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Abstract 

Muscle myosins are molecular motors that hydrolyze ATP and generate force through 

coordinated interactions with actin filaments, known as cross-bridge cycling. During the cross-

bridge cycle, functional sites in myosin ‘sense’ changes in interactions with actin filaments and 

the nucleotide binding region, resulting in allosteric transmission of information throughout the 

structure. We investigated whether the dynamics of the post-powerstroke state of the cross-

bridge cycle are modulated in a nucleotide-dependent fashion. We compared molecular 

dynamics simulations of the myosin II motor domain (M) from Dictyostelium discoideum in the 

presence of ADP (M.ADP) versus 2’-deoxy-ADP bound myosin (M.dADP). We found that 

dADP was more flexible than ADP and the two nucleotides interacted with myosin in different 

ways. Replacement of ADP with dADP in the post-powerstroke state also altered the 

conformation of the actin binding region in myosin heads. Our results provide atomic level 

insights into allosteric communication networks in myosin that provide insight into the 

nucleotide-dependent dynamics of the cross-bridge cycle.
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Introduction 

Myosins are a superfamily of ATP-dependent, force-generating molecular motors that play 

significant biological roles in muscle contraction [1], cell adhesion and migration [2], tissue 

architecture [2], and cargo transport [3]. The structure of myosin is highly conserved across 

isoforms and across species, even though there is sequence variability [4]. Myosin heads contain 

four functional subdomains: the N-terminal domain, upper 50 kDa domain, lower 50 kDa 

domain, and the converter domain (Figure 1A-B). Each of these four subdomains interface with 

one another in the center of the protein in a region known as the transducer, which is a 7-

stranded -sheet [5]. Because of their ubiquity across the kingdoms of life, involvement in 

biological processes, and involvement in muscle diseases, there is a need to understand the 

molecular mechanisms that underlie force generation by these motor proteins. 

Small conformational changes in the four myosin subdomains propagate through the 

structure and result in large conformational changes in a process known as the cross-bridge cycle 

[6]. The cross-bridge cycle of myosin relies on coordinated protein dynamics and can be divided 

into multiple steps (Figure 1C) [7]. Each of these steps is influenced by the substrates in the 

catalytic site, the strength of the myosin:actin interaction, the orientation of the actin-binding 

cleft, and the orientation of the lever arm [8,9]. The major stages of the cycle include the pre-

powerstroke conformation (in which ATP has been hydrolyzed to cock the lever arm in 

preparation for the powerstroke), the actin-bound conformation (in which the powerstroke 

occurs) [10,11], the post-powerstroke conformation (after which ADP release occurs release), 

and the rigor conformation (which is a strongly-bound, nucleotide free state) [12]. ATP binding 

to the rigor conformation precipitates dissociation from actin [13]. The dynamic properties of the 

cross-bridge cycle can be altered by mutation or post-translational modification of the sequence 



 1 

[14], by small molecules [15], or by specific nucleotides used as fuel [16,17]. A dynamic, 

structurally based model of the cross-bridge cycle can provide a mechanistic framework that 

links structural changes in contractile proteins with altered dynamic cross-bridge behavior.  

 
Figure 1: Structural Schematic & Sequence of Myosin. (A)The structure of the myosin head is highly 

conserved and can be divided into four subdomains: the N-terminal (tan), upper 50 kDa (teal), lower 50 

kDa (brown), and converter (light blue) domains, and these four subdomains interface at the transducer 

(purple). (B) This schematic illustrates the major steps in the cross-bridge cycle. (1) The cycle 

begins when (d) ATP binds to myosin heads, releasing them from actin. (2) Next, (d)ATP 

hydrolysis primes myosin to bind actin. (3) Then, the power stroke occurs. (4) Finally, (d)ADP is 

released from the binding pocket. (C) The amino acid sequence is represented as a sequence of 

secondary structure elements (horizontal grey bars: loops, short boxes: -strands, tall boxes: -helices). 

The secondary structure elements are colored according to their respective subdomains in panel A. 

 

X-ray crystallography of myosin has provided the structural basis for our understanding 

of the cross-bridge cycle. Dictyostelium discoideum has been the most studied model organism 

for studying myosin conformations [18]. At least 34 structures of Dictyostelium discoideum 

myosin II have been deposited into the Protein Data Bank (PDB, www.rcsb.org) [19] and 

about:blank
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provide structural insights into the pre-powerstroke (e.g. PDB ID: 1VOM [20]), post-

powerstroke (e.g. 1MMA [21]), rigor-like (e.g. 1FMW [22]), and post-rigor-like (e.g. 1FMV 

[22]) conformations. However, those structures are static snapshots of an inherently dynamic 

motor. Molecular dynamics (MD) simulations complement structural studies by elucidating 

time-dependent structural changes in myosin. Furthermore, MD simulations are a useful tool to 

probe how structural changes or small molecules affect the structure and dynamics of myosin. 

