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Abstract 

  The main component of muscle fiber is -actin, which plays many 

important roles in cellular functions. Monomeric actin protein can 

polymerize into filament with ATP hydrolysis. The amino acid sequences of 

actins are known to be highly conserved in many species. Deep-sea fish 

actins have the specific substitutions, Q137K/V54A or Q137K/L67P. Since 

only Q137K substitution is located near the active site, this residue is 

expected to contribute to the pressure tolerance. Although some experiments 

showed the effects of substitutions at high pressure, the detailed mechanism 

of pressure tolerance induced by substitutions is still unclear, especially in 

molecular level. Using the molecular dynamics simulations of various actins, 

I analyzed high pressure effects on actin structures and dynamics. In 

deep-sea fish actins, the number of salt bridges increases and several salt 

bridges specific to deep-sea fish actins are observed. The salt bridge between 

Lys-137 and ATP in deep-sea fish actins stabilizes ATP binding at the active 

site under high pressure. Other deep-sea specific salt bridges mostly connect 

pairs of secondary structures and subdomains. The salt bridges which 

deep-sea fish have are suggested to be a key for the mechanism of the 

pressure tolerance. 
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1 Introduction 

Actin plays many important roles in numerous cellular functions in muscle 

and nonmuscle cells. The amino acid sequences of actins are known to be 

highly conserved in many species. Actins are mainly categorized into three 

isoforms as -, -, and -actins. Vertebrate actin can be farther classified into 

six isoforms: -skeletal actin, -vascular actin, and -cardiac actin; 

-nonmuscle actin; -smooth actin and -nonmuscle actin 1. The main 

component of muscle fiber is -actin, which is one of the most abundant 

proteins. -actin forms stable filaments and connects myosin filaments in 

sarcomeres whereas unstable actin filaments are polymerized and 

depolymerized as motor proteins, especially filopodia and lobopodia 2. Most of 

-actins are related to dynamics and stability of cell. Some nonmuscle cells 

have -actin as either globular actin (G-actin) or filamentous actin (F-actin) 

to maintain their structures. Basically, -actin is known as a structural 

protein. However, it is also involved in a signaling molecule to regulate 

synthases 3. The large number of -nonmuscle and -nonmuscle actins exists 

in every mammalian cell 4. Although both of them are similar protein, their 

four amino acid residues are different and these actins are differentially 

localized 5. In addition, they are treated with different post-translational 

modifications 6. 

Although the first crystal structure of G-actin was solved in 1990 7, it is 

difficult to solve the structure of F-actin at high resolution. However, some 

structures were solved using the cryo-electoron microscopy recently 8; 9; 10; 11. 

Through the comparison between G- and F-actin, the difference in these 

conformations was analyzed. The experiments showed that the active site 
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biding nucleotide separates two major actin domains which consist of 

subdomain 1 and 2 at the outer filament and subdomain 3 and 4 at the inner 

filament 7. In addition, a covalent cation and nucleotide such as ATP or ADP 

exist at the center of G-actin (Figure 1). The divalent cation was coordinated 

by oxygen atoms of phosphate in the nucleotide. 

 

Table 1. Relationship of -actin subdomains and residues 12. 

Subdomain Residue 

1 1-32, 70-144, 338-375 

2 33-69 

3 145-180, 270-337 

4 181-269 

 

Among four subdomains, subdomain 2 is the most flexible. In particularly, 

subdomain 2 has highly flexible loop and it can bind proteins like DNase I 7. 

Other parts of actin also interact with many actin-binding proteins such as 

profilin or cofilin 13; 14. These proteins affect actin conformations and then the 

rate of polymerization is accelerated or decelerated. 
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Figure 1. A snapshot of Coryphaenoides yaquinae actin 2b (600 bar) after 

70-ns molecular dynamics simulations. This actin structure indicated by new 

cartoon model is colored using subdomain numbers. The navy blue circle 

denotes the active site. The figure was generated using VMD 15. 

