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Abstract

2’-deoxy-ATP (dATP) is a naturally occurring small molecule 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. These rates were then directly incorporated in a mechanistic Monte Carlo 

Markov Chain model of cooperative sarcomere contraction. A unique combination of increased 

powerstroke and detachment rates was required to match experimental steady-state and kinetic 

data for dATP force production in rat cardiac myocytes when the myosin attachment rate in the 

model was constrained by the results of a Brownian dynamics simulation. Nearest-neighbor 

cooperativity was seen to contribute to, but not fully explain, the steep relationship between 

dATP/ATP ratio and steady-state force-development observed at lower dATP concentrations. 

Dynamic twitch simulations performed using measured calcium transients as inputs showed that 
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the effects of dATP on the crossbridge alone were not sufficient to explain experimentally 

observed enhancement of relaxation kinetics by dATP treatment. Hence, dATP may also affect 

calcium handling even at low concentrations. By enabling the effects of dATP on sarcomere 

mechanics to be predicted, this multi-scale modelling framework may elucidate the molecular 

mechanisms by which dATP can have therapeutic effects on cardiac contractile dysfunction.

Keywords

multiscale modeling; sarcomere; brownian dynamics; myosin; cardiac contractility

1 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 [1, 2, 3]. It has also 

been found that, at low ratios of dATP to ATP, large nonlinear increases in force are 

observed at physiological Ca2+ concentrations [4]. 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 [5, 6]. 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 [7].

dATP has been studied experimentally in skinned myofibrils, cells, and small animal 

models, but the specific combination of mechanisms by which dATP improves contractility 

is not yet known. As previously hypothesized by Nowakowski et al. [3], mechanisms of 

deoxy-ADP and -ATP may 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 [3, 8]. Although significant work has been done to 

probe individual crossbridge transitions using transient kinetic methods [9, 10, 11], it is 

difficult to definitively decouple the complex array of molecular interactions occurring at 

small spatial and temporal scales. Multiscale computational models are a helpful tool for 

integrating heterogeneous experimental data. A variety of model paradigms have been used 

to simulate the contractile biophysics of the sarcomere [12, 13, 14]. 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 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 low ratios of 

dATP:ATP a result of nearest-neighbor cooperativity, or other factors? (3) How do altered 
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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. Further analysis 

shows that nearest-neighbor interactions between regulatory units along the thin filament 

likely contribute to the significant increases in steady-state force outputs at low fractions of 

dATP, but do not fully explain experimental findings. 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.

2 Methods

2.1 Model Description

We constructed a Monte Carlo Markov Chain (MCMC) model of thin filament activation 

and crossbridge cycling which is based on the integration of two existing Monte Carlo 

models of the sarcomere [12, 15]. The model has a total of five states for 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 [16, 12].

An RU may occupy one of five possible conformational states at a given time. In state B0, 

the Tm molecule is fully covering the myosin binding site on the actin thin filament, 

constituting the “Blocked” state. Rates kCa
+  and kCa

−  govern the transition to state 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 kB
+ and kB

− govern the transition to state 

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 kf
+ and kf

− govern the transition to state M1 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 kp
+ and kp

− govern the transition to state M2 in which the XB is bound and in the 

post-powerstroke, force producing state, after Pi release. We refer to the kp
+ parameter as the 

powerstroke rate in the text, but this is a lumped parameter encompassing the powerstroke 

and Pi release. Finally, rates kg
+  and kg

− allow RUs to transition back to the C state 

concurrently with ADP release and either repeat the XB cycle or relax back to the B states 

(Figure 1).

2.2 Thin filament activation kinetics and cooperativity

Thin filament cooperativity was introduced into the model in the same manner as previous 

studies [12, 16]. Briefly, we begin with the Gibbs relation to calculate an equilibrium 
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constant KBC
ref between states B and C, in the case where both neighboring RUs are in the C 

state:

KBC
ref = exp

−ΔGB C
ref

RT
(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:

ΔGBC
XY = ΔGBC

ref + ΔGBC
X + ΔGBC

Y (2)

Therefore the equilibrium constant K for the transition from B to C with left and right 

neighbors in states X and Y, is calculated as

KBC
XY = γ(XY )KBC

ref
(3)

As derived previously [12], the cooperativity coefficients for all possible combinations of 

neighbor states are:

γ(XY ) = γ(Y X) =

γB
−2 B, B

γB
−1 B, C

γB
−1γM B, M

1 C, C
γM C, M
γM

2 M, M

(4)

where

γB = exp−ΔGB C
B

RT

−1
(5)

and

γM = exp−ΔGB C
M

RT
(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 facilitates the movement toward the M 
state if the value of γM > 1. Both γB and γM take into account cooperative mechanisms 
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owing to Tm overlap. The γM parameter also implicitly encompasses strain dependence, as 

crossbridge attachment further facilitates movement into the M state for nearest-neighbor 

RUs.