Myosin derives the energy needed to generate force by catalyzing ATP to ADP + Pi; it is 

a promiscuous enzyme and can utilize numerous nucleotides as substrate. The naturally 

occurring nucleotide 2’-deoxy-ATP (dATP) is one such nucleotide and it increases the hydrolytic 

activity of skeletal [16] and cardiac [23] myosin, increases the magnitude and rate of contraction 

in multiple model systems, [16,17,23–27] and delays force decay during relaxation [28]. For 

these reasons, dATP is being investigated as a therapeutic small molecule to treat hypo-

contractility associated with heart failure. During contraction, dATP is hydrolyzed to dADP and 

inorganic phosphate (Pi), products that are sequentially released and associated with changes in 

myosin structure. The dADP is re-phosphorylated to dATP, primarily by creatine kinase such 

that the triphosphate form is repeatedly replenished. The release of (d)ADP from myosin is 

considered a rate limiting process of the crossbridge cycle during contraction, especially under 

load (tension). Since contraction is stronger and faster with dATP (vs. ATP), the M.(d)ADP state 

is an important part of the crossbridge cycle to study as this therapeutic molecule is developed. 

Also, using dATP to perturb myosin dynamics presents a unique opportunity to study the 

thermodynamics and kinetics of cross-bridge cycling. Our biophysical studies have shown that 

dATP influences multiple chemomechanical states of myosin. We recently reported that myosin 

is active to a greater extent in both relaxed and contracting muscle in the presence of elevated 
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dATP [29]. dATP also increases the NTPase rate in muscle [30], results in faster shortening 

contraction, and increases the motility of f-actin on myosin-coated surfaces [31]. We have 

reported on the kinetics of nucleotide binding and actin-myosin dissociation comparing ATP and 

dATP [25]. We did not observe differences in either of those kinetic parameters. However, the 

rates of force development, NTPase, and motility of f-actin (on myosin-coated surfaces) are all 

significantly enhanced by dATP. The rate limiting process in all of these measurements is likely 

the release of ADP prior to crossbridge detachment. Thus, we have chosen for this study to look 

at the structural dynamics of the M.(d)ADP state. Through complementary computational and 

experimental efforts we are systematically surveying the effects of dATP/dADP throughout the 

chemomechanical cycle. In a prior molecular dynamics study of pre-powerstroke D. discoideum 

myosin II, we found that substitution of dADP for ADP altered the conformational distribution 

of myosin heads to favor actin binding (this study corresponded to post-hydrolysis step 2 in 

Figure 1C) [31]. Here, we compare the dynamics of myosin in the post-powerstroke state in the 

presence of ADP versus dADP (step 4 in Figure 1C). These simulations provided information on 

the structural changes that may precipitate the release of ADP, an important step in the cross-

bridge cycle. Comparisons of simulations with dADP in the active site are used as a tool to probe 

how changes in the nucleotide binding pocked induce changes in the actin binding surface. 

 

Methods 

Model Building Myosin II from Dictyostelium discoideum in complex with Mg
2+

 and (d)ADP 

was simulated in the post-powerstroke state of the myosin chemomechanical cycle. The initial 

coordinates were obtained from the 2.1 Å X-ray structure for myosin from D. discoideum in 

complex with Mg
2+

 and ADP (PDB ID: 1MMA [21]). This structure of myosin was chosen for 
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comparison with our earlier simulations examining the dynamics of D. discoideum myosin II in 

the pre-powerstroke state. That study used initial coordinates obtained from PDB entry 1VOM 

[20]. Note that the 1MMA and 1VOM structures are both from D. discoideum but have 99% 

sequence identity (the amino acid sequence differs at positions 42, 65, 321, 322, 443, 446, and 

737). Residues in the lever arm are missing from both the 1MMA and 1VOM structures, which 

may bias the starting conformations used in our simulations. However, the converter domain 

adopts different orientations in the 1VOM and 1MMA structures, and these different orientations 

correspond to the swinging of the lever arm. This indicates that myosin structures can adequately 

capture conformational changes during the cross-bridge cycle in the absence of lever arm 

residues. Crystallographic solvent molecules were removed from the D. discoideum structure and 

missing coordinates were built using Modeller [32–34]. The starting structures for simulations 

containing dADP were built via replacement of the ADP molecule with a dADP molecule. ADP 

and dADP were parameterized as described previously [31]. 

