contact at all times rather than a standard binding interaction.

However, investigation of the association rates as a function of Tm position on the filament

reveal a multi-well association profile which closely matches known preferential positions of

Tm measured experimentally. This work has provided the basis of a unique Tm activation

energy landscape which can be used in stochastic ODE (SODE) modeling of thin filament

activation, and demonstrates the strong electrostatic influence behind the preferred positions of

trpopmyosin on the actin thin filament.

The remaining chapters re-orient the physiological framework slightly by focusing on

mechanisms of dATP as a cardiac therapeutic. In Chapter 3, a combination of electrostatics

analysis using APBS and association studies using Brownian dynamics are used to explore

the effects of dADP versus ADP binding on acto-myosin interactions. First, the actin-myosin

binding region is probed to find differences in contact residue pairs. More polar residues

are found to come in contact with each other after dADP binding, which suggests a higher

likelihood of hydrogran binding and more stable interactions. Then, a Brownian dynamics

study of rigid myosin and actin allows us to discover the electrostatics-driven differences

in association rate with ADP- or dADP-bound myosin. Irrespective of the simplified actin

representation and the reaction distance chosen, association rates were higher with dADP-bound
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myosin, indicating higher electrostatic affinity which was first hypothesized in [79].

Next, the Brownian dynamics results are integrated into a Monte Carlo Markov State

model of the sarcomere in Chapter 4. We built a 5-state lumped parameter model which

accounts for Ca2+ binding, thin filament activation via Tm movement into the Closed and Open

states, and XB cycling (both pre- and post- powerstroke modelled separately) with functionality

for competitive ATP- and dATP-binding. After initial optimization to experimental data from

Regnier et. al. [67], rates from Brownian dynamics acto-myosin association studies were

directly incorporated into the model and allowed for a unique set of increases to attachment,

powerstroke, and detachment rates that agrees with experimental findings. We were also able

to reproduce the phenomenon of positive nonlinear steady-state force increases as a function

of percent dATP [69]. Twitch simulations also allowed us to demonstrate computationally

the contractile augmentation which occurs even at low dATP levels. This study allowed for

quantification of the effects of dATP treatment on the three major transitions which make up

XB cycling for the first time.

Finally, our investigation turned to the impact of dATP on SERCA, which provides

insights into mechanisms of experimentally observed increases in Ca2+ relaxation during dATP

treatment [73]. In Chapter 5, 160 ns simulations of apo, Mg2+ATP-bound, and Mg2+dATP-

bound SERCA 2A were performed and analyzed. dATP was observed to make more contacts

with the SERCA 2A mucleotide binding pocket than ATP, and adopted a disparate dihedral

angle pattern throughout the molecule. dATP displayed an 80% increase in association rate to

apo SERCA compared to ATP, highlighting the potential for competitive dATP binding in an

elevated dATP treatment environment. dATP-SERCA was also found to prefer slightly more

open cytosolic interfaces between the N-P domains and the A-P domains, which may predict

faster phosphorylation and pump function. Key transmembrane helices became stabilized

by the presence of both nucleotides. In the case of dATP-SERCA, the shape of the Ca2+

L3 binding pathway was altered and set slightly lower into the transmembrane region. This,
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combined with upward movement of gating ligand E390, suggests that Ca2+ follows a different

path for Ca2+ binding than ATP or apo SERCA. In fact, Brownian dynamics modeling showed

that dATP-SERCA has higher association rates for Ca2+ binding Site II than Site I, which is the

opposite of the ATP-SERCA findings. Although this study gives an incomplete picture of the

effects of dATP on SERCA function, there are strong indications that dATP binding enhanges

the SERCA pump cycle which may explain the enhanced calcium transient relaxation present

during dATP treatment.

As outlined in the chapters above, the modeling methods herein contain challenges

and limitations. In the case of MD modeling, the short timescales studied make it difficult

to visualize major conformational changes in the protein. Two methods herein worked to

combat this issue: in chapter 1, the Anton supercomputer allowed us the computational power

to extend MD simulations to the multiple µs timescale. In Chapter 5, GaMD was employed to

boost protein energies in an attempt to sample a wider range of energetic conformations over

a short timescale. Additionally, MD modeling must be performed in a relatively small and

simplified system due to the complex nature of the calculation of forces at every atomic position.

Therefore, it is difficult to investigate the effects of multiple proteins interacting in the case of

the sarcomere or calcium handling. In BD simulations, the system is simplified even further

into a set of rigid bodies and an implied solvent, which allows for much larger timescales but

loss of atomistic detail regarding residue rearrangement in the binding region. Therefore, these

simulations are most successful when one has experimental data to compare association rates

(as in Chapter 1 and Chapter 4) or when one is investigating general electrostatic trends rather

than exact quantification (as in chapters 2 and 5). Markov State models of the sarcomere were

employed in Chapters 1 and 4 as a tool to integrate rate data gathered from smaller scale models.

The ODE model in chapter 1 benefits from extremely fast solving time, but lacks the spatial

detail necessary to investigate mechanisms of cooperative activation or details of crossbridge

cycling. The Monte Carlo model used in Chapter 4 provides more detail, but requires longer
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solve times due to the requirement of averaging hundreds of separate simulations dictated by

random number generation. Even this model is greatly simplified, lumping crucial steps of

protein-protein interaction at various stages of activation and relaxation. However, the addition

of more explicit steps would lead to the problem of overfitting, as many individual transitions

have not been experimentally measured and would require optimization. As in any model, these

methods seek to maintain a delicate balance between detail and efficiency to answer specific

questions of interest.

Whether investigating the effects of DCM-associated mutations or testing a drug which

has promise as a treatment for DCM patients, multiscale modeling can answer a wide range

of physiological questions which are unanswerable with current experimental techniques.

The enclosed work is an exploration and application of the ways in which computational

technologies at different scales can augment each other to fill the gaps in our understanding of

cardiac mechanics.
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