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 

as:

kb +
XY = kb +

ref γ(XY )q (7)

kb −
XY = kb −

ref γ(XY )(q − 1) (8)

The calcium binding step is not considered to be a cooperative process, and rates are 

calculated as:

kCa
+ = kCa

+ref ∗ Ca2 + (9)

kCa
− = kCa

−ref
(10)

2.3 Crossbridge Cycling Kinetics

As described in previous studies [15, 17], the free energy of each crossbridge cycling state is 

defined as a function of XB distortion:

GC = 0 (11)

GM1 = αΔG + kX B, RT x − xb0
2 (12)

GM2 = ηΔG + kX B, RTx2 (13)

Where constants α = 0.28 and η = 0.68 as set in the original model [15], and ΔG represents 

free energy of ATP turnover. XB distortion in the M1 state was considered to be 0, which 

simplifies the free energy profile for state M1 to GM a = αΔG. XB distortion in the M2 state 

was assumed to be 7.5 nm. ΔG was determined as a function of concentrations of ATP, ADP, 

and Pi which were assumed to be constant for our system:

ΔG = ΔGATP − ln [ATP ]
[ADP ][Pi] (14)

where [ATP] and [Pi] = 3 mM, [ADP] = 30 uM, and ΔGATP = 13 RT.
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In order to maintain detailed balance, reverse rates rji for XB transitions were calculated 

from forward rates rij through the following relationship :

rx, ij(x)
rx, ji(x) = eGi(x) − Gj(x)

(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, kp
−, which represents the transition from the M2 state 

back to the M1 state,

kP
− = kP

+

eG M1(x) − G M2(x) (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 M1 and C to M2 transitions, the equilibrium constant for the transition from C to M is

KCMXY = μ(XY )KCMref (17)

and the coefficients μ(XY) are:

μ(XY ) = μ(Y X) =

μB
−2 B, B

μB
−1 B, C

μB
−1μM B, M

1 C, C
μM C, M
μM

2 M, M

(18)

The coefficient r that determines the weight of cooperative coefficient μ toward M or C 
states was set to 1 for all simulations, where r enters into dynamic simulations as:

f+XY = f+refμ(XY )r (19)

f−XY = f−refμ(XY )(r − 1) (20)

g+XY = g+refμ(XY )(r − 1) (21)

g−XY = g−refμ(XY )r (22)
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2.4 Monte Carlo Methods

The isometric model was simulated in time using Monte Carlo methods and implemented 

for fast execution on a GPU using CUDA. The probability of a given transition pij at a given 

time step was calculated as:

pij = rijΔt (23)

where rij is the reaction rate considering the state of the left and right neighboring RUs and 

Δt 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 1. For example, in the case where a given RU is in 

the M1 state, with a left neighbor in the B0 state and right neighbor in the C state,

P1 = kP
+Δt (24)

P2 = f−(BC)Δt (25)

The final state of the RU, Zt+Δt, is determined by comparing R to P1 and P2. If R < P1, Zt+Δt 

= M2. If P1 < R < (P1 + P2), Zt+Δt = C. If (P1 + P2) < R, Zt+Δt = M1, in other words, the RU 

does not change states. A timestep of Δt = 5e−4 ms was chosen for the simulations. As 

investigated in previous versions of the model, this step size was necessary to ensure that all 

transition probabilities for a given state, when multiplied by timestep and summed, do not 

approach or exceed 1 [12, 16].

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. Simulations were repeated a minimum of 1000 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 M2 state at any time t. Therefore, to calculate steady state force FSS, the 

number of RUs in the M2 state for all 2.5 < t < 3.0s were averaged, and normalized to the 

value at pCa = 4.0 (Figure 1 B–D).

To simulate slack-restretch experiments for the calculation of rate of tension redevelopment 

(ktr), a steady-state simulation is run for 2 s to achieve steady state force, at which point all 

RUs are reset to state B1 to simulate breaking of XBs. Then, the steady state simulation 

continues to allow maximum steady state force to redevelop and ktr is calculated as ktr = 

(1.264t1/2)−1 [18] in order to compare with experimental values which were calculated in the 

same manner [19].