 

Molecular Dynamics Simulations All-atom conventional molecular dynamics (MD) 

simulations were performed using the in lucem molecular mechanics (ilmm) simulation package 

with the Levitt et al. forcefield [35–37] and associated methods [38]. The modeled structures of 

post-powerstroke myosin were prepared for simulation in three phases: minimization, solvation, 

and equilibration. During minimization, hydrogen atoms were modeled onto the 

crystallographically determined structures and minimized over 500 steps of steepest descent 

minimization; then all atoms were minimized over 1000 steps of steepest descent minimization. 

During solvation, the systems were placed in a periodic box that extended 10 Å beyond any 

protein atom and were solvated with flexible three-center water molecules [39]. The myosin + 
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(d)ADP systems included ~85,600 atoms placed in 76 Å × 120 Å × 97 Å boxes. The solvent 

density was set to the experimentally determined density at 310 K (0.99336 g mL
-1

) [40]. During 

equilibration, solvent molecules were minimized for 500 steps of steepest descent minimization, 

equilibrated for 500 steps (1 ps) using the microcanonical (NVE, constant number of particles, 

volume, and energy) ensemble, and minimized for 500 steps of steepest descent minimization. 

Finally, all protein and ligand atoms were equilibrated for 500 steps (1 ps) using the NVE 

ensemble. After preparation, 50 nanosecond (ns) long molecular dynamics simulations of the 

myosin + Mg
2+

 + ADP and myosin + Mg
2+

 + dADP systems were performed in triplicate (6 total 

simulations, 300 ns net sampling time, Table 1) at 310 K using the NVE ensemble using a 2 fs 

timestep and a 10 Å force-shifted nonbonded cutoff [41], and structures were saved every 

picosecond for analysis. The replicates for each system all had the same starting coordinates, but 

different initial velocities were assigned using a random number seed. 

A separate set of control simulations was performed for ADP and dADP in isolation (2 

total simulations, 600 ns net sampling time, Table 1). The minimization, solvation, and 

equilibration protocols for the isolated nucleotide simulations were identical to those used for the 

myosin + nucleotide simulations described above.  Single replicate (n = 1) production 

simulations for both systems were performed for 300 ns at 310 K using the NVE ensemble, a 2 fs 

timestep, and a 10 Å force-shifted nonbonded cutoff. Structures were saved every picosecond for 

analysis. The simulations presented in this study are summarized in Table 1. 

 

Molecular Dynamics Analysis MD simulations were analyzed using the ilmm software package 

and custom python scripts. Protein images were rendered with UCSF Chimera [42].  2D dihedral 

angle maps were discretized into 5° × 5° bins. Conformational entropy of 2D dihedral angle 
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maps was calculated using Equation 1, where R is the gas constant and pi is the fraction of the 

ensemble that sampled each 5° × 5° bin.  

 

𝑆 =  −𝑅 ∑ 𝑝𝑖𝑙𝑛(𝑝𝑖)

𝑖

 

Equation 1 

The percent coverage of 2D dihedral angle maps corresponds to the percent of 5° × 5° bins 

sampled at least once during the simulations. The solvent accessible surface area was calculated 

using the method of Lee and Richards [43]. Contacts were identified by calculating interatomic 

distances; atoms were considered in contact with one another if their interatomic distance was < 

5.4 Å (two carbon atoms) or < 4.6 Å (two non-carbon atoms) and hydrogen bonds were 

identified if the donor– acceptor distance was < 2.6 Å and the angle formed by the donor, 

hydrogen, and acceptor was within 45.0° of linearity. The first 10 ns of the myosin + nucleotide 

simulations were excluded from all analyses to allow for equilibration. The first ns of the isolated 

nucleotide simulations were excluded from all analyses.  

 

Table 1. Inventory of simulations presented in this study 

 
System Replicates (n) Length (nanoseconds) 

Myosin (1MMA) + Mg
2+

 + ADP 3 50 

Myosin (1MMA) + Mg
2+

  + dADP 3 50 

Isolated ADP 1 300 

Isolated dADP 1 300 

 

Results 

 

ADP and dADP were dynamically distinct. The difference between the structure of ADP 

and dADP occurs at the 2’ position of the ribose ring (Figure 2A). In ADP a hydroxyl group is 



 1 

attached to C2’, while in dADP, this hydroxyl group is replaced by a hydrogen atom. Although 

ADP and dADP only differ by a single hydroxyl group on the ribose ring, the two nucleotides 

sampled different conformations within the nucleotide binding pockets. We defined 6 dihedral 

angles of the nucleotides: 1 (O1B-PB-O3A-PA), 2 (PB-O3A-PA-O5’), 3 (O3A-PA-O5’-C5’), 