 

G-actin is only polymerized in the salt condition such as MgCl2 or CaCl2 

with ATP hydrolysis because the catalytic activation needs a divalent cation 

assist 16. F-actin has the orientation and the barbed end is more elongated 

than the pointed end 17. These about three actins at the barbed end bind ATP 

at the active site whereas other parts of the filament consist of actins with 

ADP. When G-actin binding ATP contacts the end of filament, it starts 

changing the conformation. Through the rotation like a propeller between 

subdomain 2 and 3, G-actin becomes a more flat conformation whereas 

G-actin is twisted by about –20˚ in general. The flat conformation actin is 
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less stable than the twisted conformation which G-actin has. However, the 

flat conformation is appropriate to contact other F-actin and the total energy 

of flat conformation is lower than the twisted G-actin 8. During the 

elongation of the filament, ATP binding F-actin is hydrolyzed to ADP slowly. 

In particularly, the pointed end of the F-actin binding ADP is depolymerized 

and then ADP is released. Through the polymerization and depolymerization, 

the length of the filament is elongated, maintained, or dwindled depending 

on cellular functions. When the rate of polymerization and depolymerization 

are equal, the length of filament is not changed; this condition is called 

treadmilling 17. Although the length does not change in treadmilling, the 

position of the filament moves to perform cell motility. 

  Denaturation, conformational changes, and loss of the enzyme activities of 

proteins were observed to be induced by high pressure experiments 18; 19; 20; 21. 

In addition, the ligand dissociating rate of hydrolases and dehydrogenases 

was shown to increase at high pressure 20; 22; 23. Pressure effect on actin was 

first measured in 1966 19.The denaturation induced by pressure started at 

2500 bar and then pressure induced the completely denaturation for rabbit 

G-actins at 4000 bar 19. In addition, pressure prevents G-actin from 

assembling due to denaturation or conformation changes. High pressure has 

been shown to induce significant effects on the actins purified from land or 

shallow water species, which are observed as decrease of DNase I inhibiting, 

decrease of volume change at polymerization, increase of critical 

concentration, and increase of the dissociating rate for ligands 20. Some 

creatures like deep-sea fish can live under the sea whose depth is about up to 

6000 m and the pressure reaches 600 bar. Many researchers used marine 
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fish which live in widespread depth to study pressure tolerance. One of the 

best fish for experiment is Coryphaenoides known as rattail or grenadier for 

experiments. Three different fish belonging to Coryphaenoides are known; C. 

acrolepis inhabiting in 180-2000 m, C. armatus in 2700-5000 m, and C. 

yaquinae in 4000-6400 m. The amino acid sequences of these three fish 

-actins are known to be highly conserved and other species living land or 

shallow water also have similar sequences 20; 21. Only deep-sea fish actins 

have Lys-137 near the active site and other species have a glutamine in this 

position. These residues affect the reaction of hydrolysis and are expected to 

be one of the key residues in polymerization. Previous study suggested that 

the residue played an important role in controlling water molecules which 

behave as nucleophiles attacking ATP 24. Probability of attacking ATP by 

water molecules can dominate the rate of polymerization 25. In addition to 

Q137K substitution, deep-sea fish actins have substitutions either L67P or 

V54A. Both L67P and V54A are located on protein surface and quite 

separated from the active site. Among these substitutions, Q137K near the 

active site of hydrolysis is expected to play essential role on the pressure 

tolerance of ligand binding. 
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Figure 2. A snapshot of C. yaquinae actin 2b (600 bar) after 70-ns 

molecular dynamic simulations. The residues shown by red and cyan 

represent the specific substitutions in deep-sea fish actins and those of living 

in land or shallow water species, respectively. The figure was generated 

using VMD 15. 

 

  Molecular dynamics (MD) simulation is a powerful tool to investigate 

pressure effects on proteins. MD simulations were employed to investigate 

pressure denaturation, conformation changes, water penetration, or volume 

changes in wide range of pressure 26; 27; 28; 29. In the case of ubiquitin, water 

penetrations were induced at around 3000 bar or greater and then 

denaturation was observed 26. In addition, collapse of secondary structure 

and increase of the radius of gyration were studied by water-insertion 

method 29. To examine the change of protein structures, solvent-accessible 
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surface area, and volume are often calculated using atom coordinates. 