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 [1]. For each RU moving from the C 
state to the M state, an additional random number P was generated at each time point. This 
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number was compared to the inputted percent dATP of the system. If P > percentdATP, the 

ATP rates were used to govern the transition. However, if P ≤ percentdATP, dATP was 

considered to be bound to myosin 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 M1 and M2 states depending on the nucleotide present during the 

tropomyosin transition from C to M.

2.5 Parameter selection and optimization

Wild type (WT) steady state force values at various Ca2+ concentrations were optimized to 

experimental data from Regnier et al. [19], who measured steady-state force in skinned rat 

trabeculae (male Sprague-Dawley rats, 200–250 grams) with the α-myosin heavy chain (α-

MHC) isoform and varying [ATP] in the system. It was also assumed that γB > γM > μM as 

in previous studies because the energy required to move Tm 25 degrees from the C to B state 

is assumed to be higher than the smaller 10-degree C to M transition [12]. Optimized 

parameters are displayed on the first line of Table 1. Optimization was further constrained by 

matching the experimental slack-restretch rate of tension redevelopment (ktr) at pCa = 4.0, 

which was measured to be 13.8 s−1.

The value of kCa
+  was set to 0.09 μM−1ms−1 based on experimental FRET studies of Tn-Tm 

complexes in rats [20]. kf
+ was set to 0.0025 μM−1ms−1 based on various experimental 

measurements of acto-myosin association [21, 22]. Other model parameters were optimized 

to minimize a combined root mean square error of 9 steady state force data points and a 

single ktr value, and are summarized in Table 1. The corresponding steady state output 

values are visualized as the black curve in Figure 3A.

In this study, we used the particle swarm optimization (PSO) technique [23] to find the 

optimal values of the model parameters. This particular fitting algorithm belongs to a 

population search class of optimization methods, which is normally used to improve a 

candidate solution with regard to a given quality measure. The PSO algorithm starts by 

distributing initial particles (random values assigned to each model parameters), which are 

normally known as solution candidates. These solution candidates are also assigned initial 

velocities. An objective function for each particle location is then formed to determine the 

lowest function value and the “best” position. New velocities are then computed using the 

current velocity, the particles’ individual best locations, and the best locations of their 

neighbouring candidates. The process is repeated iteratively until the algorithm reaches the 

desired stopping accuracy criterion. More details about the PSO method can be found in 

[24].

2.6 Brownian dynamics

Brownian Dynamics studies were used to quantify the change in acto-myosin association 

rate due to dATP treatment. Methods for the simulations drawn from herein are described in 

detail in [25] and illustrated in Figure 2A. PDB: 5KG8 was used as a template structure for 

the bound conformation of myosin and an actin dimer [26] (Figure 2B). The template 

structure 5KG8 represents Myosin X binding to the actin thin filament, which is a different 

isoform than the one used in our simulations, but the template was used only to orient 
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myosin and actin in an approximate bound conformation for the purpose of simulation setup. 

ADP- and dADP- bound myosin S1 structures were gathered from run 1 of molecular 

dynamics simulations from Nowakowski et. al. [8] at 50 ns. PQR files were created for all 

structures using the Amber18 forcefield with PDB2PQR [27, 28, 29]. Electrostatic fields 

were generated for both myosin and actin structures using APBS [30].

To determine association rates, Brownian dynamics (BD) simulations were performed using 

BrownDye software [31] (Figure 2A). For each trajectory, BrownDye spawns the myosin 

molecule at a random position on a sphere at radius b from the actin dimer. A combination 

of Brownian motion and intermolecular forces (electrostatics and short range forces) 

determine whether the molecules move closer together, to within the set reaction distance, or 

separate to a farther q orbit and escape from each other. 500,000 trajectories were completed 

for both ADP-and dADP myosin association with an actin dimer. For each trajectory, a 

binding event was considered to occur if three atom pairs (calculated as likely hydrogen 

bonding atoms within 3.5 Å of each other in the bound conformation) moved within a 

certain reaction distance during the trajectory. The distance criterion was tested by 

performing spot checks of 25 random association trajectories to ensure that association 

events captured the correct alignment of the molecules. 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 information on BD methods and rate calculation, see [25].

3 Results

3.1 Brownian dynamics studies quantify increased XB attachment rate for dATP-myosin

After optimizing the model for the WT ATP case, attempts were made to match the 

experimental dATP data by altering just three parameters: kf
+ (XB attachment), kp

+

(powerstroke rate), and kg
+  (XB detachment). These three parameters were chosen because 

they are transition points that directly involve ATP and its interaction with myosin S1 [17]. 