4 (PA-O5’-C5’-C4’), 5 (O5’-C5’-C4’-O4’), 6 (O4’-C1’-N9-C8) and organized them into three 

dihedral angle maps that reveal accessible conformations of the nucleotides: 1 vs. 2, 3 vs. 4, 

and 5 vs. 6  (Figure 2B). We quantified the conformational sampling of the nucleotides by 

calculating the conformational entropy (Table 2) and percent coverage (Table 3) of each of these 

maps, analogous to what has been done with proteins [44]. dADP was more flexible than ADP, 

sampling a greater number of conformations and adopting a single stable conformation by the 

end of the simulations. To determine whether the observed differences in sampling were due to 

intrinsic differences in the dynamics of the nucleotides, we performed additional simulations of 

either ADP or dADP alone in a water box. We did not observe differences in the conformational 

distributions of ADP and dADP in these control simulations (Figure S1), thus the differences 

observed in the myosin:nucleotide simulations can be attributed to unique interactions between 

the nucleotides and myosin (Figure S1, Table 2, Table 3). In the absence of the hydroxyl group, 

dADP had altered electrostatic interactions with myosin. The altered electrostatics within the 

binding pocket caused ADP and dADP to form distinct sets of interactions with myosin. 

Contacts formed between the phosphate groups of the nucleotides and the p-loop of myosin 

(residues 179-186) were the most stable (Figure 3A, Table S1), but ADP formed more frequent 

interactions with  
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Figure 2: Conformational sampling of ADP and dADP. Six dihedral angles were defined for both 

nucleotides: 1 (O1B-PB-O3A-PA), 2 (PB-O3A-PA-O5’), 3 (O3A-PA-O5’-C5’), 4 (PA-O5’-C5’-C4’), 

5 (O5’-C5’-C4’-O4’), 6 (O4’-C1’-N9-C8) (A). These angles were organized into three maps for ADP 

(B) and dADP (C). Each map is a two- dimensional histogram (5°×5° bins) of the conformations sampled 

by the nucleotides in the nucleotide + myosin simulations (data from the three replicate simulations are 

combined). The color of each bin indicates the percent of the ensemble that sampled the bin.  

 

Table 2. Conformational entropy of ADP and dADP 

Dihedral Pair 
ADP 

cal mol-1 K-1 
dADP 

cal mol-1 K-1 
ADP + myosin  

cal mol-1 K-1 
dADP + myosin 

cal mol-1 K-1 

1 vs. 2 13.1 13.0 6.37 7.15 

3 vs. 4 12.2 12.3 11.5 12.7 

5 vs. 6 12.3 12.2 11.6 13.0 

 

Table 3. Percentage of dihedral maps sampled by ADP and dADP 
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Dihedral Pair 
ADP 

% 
dADP 

% 
ADP + myosin  

% 
dADP + myosin 

% 

1 vs. 2 62 60 3 4 

3 vs. 4 40 40 29 31 

5 vs. 6 46 42 22 34 

 

N-terminal p-loop residues (180, 181) while dADP formed more frequent interactions with C-

terminal p-loop residues (183, 184).  dADP formed interactions with switch 1 residues (233-240) 

more frequently than ADP (Figure 3A). ADP formed transient interactions with the loop that 

connects the transducer to the SH1 and SH2 helices (residues 657-668) more frequently than 

dADP. Neither nucleotide interacted with switch 2 residues (residues 454-459) for a significant 

fraction of the simulation time. The combined effects of these altered interactions caused ADP to 

sample conformations similar to the crystallographic structure (Figure 3B and 3C), but both the 

sugar and purine rings of dADP were flexible and formed transient, heterogeneous interactions 

with myosin residues (Figure 3B and 3D). Our results suggest that the loss of a hydroxyl group 

in dADP alters electrostatic interactions within the binding pocket, causing ADP and dADP to 

have distinct preferences for myosin residues to interact with. Though we did not observe 

statistically significant differences in contact frequencies, ADP and dADP preferentially 

interacted with myosin residues on opposing sides of the nucleotide binding pocket (Figure 3).  
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Nucleotide-dependent sampling in the 

post-powerstroke state. Myosin and the 

chemomechanical cycle itself are subject to 

significant allosteric regulation: changes in 

interactions at the actomyosin interface as well as 

changes among the contents of the nucleotide 

binding pocket are transmitted through the protein 

complex and precipitate the large-scale 

conformational changes associated with the power 

and recovery strokes. This allosteric control was 

observed in our ADP and dADP simulations: the 

changes in contacts made by dADP relative to 

ADP were associated with distinct dynamics in 

myosin. These distinct dynamics were not 

restricted to the vicinity of the nucleotide binding 

pocket: conformational changes were observed 

throughout the protein. 