Recently volume calculation method was improved 30. NMR experiment and 

volume calculation with atomic coordinates showed that high pressure 

compressed protein decreasing only about 1-3 % of the volume 29. Since most 

of globular proteins form highly packed structures in native state, volume 

change caused by high pressure is relatively small. To examine pressure 

effect, many small proteins such as ubiquitin 26, T4 lysozyme 27, or 

apomyoglobin 28 were investigated by MD simulations with all-atom models 

at high pressure. However, the detailed effects of pressure are not elucidated 

well. 

To analyze the effects of amino acid substitutions, in vivo generation of 

actin mutants are necessary. However, it is well recognized that most of 

mutated actins cannot be expressed 25. Therefore, almost of all experiments 

were carried out using actins purified from muscle fiber. On the other hand, 

it is easy to model mutated actins computationally such as deep-sea fish. 

This is why I chose MD simulations to investigate structures including in 

many mutated actins. Although the effects of these substitutions were 

observed in some experiments, the detailed mechanisms are still unclear in 

molecular level. The purpose of this study is to elucidate the mechanism of 

the pressure tolerance induced by substitutions. 
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2 Methods 

2.1 Modeling of -actin 

  First, I carried out structure modeling of acrolepis, rabbit, armatus, and 

yaquinae actins for MD simulations. I obtained coordinates of rabbit skeletal 

muscle -actin with crystal waters, ATP, and Ca2+ from the crystal structure 

(PDB accession code 1WUA) 31. The residues 42-50 at flexible DNase I 

binding loop, 1-4 at N-terminal residues, and 372-375 at C-terminal residues 

were missing in the crystal structure. The N-terminal residues 1-4 and 

residues 39-53 at DNase I binding loop were added using a crystal structure 

(PDB accession code 1ATN) 7 and the C-terminal residues 372-375 were 

complemented with a crystal structure (PDB accession code 1ESV) 32. I 

added hydrogen atoms for the modeled residues using Visual Molecular 

Dynamics software package (VMD) 15. 

 

Table 3. Details of the modeled rabbit -actin amino acid sequence. 

Residue 1-4 5-38 39-53 54-368 369-375 

Resolution (Å) 2.80 1.45 2.80 1.45 2.00 

PDB 1ATN 1WUA 1ATN 1WUA 1ESV 

The PDB denotes PDB accession code of these residues. 

 

Second, acrolepis, armatus, and yaquinae actins were modeled using the 

modeled rabbit actin. The Lys-137 substitution in armatus and yaquinae 

actins was optimized using evaluation of 81 Lys-137 rotamers. These Lys-137 

rotamers were made as follows. Lysine has a long side-chain, which is 

rotated by five dihedral angles. The dihedral angles are called to  from 
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near the Catom. Since the  angel at the end of side-chain is connected 

with symmetric amino group, I did not optimize the  angel rotamers. The 

side-chain carbon atoms are bound to two hydrogen atoms and two 

nonhydrogen atoms. Therefore, lysine side-chain rotamers can have low 

energies every about 120˚ rotations of each angle. To obtain the best rotamer 

for initial coordinates, I carried out structures modeling by lysine side-chain 

rotation every 120˚ and then made 81 rotamers with different low energies. 

These rotamers were minimized at the only Lys-137 total energy. Among the 

81 rotamers, I chose a rotamer which have the third lowest energy and the 

longest distance between Ca2+ and Lys-137 side-chain nitrogen atom (Table 4. 

No.3). Since other substitution residues were short side-chain or on the 

surface of actin, other substitution rotamers were not optimized. 
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Ca2+ in the enzymatic pocket was replaced with Mg2+ due to fitting 

physiological conditions 16. All of four actin models (i.e., acrolepis, rabbit, 

armatus, and yaquinae actin) were solvated with VMD plug-in solvate. The 

plug-in created boxes of water molecules and immersed the systems in water 

shells of 10 Å thickness. After solvation with water molecules, I carried out 

VMD plug-in autoionize to add 50 mM NaCl and then replaced Na+ with K+ 

using VMD plug-in sod2pot. Finally, acrolepis, rabbit, armatus, and 

yaquinae actin systems were solvated; 16733, 16734, 16734, and 16734 

water molecules; 19, 19, 18, and 18 Cl-, respectively, and 12 K+ in common. 