As hypothesized previously [1, 3], 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. 

Brownian dynamics simulations of myosin-actin association showed a significant increase in 

XB association rate for all measured reaction distances [25]. Our assumed value for kf
+ in an 

all-ATP system (0.0025 ms−1) constrains the BD study to a reaction distance of 8.28 Å. A 

local myosin concentration of 1 μM was assumed in order to convert the second order 

association rate to the first-order kf
+. If we assume a quasi-steady state among the 

crossbridge states, and that kf
− remains the same from ATP to dATP, then the exact value of 

this myosin concentration should have no effect on the results. Using the same reaction 

distance in order to provide an accurate rate comparison, BD simulations predicted that 
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dATP increases the association rate kf
+ (XB attachment) 2.3-fold to 0.00567 ms−1 (Figure 

2C).

The results show a clear increase in XB attachment when dATP is bound to myosin rather 

than ATP. This is consistent with previous hypotheses that dATP increases force by 

increasing XB attachment rate. For the range of reaction distances 7 Å to 10 Å, fold change 

between ATP myosin and dATP myosin ranges between 2.2 and 2.8, indicating relatively 

stable effect of dATP on the system for this physiological range, even if a different wildtype 

association rate were to be chosen.

3.2 dATP increases maximum steady state force and Calcium sensitivity

Considering a single calculated kf
+ determined directly from BD simulations, we attempted 

to recreate experimental steady state and dynamic data in a dATP system by altering kp
+ and 

kg
+ . Initial attempts were made to match kinetics by altering solely kg

+ , but this did not allow 

us to represent an accurate increase in ktr (see Figure S1). Accurate recreation of both steady 

state and slack-restretch experimental data requires an increase in both maximum force and 

calcium sensitivity, in other words, a combination of increases in kp
+ and kg

+, in order to 

attain low residual values for both steady state and ktr data.

After optimizing for kp
+ and kg

+, the dATP experimental steady state data could indeed be 

reliably recreated with a unique set of XB parameters (Figure 3). A combination of 

kp
+ = 0.08ms−1, a 60% increase, and kg

+ = 0.23ms−1, an 70% increase, minimized the residual 

compared to experimental dATP data. The best fits to the experimental steady-state force-

pCa curves can be seen in Figure 3A. The maximum force is higher than experimental 

values, but the overall residual is 0.15 and ktr matches the experimentally calculated value of 

17.6 s−1 exactly.

At pCa = 4.0, experiments determined ktr = 13.8 s−1 for the ATP case and 17.6 s−1 for the 

dATP case, a 27.5% increase [19]. In our simulations, ktr = 13.4 s−1 for ATP and 17.6 s−1 for 

dATP, a 31% increase. The simulated ktr experiments are displayed in Figure 3B and C, 

visualized to demonstrate change in maximum force (Figure 3B) and tension redevelopment 

kinetics (Figure 3C) in the separate images. The experimental ktr values are remarkably 

close to the simulated values, with error in the ATP case of 0.4 s−1 or 2.9%. Although it was 

possible to more closely match steady state experimental results by lowering kp
+  to 0.03 ms

−1, this parameter change led to lower ktr than the ATP case which is nonphysiological (see 

Figure S2). A sensitivity analysis of rates kp
+  and kg

+  was performed in order to test effects 

on maximum force and calcium sensitivity for each of the two rates on steady state behavior, 

and is shown in Figure S1.

3.3 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 the steady state force is displayed for 

various dATP percents at pCa = 5.5 and pCa = 4.0 to allow for qualitative comparisons to 
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experimental studies in skinned pig trabeculae [4]. Exaggerated nonlinear increases are seen 

at very low dATP levels at both pCa 4.0 and 5.5 (Figure 4, black lines). For example, at 10% 

dATP, an overall 34% increase in force is apparent at pCa 4.0, and a 27% increase at pCa 

5.5. 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. For example, at 10% dATP, the force increase without coupling is 32% at pCa 

4.0, and 24% at pCa 5.5.

At both pCa values, the nonlinearity of the relationship is decreased slightly when RU-RU 

coupling is removed from the model. At the therapeutic 5% dATP value with RU-RU 

coupling, 19.1% of maximal force development is acheived. A slightly 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. The most pronounced effect of RU coupling is instead apparent in 

maximum force development. For the 4.0 pCa, 0% dATP case, without RU coupling the 

steady state force was just 27.3% of the force in the full model, although the figure has been 

normalized to demonstrate nonlinearity more clearly.