  

 

 

 

Figure 3. Nucleotide-Myosin interactions. (A) Each bar corresponds to an interaction between ADP 

(black bars) or dADP (blue bars) and residues in myosin (x-axis). The height of each bar is proportional 

to the percentage of the simulation time (averaged across the three replicate simulations) that the contact 

was observed, error lines denote standard deviation. In panels B-D, residues in myosin are colored 

according to the difference in contact frequency between ADP and dADP. Residues that interacted more 
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frequently with ADP are colored black and residues that interacted more frequently with dADP are 

colored blue. The average differences in contact frequency were mapped onto the minimized starting 

structure (B) and the endpoints of one myosin+ADP simulation (C) and one myosin+dADP simulation 

(D). 

 

To identify differences in the structure in the presence of different nucleotides, we 

calculated the C root-mean-squared deviation (RMSD) of all C atoms after alignment to all C 

atoms (Figure 4A-F). Over the course of the 50 ns simulations, the myosin heads that bound 

ADP sampled conformations within 8 Å of the minimized starting structure while the myosins 

that bound dADP sampled conformations within 6 Å of the minimized starting structure (Figure 

4A,B). Residues within the unstructured N-terminal domain, SH3  
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Figure 4: Conformational sampling in MD simulations of post-powerstroke myosin. The C RMSD 

of the myosin heads relative to the minimized starting structure was calculated as a function of time (A: 

ADP; B: dADP) and residue number (C,E: ADP; D,F: dADP). In A-D, results from replicate simulations 

are shown in shades of grey (ADP) or blue (dADP). In C-D, the average results from the replicate 

simulations are plotted as a continuous, thick back line. The average C RMSF values per residue are 

mapped onto the minimized crystal structure in panels E and F. (G) After alignment of the trajectories to 

the most stable residues, we also calculated the average RMSD (averaged both across the duration of the 

simulation and across replicate simulations) for specific subdomains in myosin. The five regions were 

the N-terminal domain (10-15, 99-112, 137-142, and 155-168), SH3 domain (residues 34-37, 48-

55, 59-63, 70-73, and 77-80), upper 50 kDa domain (residues 210-226, 265-268, 278-287, 290-

295, 301-303, 320-334, 338-356, 373-382, 386-394,  411-440, 594-601, 606-613, 615-618) the 

lower 50 kDa domain (residues 466-494, 506-534, 540-551, 567-580, 584-589, and 630-647), 

and the converter domain (residues 722-730 and 748:753)  Those average values are reported for the 

ADP (black bars) and dADP (blue bars) simulations. 

 

domain, and the converter domain (which does not adopt a completely folded structure in 

1MMA, likely due to truncated lever arm residues) contributed the most to the deviation from the 

crystal structure (Figure 4C-F) although conformational differences within the motor were also 

observed. To identify conformational changes within the subdomains of the myosin head, we 

performed a second RMSD calculation, where the residues that were the least mobile were used 

to align the trajectories. The residues chosen were those with C RMSFs < 1.2 Å in both the 

ADP and dADP simulations (Figure 4C-F) and are summarized in Table S2. After alignment, we 

calculated the C RMSDs of 5 regions of myosin. We only calculated the RMSDs for residues 

that formed stable secondary structure motifs in the crystal structure. The five regions were the 

N-terminal domain, SH3 domain, upper 50 kDa domain, the lower 50 kDa domain, and the 

converter domain (Figure 4G). Using these alignments, we calculated the average RMSD across 

the replicate simulations. The upper 50 kDa had similar flexibility in the ADP and dADP 

simulations. The N-terminal, lower 50 kDa, and converter domains experienced greater 

deviations from the minimized crystal structure in the ADP simulations than the dADP 

simulations. The SH3 domain experienced greater deviation from the minimized structure in the 
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dADP simulations than in the ADP simulations. This suggests that changing the nucleotide 

bound to myosin can affect the dynamics of the entire head domain. Although nucleotide-

induced differences in the N-terminal and converter domains may exist, these regions are mostly 

unstructured in these simulations (and the crystal structure) due to the absence of the lever arm 

residues. Similarly, the SH3 domain is flexible and known to participate in energy transduction 

in myosin, but its specific roles have not been definitively established [45]. 

We observed distinct myosin conformations when ADP or dADP were in the binding 

pocket, although the difference in RMSD of these regions were not statistically significant. The 

replicate simulations have not converged to a self-consistent [46] ensemble: the 50 ns endpoint 

conformations may represent local minima in conformational space. It is possible that there 

exists a conformation of myosin that is a global minimum in the presence of either ADP or 

dADP. However, our simulations indicate that the myosin+ADP and myosin+dADP have 

distinct conformational landscapes. Both sets of simulations began from the same 

crystallographic structure, yet the myosin+ADP and myosin+dADP simulations adopted distinct 

conformations, and these distinct conformations were populated among the triplicate runs. 