The total system sizes of acrolepis, rabbit, armatus, and yaquinae actin were 

56108, 56120, 56110, and 56111, respectively. Each actin has N-terminal 

acetyl-aspartate and 3-methylhistidine (3-MeH) on the residue 73. These 

modified residues were included in the crystal structures. 

 

 

Figure 3. Constitutional formula of 3-MeH 

 

2.2 Modification of parameter and topology files 

  I used the CHARMM22 parameter and topology files for MD simulations. 

They were modified to accommodate the SPC/E explicit water model, 

N-terminal acetyl-aspartate, and 3-MeH. CHARMM22 default water model 
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is TIP3P 33 and replaced with the SPC/E water model. The acetylated 

N-terminus patch was applied to the N-terminal aspartate acid. 

CHARMM22 parameter and topology files do not provide 3-MeH parameters 

and topology. Thus, charged 3-MeH parameters and topology were added 

using a doubly protonated histidine and a N-methylamide C-terminus patch 

in the standard CHARMM22 files 34. 

 

2.3 Simulation procedure 

  The MD simulations were performed in the CHARMM22 force field 35 with 

the SPC/E water model 36 by using the NAMD software package 37. The 

SPC/E water model density has been tested appropriately at 1 to 900 bar and 

277 K. This test was carried out as follows. About 80 × 80 × 80 Å3 water 

boxes consisting of 16895 water molecules using rigid bonds and angles were 

run in an isobaric-isothermal ensemble (constant NPT) at 277 K for 2 ns 

after 1000 times minimizations of total energy. These simulations using 

SPC/E and TIP3P water model were performed at 1 bar and 100 to 900 bar 

every 100 bar independently. Last 1-ns trajectories were used for calculation 

of the density. 
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Figure 4. Water density changes induced by pressure. The Experimental 

value was derived from reference 38. These error bars indicated the standard 

deviation. 

 

Electrostatic potentials were calculated from the smooth particle mesh 

Ewald method 39, which was improved from the particle mesh Ewald sums 40 

and the grid spacing of at least 1 Å was used. The van der Waals interactions 

were calculated using 12 Å cutoff and a smooth switching function. MD 

simulations were run with periodic boundary conditions in an 

isobaric-isothermal ensemble except for initial 2-ns simulations using a 

canonical ensemble (constant NVT). Constant temperature was maintained 

using Langevin dynamics of nonhydrogen atoms with a damping coefficient 

of 5 ps-1 and constant pressure was controlled with Langevin piston 

Nosé-Hoover barostat 41; 42 with an oscillation period of 100 fs and a decay 

time of 50 fs. All hydrogen bonds were rigid using the SHAKE algorithm 43 

and the internal geometry of water molecule was rigid using the SETTLE 
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algorithm 44. Simulations were carried out at 277 K and 1 or 600 bar except 

for initial 2-ns simulations. The integration time step of 2 fs was used and 

simulations were run for 70 ns; 40 ns equilibration and 30 ns samplings. The 

coordinates and energy data were stored every 0.5 and 0.1 ps, respectively. 

After 3000 times minimizations of total energy, MD simulations were 

performed with fixed original protein atoms (not modeled atoms), Lys-137, 

ATP, and Mg2+ at the initial coordinates for 1 ns. Then I changed the fixes for 

harmonic constraints and performed simulations for 1 ns. The initial 

constraints using 1 kcal/mol gradually decreased by 0.1 kcal/mol every 0.1 ns. 