3.4 dATP enhances twitch kinetics

Twitch simulations were performed by inputting calcium transients measured in adult rat 

cardiomyocytes paced at 0.5 Hz by Korte et al. [2] into the model and observing force 

outputs. The input transients are visible in insets of Figure 5. First, the untreated calcium 

transient was tested on varying ratios of dATP to ATP in the XB model. Increasing dATP 

percent led to increased maximum twitch force, with the 100% dATP case resulting in a 

48% increase in maximum twitch force compared to WT. At 25% dATP, the maximum force 

increase was 35% of the full dATP gain, 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 68.5 ms to 76 ms 

in the 100% dATP case compared to WT (5B). As for the time to 90% relaxation (RT90), in 

the 100% dATP case RT90 = 144 ms, a decrease compared to the ATP case where RT90 = 

162 ms. In the original experiments, these values both decreased with dATP treatment. A 

direct value comparison isn’t possible, however, because the experiments measured 

shortening in intact cells, whereas our model simulates isometric skinned trabeculae.

During the experiments, an altered calcium transient was also 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 decreased to 42 ms (5C) in the 

dATP case. RT90 also decreased in the dATP case to 86 ms from the WT value of 162 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.

McCabe et al. Page 11

Arch Biochem Biophys. Author manuscript; available in PMC 2021 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4 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 quantities compared to ATP, can 

significantly increase myocyte twitch force, thin filament calcium sensitivity, and twitch 

force kinetics. Using atomistic Brownian dynamics simulations, we predicted significant 

increases in the attachment rate of dADP-myosin to actin than ADP-myosin. In alignment 

with a previous study combining electrostatic analysis of the myosin-actin binding surface 

and x-ray diffraction experiments, the increase in attachment rate is likely due to 

electrostatic changes to the myosin surface after dATP binding [25]. 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 tension 

redevelopment measurements in rat trabeculae. These optimizations suggested that the 

attachment rate increase predicted by BD simulations of myosin association to an actin (2.3 

fold), combined with modest increases in both the powerstroke and XB detachment rate 

(60% and 70%, respectively), reliably reproduce tension development and steady state 

experimental results. The increase in duty cycle (due to a larger 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 kf
+ must be higher 

than increases to kg
+ [19]. In comparing slack-restretch simulation results to experimental 

data (Figure 3B), relative error was calculated using the ktr value rather than specific 

experimental data points. This method of comparison was chosen due to variance in 

individual experiments, and our 31% increase in ktr is within the bounds established during 

the experimental study (27 ± 5% ) [19].

An interesting finding regarding the therapeutic potential of dATP is that relatively large 

force increases have been observed even at small dATP/ATP ratios [2, 3, 32]. Using the 

optimized dATP XB cycling rates, our model predicts that a positive nonlinear force increase 

occurs in steady state cases, with 19.1% of potential steady state force increase occurring at 

just 5% dATP in a Ca2+-rich 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 at pCa 5.5 but force increases were relatively linear compared to dATP 

concentration at pCa 4.0 [4]. Our study demonstrated a nonlinear pattern at all pCa values, 

even without RU-RU coupling present. Our initial hypothesis was 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. Without RU coupling, the nonlinear 

effects are less pronounced in our model. However, there are other factors at play which 

must contribute to the positive nonlinearity apparent even without coupling. One potential 

contributor may be the increase in XB cycling speed and duty cycle of dATP-bound XBs. 

From the two-actin BD simulation, kf
+ increased 2.3-fold and kg

+ was increased by 60%. This 

larger increase in attachment rate compared to detachment leads to a greater overall M state 

occupancy in the dATP case. 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. 

Further experimental study of this phemonenon in rat cardiomyocytes would allow for a 
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more definite conclusion. Although our model replicates the overall positive nonlinear 

phenomenon, there were quantitative differences between our model results and 

experimental results in the pig studies [4]. This discrepancy may be due to species 

differences. 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 [19].

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 slows as indicated by RT50. 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 [2], accelerated relaxation rates were indeed observed in the model, both 

in RT50 and RT90. 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 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 two 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 predict a reasonable change in myosin attachment rate is 

evidence of the significant role that electrostatic acto-myosin interactions have in the 

differences between observed attachment rate for ATP- and dATP- myosin. Further 

molecular study should be pursued to validate the accuracy of the specific rate constants, e.g. 

the 60% increase in powerstroke rate and 70% increase in detachment rate resulting from 

dATP binding predicted by our model.