 

dADP stabilized the relative orientation of the upper and lower 50 kDa domains.  

To better understand how myosin interactions with actin may be altered, we focused our analysis 

on the conformational effects that dADP had on the actin binding cleft, formed at the interface of 

the upper and lower 50 kDa domains. Of those two subdomains in myosin, the lower 50 kDa 

domain experienced the greatest change relative to the crystal structure (Figure 4G). This 

corresponded to a twisting motion that affected the relative orientation of the upper and lower 50 

kDa domains (Figure 5). In the myosin + ADP simulations, the helix-loop-helix (HLH) of the 
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lower 50 kDa domain and loop 3 twisted in the direction of loop 2; the -hairpin lost contacts 

with the relay helix and projected towards the solvent; and switch 2 became more extended 

(Figure 5). These residues were also mobile in the myosin + dADP simulations, but the extent of 

motion was reduced relative to the myosin + ADP simulations. These data suggest that the actin 

binding cleft of myosin adopts distinct conformational ensembles in the presence of ADP versus 

dADP. 

   

 
 

Figure 5: dADP-induced conformational changes in the actin binding cleft.  The panels include 

ribbon structures of the myosin head for the minimized X-ray structure (left) and representative snapshots 

from MD simulations with ADP (center) or dADP (right). For clarity, the structures of myosin have been 

clipped such that the portion of the structure between the nucleotide binding pocket and converter domain 

is not visible here. The myosin heads are oriented with the actin binding cleft facing forward and the 

nucleotide binding pocket on the right. The nucleotides are represented as spheres. Residues in the lower 

50 kDa domain that were associated with the relative twisting motion of the upper and lower 50 kDa 

domains are colored magenta. 

 

dADP altered the actin binding site and increased the exposure of charged 

residues. The conformational changes to the actin binding cleft caused by the relative twisting 

of the upper and lower 50 kDa domains altered the properties of the actin binding cleft. We 

tracked the solvent accessible surface area of the actin binding residues within the cleft. Actin 

binding residues were chosen based on their modeled contacts in cryoEM structures of the 
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actomyosin complex.  dADP induced a shift in the solvent accessible surface area of the actin 

binding cleft. In all simulations performed, the actin binding cleft was flexible and experienced a 

breathing motion causing fluctuations in the solvent accessible surface area of the actin binding 

cleft over time (Figure 6A-B). The two nucleotides induced shifts in the solvent exposure of 

actin binding residues. In the simulations with dADP, there was an increase in the solvent 

exposure of polar atoms within charged actin binding residues (Figure 6A). The charged residues 

in loop 2, including R620 and K623, contributed the most to this increase (Figure 6C). In the 

simulations with ADP, there was an increase in the solvent exposure of nonpolar atoms of actin 

binding residues (Figure 6B). Neither the 1MMA structure nor these simulations contain actin, 

which should be bound to myosin in this state of the chemomechanical cycle. Thus, the observed 

differences in structural properties of the actin binding cleft may be different when myosin is 

bound to actin. 

dADP also induced changes in the geometry of the actin binding cleft. To probe the cleft 

geometry in our simulations, we calculated interatomic distances between residues within the 

cleft.  Klein et al. engineered Cys residues (at residue positions 270, 366, 401, 416, 463, 537, 

583, and 587) into D. discoideum S1 to probe the geometry of the actin binding cleft [47]. They 

labeled these Cys residues with IPSL [3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-

pyrolidinyloxy] or MSL [N-(1-Oxyl-2,2,6,6-tetramethyl-4-piperidinyl)maleimide] to probe 2 

‘inner-cleft’ distances (270-463 and 416-583) and 3 ‘outer-cleft’ distances (366-537, 401-537, 

and 416-537) with site-directed spin labeling. We calculated distances among the same residues 

probed by Klein et al. for those same residue pairs. This calculation is not a direct comparison 

with the results of Klein et al. as we did not model either Cys residue or spin labels into our 

simulations. The interatomic distances were instead calculated between the C atoms of the 
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residues at those positions in the sequence (Figure 6D). As was observed for the solvent 

accessible surface area calculations, the interatomic distances fluctuated over time, and those 

fluctuations were associated both with the breathing motion of the cleft and the relative twisting 

of the upper and lower 50 kDa domains. For both the ADP and dADP simulations, the ‘outer’ 

portion of the cleft was more flexible than the ‘inner’ portion. All three ‘outer’ cleft distance 

distributions were shifted towards shorter distances (corresponding to a more closed cleft) in the 

dADP simulations. The average shift was ~2Å for all three distances. Both of the ‘inner’ cleft 

distance distributions were shifted toward larger values (corresponding to a more open cleft) in 

the dADP simulations. The average shift was ~1Å for both distances (Figure 6D).  