After simulations with constraints, rabbit actins and 32 same replicas 

making of acrolepis actin coordinate and velocity were carried out at 1 bar 

for 0.1 ns independently. I obtained two distinct states of Mg2+ coordination 

are considered: coordinated by four water molecules and ATP (acrolepisWat); 

coordinated by three water molecules, ATP, and a Gln-137 side-chain atom 

(acrolepisGln). Although rabbit actin also has Gln-137, it was not coordinated 

for Mg2+ using 32 rabbit actin replicas. On the other hands, I performed 

simulations with armatus and yaquinae actins at 1 bar for 0.1 ns without 

replicas due to the Q137K substitution. Five different structures 

(acrolepisWat, acrolepisGln, rabbit, armatus, and yaquinae actin) were run 

with two manners. The low pressure manner maintained pressure at 1 bar 

whereas the high pressure manner raised pressures gradually at 2 to 600 bar 

by 2 bar every 0.03 ns and then maintained the pressure at 600 bar. 
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2.4 Excluded volume and solvent-accessible surface area 

  Excluded volume (Vex) and solvent-accessible surface area (SASA) 

calculated using CAVE software package 30. The definition of SASA is a track 

of a probe center when the probe rolls around the whole protein surface. In 

addition, the space of the inside of the track is defined as Vex. The probe 

radius was 1.4 Å and the atom radii were used with the van der Waals radii. 

This probe size denotes an oxygen atom of the water molecule in solution. 

These van der Waals radii were distinguished from the bonds: tetrahedral 

carbon, tetrahedral nitrogen, and sulfur with hydrogens were 2.0 Å; trigonal 

carbon and trigonal NH were 1.7 Å; trigonal CH, CH2, and sulfur were 1.85 

Å; trigonal NH2 was 1.8 Å; oxygen was 1.4 Å 45. Input coordinates of the PDB 

file format from trajectories were generated using VMD 15. 

 

2.5 Moment of inertia 

  Moment of inertia (MOI) represents the form and spread of structures. In 

particularly, MOI is associated with the motion of rotations. In other words, 

large external forces are needed when structures with large MOI begin to 

rotate. Since MOI depends on rotational axes, it is important to set the axes. 

I chose principal axes of each structure to analyze because protein has 

anisotropic structures and symmetric axes do not exist. These principal axes 

can be calculated with the MOI tensor. This tensor is defined as equation 1: 
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𝐈 = (

𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
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2 + 𝑧𝑖
2)

𝑁

𝑖

−∑𝑚𝑖𝑥𝑖𝑦𝑖

𝑁

𝑖

−∑𝑚𝑖𝑥𝑖𝑧𝑖

𝑁

𝑖

−∑𝑚𝑖𝑦𝑖𝑥𝑖

𝑁

𝑖

∑𝑚𝑖(𝑧𝑖
2 + 𝑥𝑖

2)

𝑁

𝑖

−∑𝑚𝑖𝑦𝑖𝑧𝑖

𝑁

𝑖

−∑𝑚𝑖𝑧𝑖𝑥𝑖

𝑁

𝑖

−∑𝑚𝑖𝑧𝑖𝑦𝑖

𝑁

𝑖

∑𝑚𝑖(𝑥𝑖
2 + 𝑦𝑖

2)

𝑁

𝑖 )

 
 
 
 
 
 

, 

(1)  

 

where N is the number of atoms, 𝑚𝑖 is the mass of 𝑖th atom, and Cartesian 

coordinates are positions of these atoms. Since the MOI tensor is a real and 

symmetric matrix, it can be diagonalized. After diagonalization, I obtained 

eigenvalues (I1 > I2 > I3) called principal moment of inertia (PMOI) and axes 

consisting of eigenvectors (e1, e2, and e3) called principal axis of inertia 

(PAOI). Each PMOI represented the MOI for each PAOI. Although protein 

has complex atom distribution, PMOI can measure the form and spread of 

the structures. 

 

2.6 Coordination number 

  Coordination number (CN) for a cation is defined as the number of atoms 

within the distance between the cation atom and an oxygen atom is less than 

a criterion. The criterion for Mg2+ was set as 2.3 Å based on a radial 

distribution function (RDF) for Mg2+. I performed simulations to decide the 

criterion as follows. Mg2+ was immersed in water shells of 40 Å thickness 

using VMD plug-in solvate and added two Cl-. The MD simulations were run 

with periodic boundary conditions in an isobaric-isothermal ensemble at 277 
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K and 1 bar. After 3000 times minimizations of total energy, MD simulations 

were performed for 8 ns. The last 1-ns trajectories were used to calculate the 

RDF and the number of total water molecules for Mg2+. Oxygen atoms 

represented each water molecule position. 