The Markov State model used in our study, although chosen for spatial tracking of RUs and 

simple manipulation of cooperativity coefficients, remains limited in applicability. For 

example, the model currently has isometric-only functionality, and does not explicitly factor 

in strain dependent mechanisms. We also do not account for filament compliance or the 

possibility that multiple S1 heads may bind to a single RU, which is a strength of other 

models [33, 15]. Another assumption made for model simplicity is that movement of Tm 

into the M state is necessarily coincident with XB attachment, which may not be valid in all 

circumstances [34]. The assumptions made allowed us to answer a limited range of 

questions about isometric experimental data, but future work should investigate shortening 
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capability and integration with other cellular processes such as metabolism and calcium 

handling. Our findings also require further experimental validation to ensure that our 

predictions about isometric twitch kinetics and nonlinear steady state force increases at low 

dATP treatment levels are indeed correct. Despite the lack of existing experimental data in 

intact cardiac muscle that would allow a 1-to-1 comparison for the twitch simulations 

presented in Figure 5, there are comparable experimental results in ventricular function [35, 

36, 5, 6] which gave us confidence in our findings.

Our results strengthen the hypothesis that the mechanism of dATP therapy, with regard to 

improvements in crossbridge function, is largely based on acto-myosin interaction. 

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 isometric experimental results 

regarding the effects of dATP therapy on steady state force production and tension 

development 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, concluded that a XB detachment rate of 70% is required to match kinetic and 

steady state experimental results. We recommend further study to investigate the effects of 

dATP on calcium reuptake, through a combination of increased calcium buffering on the thin 

filament and dATP interactions with Ca2+-ATPases. Using our multiscale framework of 

integration from atomistic scale to a Monte Carlo Markov Chain model of sarcomere 

mechanics, we have quantified the electrostatic effects of dATP on myosin-actin association 

and investigated the impact of dATP on sarcomere force development.
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Figure 1: 
(A) Schematic outlining the 5 main states of the Monte Carlo Markov Chain 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. 

M1 represents the pre-powerstroke attached myosin position, and M2 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, 1000 3-second 

timecourses are run and averaged at each pCa value being tested and occupancy of each state 

is tracked. (C) M2 state occupancy is considered to be directly related to overall force 

production. The steady-state M2 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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Figure 2: 
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 Å from the actin dimer. 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 to the q radius and escaped. B. The bound conformation of ADP-myosin 

(black) or dADP-myosin (cyan) with an actin dimer, visualized using VMD [37]. C. 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 0.0025 (μM−1ms−1) 

which corresponds to a reaction distance of 8.28 Å. Using the same reaction distance, the 

dATP actin-myosin association rate is determined to be 0.00567 (μM−1ms−1).
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Figure 3: 
A. Optimized ATP and dATP steady state curves compared to experimental data from 

Regnier et al. Experimental data are dots with error bars, and solid lines are simulations 

(black = ATP, cyan = dATP). B. Slack restretch simulations used to calculate ktr for different 

parameter sets at pCa = 4.0 (black = ATP, cyan = dATP). Absolute forces were normalized to 

the maximum ATP 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.
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Figure 4: 
Steady state force at pCa 4.0 and pCa 5.5 as a function of dATP/ATP ratio (all ATP case 

displayed as 0% dATP). black: RU-RU Coupling enabled, red: RU-RU coupling disabled (all 

cooperative coefficients = 1).
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Figure 5: 
Twitch simulations with experimental calcium transient inputs. A. Force (normalized to 

maximum ATP case force) as a function of time. The input calcium transient is displayed in 

the inset, and is digitized from [2]. Solid black line: ATP only. dotted line: 25% dATP. 

dashed line: 50% dATP. solid cyan: 100% dATP. B. Twitch results for the ATP and dATP 

curves from (A), normalized to the maximum force for each data set. C. Black line: ATP 

parameter set 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.
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Table 1:

Optimized parameters for ATP and dATP SS curve fitting. In the dATP case, the kf
+ value is determined from 

BD, and kp
+ and kg

+ were optimized to fit dATP steady state and ktr experimental data.

kCa
+ μM−1ms−1 kCa

− ms−1 kB
+ ms−1 kB

− ms−1 kf
+ ms−1 kp

+ ms−1 kg
+ ms−1 γB γM μM ktr 

(s
−1)

ATP 0.09 0.57 13 0.1 0.0025 0.05 0.135 45 21 2 13.4

dATP 0.00567 0.08 0.23 17.6
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