 

Figure 6: The structural features of the actin binding cleft were nucleotide-dependent. Histograms 

of the solvent accessible surface area of polar atoms within charged residues at the actin binding surface 

(A),  nonpolar atoms within actin binding residues (B) and of specific residues within loop 2 (C) show 

that the actin binding surface of myosin changes when myosin is bound ADP (black bars) versus dADP 

(blue bars). Similarly, the geometry of the actin binding cleft (D), as monitored by interatomic distances 
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at 6 residues, was nucleotide dependent. The colors in D are the same as the other panels and the thick 

vertical bars correspond to the average ADP and dADP distances. 

 

The conformational effects of ADP and dADP propagate through the S1 head. In 

the simulations described here, we observed conformational differences in the dynamics of 

myosin + ADP versus myosin + dADP (Figure 2). Distinct nucleotide dynamics were associated 

with changes in the conformation (Figure 5) and structural properties (Figure 6) of the actin 

binding cleft. We analyzed the contacts formed between amino acid side chains to track how 

conformational changes in the nucleotide binding pocket propagated through the structure. We 

generated side chain – side chain contact maps for each trajectory (Figure 7A). The strength of 

each contact corresponds to the fraction of the simulation that the contact was observed. For each 

contact, we used a two-tailed Student’s t-test to evaluate whether the there was a statistically 

significant difference in the strength of the contact in the ADP or dADP simulations. Finally, we 

mapped contacts with significantly (p ≤ 0.05) different strengths onto the 1MMA crystal 

structure to observe how they propagated through the structure (Figure 7B, Table S3). The 

nucleotide-specific contacts clustered within three regions of the structure: the nucleotide 

binding pocket (see also Figure 3A), the HLH motif of the lower 50 kDa domain (see also Figure 

5), and the L and O helices of the upper 50 kDa domain (Figure 7B). The cluster of nucleotide-

specific contacts within the binding pocket reflected the distinct conformational ensembles 

populated by ADP and dADP. The cluster of nucleotide-specific contacts within the lower 50 

kDa domain correspond to the twisting motion observed more frequently in the ADP 

simulations. The cluster of nucleotide-specific contacts within the upper 50 kDa domain 

correspond to changes in the packing around the L and O helices. Specifically, residues 279-308 

and 594-618 form clusters of short -helices that pack against opposite sides of the central L and 

O helices. dADP induced subtle shifts in side chain packing among these sets of residues.  
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Several residues within the vicinity of the nucleotide binding pocket connected the three 

clusters of nucleotide-specific contacts and include residues 180-3, 186, 194, 214, 218-9, 230-3, 

238-9, and 456. Of these, the contact with the biggest difference in the ADP and dADP 

simulations was formed between R238 and S456. These residues are in switch 1 and switch 2, 

respectively, and they connect the nucleotide-binding pocket and lower 50 kDa domain. In the 

dADP simulations, a hydrogen bond formed between the side chains of these residues and that 

hydrogen bond was not observed in the ADP simulations. R238 also formed a salt bridge with 

E459 in both the ADP and dADP simulation but occurred much more frequently in the dADP 

simulations (Figure 7B). Formation of a hydrogen bond between the two residues reduced the 

conformational flexibility of switch 2: in the dADP simulations loop 2 formed a more compact, 

though disordered, structure, which may in turn reduce the conformational flexibility of the lower 

50 kDa domain. The dADP-induced conformational changes within the binding pocket allowed 

for the formation of the 238-456 contact and associated stabilization of the lower 50 kDa domain 

structure.  
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Figure 7: dADP influences the residue-residue interaction network in myosin. (A) Inter-residue contacts 

in myosin that had significantly different frequencies in the ADP and dADP simulations are mapped onto 

the minimized crystal structure. Those contacts are represented as pipes and are colored black when 

observed more frequently in the ADP simulations or blue when observed more frequently in the dADP 

simulations. The pipe diameter is proportional to the difference of the contacts’ frequency in the ADP or 

dADP simulations. All contact differences involving ADP or dADP are also mapped, independent of 

statistical significance. (B) Snapshots the minimized X-ray structure (left), and the endpoints of an ADP 

(middle) and dADP (right) simulation highlight the influence of the bound nucleotide on contacts made 

by R238, S456, and E459. 