 

 

Figure 5. The RDF and the number of total water molecules for Mg2+ in 

solution, where r is the distance between Mg2+ and an oxygen atom, g(r) is 

the RDF, and N(r) is the number of total water molecules within r. 

 

The first peak of the RDF is about 2 Å, and disappeared at about 2.3 Å. 

Therefore, I defined the criterion as 2.3 Å for all simulations. In addition, the 

CN was about six and corresponded to the lowest free-energy of Mg2+ in 

aqueous solution 46. 
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2.7 Salt bridge 

  Salt bridge is one of the interactions between charged atoms in side-chain 

or ligand atoms. The salt bridge is defined as electrostatic interaction 

between positive charged and negative charged atoms within the criterion of 

a distance. The distance between a charged oxygen atom and a charged 

nitrogen atom was set as 3.2 Å 15.  
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3 Results and Discussion 

3.1 Excluded volume and solvent-accessible surface area 

  Vex and SASA were calculated using trajectories every 0.01 ns to examine 

structure changes induced by high pressure. When protein denatured in high 

pressure, the conformation was changed and SASA highly increased 28. 

However, SASA in all species increased by 2 % at most and denaturation did 

not occur. Thus, each structure was not collapsed at 600 bar by MD 

simulations. Some previous study showed high pressure induced volume 

decrease 47. The result had a same tendency except for acrolepisGln actin. On 

the other hands, the Vex difference in acrolepisGln actin was small positive 

value. Although acrolepisWat and acrolepisGln actins had a same amino acid 

sequence, the Vex difference was different values. Therefore, coordinated 

atoms can highly affect their structures. In other words, Q137K substitution 

in deep-sea fish actins is expected to contribute to the pressure tolerance. 

The tendency of the Vex changes induced by high pressures decreased less 

than 1 % whereas SASA increased slightly. According to the result of SASA, 

all actin structures were changed at high pressure. Although SASA 

difference in each deep-sea fish actin was a slight low value, these 

differences were smaller in relation to its standard deviation. Therefore, the 

meaningful differences in Vex and SASA were not observed. 
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Figure 6. Vex changes using only actin atom coordinates in different species 

at 1 or 600 bar. Each value was calculated by CAVE software package 30. 
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Figure 7. SASA changes using only actin atom coordinates in different 

species at 1 or 600 bar. Each value was calculated by CAVE software package 

30. 
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3.2 Principal moment of inertia 

  I calculated each PMOI using only actin atom coordinates except for 

hydrogen atoms to investigate the structure changes, especially anisotropic 

structures. Although the result of Vex and SASA showed the tendency of 

structure changes, these values were not considered about anisotropic 

changes. Each actin has a similar disciform structure (Figure 8). Since actin 

was a disciform structure, the center of gravity was almost corresponded to 

the active site. In addition, the 1st PAOI penetrated the active site and all 

subdomains were expanded around the axis. Since subdomain 2 is a small 

subdomain, the 2nd PAOI axis seems to penetrate subdomain 2 and 3. Actins 

living in land or shallow water were affected by high pressure and each 

PMOI increased. Among three axes, the most notable difference was seen in 

1st PMOI. In other words, actin form was changed into thinner and more 

spread structure. Since only acrolepisWat actin decreased 1st PMOI, it meant 

that acrolepisWat actin was also changed. These conformational changes may 

induce miss matching of the actin-actin interaction in filament and 

inhibition of elongation at high pressure. Therefore, deep-sea fish actins are 

suggested to maintain their structures at high pressure whereas actins 

living in land or shallow water would be changed into compressed structures 

by high pressure. 
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Figure 8. A snapshot of yaquinae actin (600 bar) after 70-ns MD 

simulations. These red e1, blue e2, and green e3 arrows indicate vectors of 1st, 

2nd, and 3rd PAOI, respectively. The figures were generated using VMD 15. 
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Figure 9. Each PMOI of heavy atoms in different species at 1 or 600 bar. 
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3.3 Distances and the dihedral angle between subdomains 