 
Discussion 
 

During the powerstroke, myosin forms distinct sets of interactions with actin. These 

interactions precipitate release of catalytic byproducts (Pi, Mg, and ADP) from the nucleotide 

binding pocket, which, in turn, results in changes in myosin structure. The crystal structure that 
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serves as the basis for these simulations, 1MMA, models the post-powerstroke state after release 

of Pi, which corresponds to a state of myosin strongly bound to actin and ADP less tightly 

associated with myosin [7]. The simulations described here model events that occur prior to 

release of Mg
2+

. Since neither the 1MMA crystal structure nor our simulations contain actin, our 

current model of post-powerstroke dynamics does not capture the allosteric effects of the 

actomyosin interaction on myosin dynamics. Instead, we have focused on structural changes 

imposed on the myosin motor domain by dADP binding in place of ADP. The therapeutic 

potential of dATP is promising: the simulations described here predict some molecular 

mechanisms by which dATP and its catalyzed form exert their effects. However, three factors 

limit the results of these simulations. First, our triplicate simulations were performed for 50 ns 

each: longer sampling times may indicate more significant structural effects of dADP. Second, 

our simulations of the ADP state of myosin were performed in the absence of actin; in fact, the 

x-ray model used as a bases for these simulations was similarly devoid of actin. Third, this study 

focuses on the ADP state of myosin. The sets of simulations we have performed to date have 

quantified locals sampling within specific chemomechanical states over short time scales. It 

remains possible that the most significant effects of dATP on the chemomechanical cycle occur 

in a state yet to be simulated, in a transition between conformational states (such as phosphate 

release or the swing of the lever arm), or only in the presence of other thick/thin filament 

proteins. 

Our simulations predict two ways in which dADP perturbs the dynamics of the 

chemomechanical cycle. First, the current results support our proposed mechanism that dADP 

exerts its effects on muscle contraction by altering the nature of the actomyosin interaction 

[29,31]. In simulations with dADP, there was an increase in the solvent exposure of polar atoms 
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in the charged residues of the actin binding cleft, and the cleft adopted a more closed 

conformation (Figure 6). This suggests that dADP stabilizes conformations of the cleft that 

promote the formation of strong interactions with actin and that the conformational ensemble 

observed in our simulations is one optimized for actin binding. These results bear similarities to 

those from simulations of pre-powerstroke myosin [31] and of the ATP state of myosin [28]. All 

three sets of simulations show that dATP (or dADP) alter the actin binding surface of myosin 

and promote the exposure of positively charged residues. The structure of the actin binding cleft 

was more flexible in simulations with ADP, and the prominent change to the structure was a 

twisting motion between upper and lower 50 kDa domains. This twisting motion, which was 

dampened in the dADP simulations, would likely be impeded in the actomyosin complex, but 

may play a role in the early stages of the relaxation of myosin heads as they detach from the 

thick filament. Our simulations also indicate that there are differences in the affinity of myosin 

for ADP versus dADP. dADP was more conformationally heterogeneous than ADP (Figure 2). 

This increase in conformational entropy may facilitate release of dADP from the binding pocket 

at a faster rate than ADP, expediting relaxation. We propose that these dual mechanisms, 

increased myosin interaction with actin and faster dADP release, allow dATP to optimize cross-

bridge cycling when it is the energetic substrate for contraction.  

Our analysis also identified several residues that lie along allosteric pathways that 

communicate structural information between the functional sites of the myosin motor, namely 

the actin binding cleft, the nucleotide binding pocket, and the converter domain, for example the 

interaction observed between R238 and S456 in the dADP simulations.  The heightened 

flexibility of dADP reorganized both nucleotide:protein and protein:protein interactions within 

the binding pocket and allowed for residues in switch 1 (R238) and switch 2 (S456, E459) to 
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interact with one another. Formation of these interactions was associated with a more compact 

conformation of the loop containing switch 2 and a dampening of the twisting motion of the 

upper and lower 50 kDa domains. R238 corresponds to R243 in human MYH7, S456 

corresponds to A463, and E459 corresponds to E466. R238 is a highly conserved residue in 

switch 1, and mutation of this position has been associated with Usher syndrome [48].  Morales 

and coworkers introduced several mutations to probe the R238-E459 salt bridge of chicken 

myosin. They found that salt bridge formation was required for ATP hydrolysis and that 

elimination of the salt bridge was associated with ‘defective’ interactions between myosin and 

actin [49–51]. Sutoh and coworkers also studied a R238A mutation in D. discoideum myosin II; 

they found that R238A reduced both ATPase activity and myosin motility [52]. Our molecular-

level observations further suggest that dATP enhances formation of electrostatic interactions 

between switch 1 and 2 and that at least part of its mechanistic action is to alter allosteric 

communication in myosin through this pathway.  
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