  Actin is consisted of four subdomains which can twist like a propeller. The 

dihedral angle  and the distances dsub between subdomains were calculated 

to examine the relationship of subdomain positions. These distances between 

subdomains were calculated as a distance between the center of gravity in 

one subdomain and another (Figure 10). Each distance between subdomains 

was a similar value compared to actins at 1 and 600 bar. Previous study 

showed that G-actin had a low energy when the dihedral angle equaled 

about –20˚ 8. The result of dihedral angles at 1 bar showed only yaquinae 

actin had the difference of  was a positive value. Moreover, the dihedral 

angle of yaquinae actin at 600 bar twisted only about –13˚ whereas other 

species twisted by about –20 to –24˚. In other words, yaquinae actin at 600 

bar had more flat form than other species. Although yaquinae actin is 

suggested to elongate the filament stably at high pressure, armatus actin, 

which is also deep-sea fish, had the dihedral angle twisted by about –22˚ at 

600 bar. Therefore, there is not notable value which both yaquinae and 

armatus actins have in common. 
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Figure 10. The definitions of distance dsub and dihedral angle  between 

subdomains. (a) A snap shot of yaquinae actin (600 bar) after 70-ns MD 

simulations. Gray spheres and bonds indicate the center of gravity in each 

subdomain and bonds between the centers of gravity, respectively. (b) Gray 

spheres and bonds are same as in (a). 

  

(a) 

(b) 
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Figure 11. Dihedral angles between subdomains in different species at 1 or 

600 bar. 
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3.4 Coordination number for Mg2+ 

  CN for Mg2+ at the active site was calculated to analyze effects of the 

substitutions. During all MD simulations, Mg2+ existed in the active site and 

oxygen atoms were coordinated stably. Although high pressure induced the 

structure changes, these coordinated atoms were not changed for 40-70 ns 

simulations. Only acrolepisGln actin had a side-chain coordinated to Mg2+ and 

the coordinated atom maintained holding Mg2+ during the 40-70 ns 

simulations. The CN was about six in all species at both 1 and 600 bar 

although coordinated atoms were different. Previous study showed that Mg2+ 

can be coordinated by six water molecules stably 46. In addition, four water 

molecules and two oxygen atoms included in ATP were also coordinated to 

Mg2+. These two oxygen atoms called - and -side oxygen were same atom 

positions in crystal structures 31. 

 

 

Figure 12. Constitutional formula of ATP. 
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In active site, side-chain atoms of residue 137 were different directions. 

Actins living in land or shallow water had Gln-137 whose side-chain was 

directed to Lys-18 side-chain atoms. On the other hand, deep-sea fish actins 

had Lys-137 whose side-chain was directed to opposite side for Gln-137. 

Therefore, deep-sea fish actins had different conformation at active site for 

other species. Compared to acrolepisWat and acrolepisGln actins, Gln-137 

side-chain atoms, especially the end of side-chain, were different directions. 

Thus, acrolepisWat and acrolepisGln actins would behave as different actins. 

Previous study showed that high pressure induced increase of the 

dissociating rate for ATP and a divalent cation 20. However, the CN was not 

changed and ligand atoms did not move at the active site. In addition, 

replacement of coordinated atoms did not occur although water molecules 

vibrated in simulations. Thus, the energy barrier in conformational changes 

between actin binding ligands and releasing ligands would be high and the 

transition rarely occurs in simulations. Since the ligands were bound at the 

active site tightly, conformational changes releasing ligands may need long 

time simulations or assists using external potentials. 
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(a) 

(b) 

(c) 

acrolepisWat
 actin 

acrolepisGln
 actin 

Rabbit actin 
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Figure 13. Coordinated atoms for Mg2+ at the active site. A pink sphere 

indicates Mg2+. Only coordinated water molecules are shown. A broken line 

denotes a bond between Mg2+ and coordinated water molecules or salt bridge 

atoms. Each snapshot is actin (600 bar) after 70-ns MD simulations. These 

figures were generated using VMD 15. 

  

(d) 

(e) 

armatus actin 

yaquinae actin 
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3.5 Salt bridge analysis 

  To investigate the interactions between residues, I counted the number of 

salt bridges. The number of total salt bridges (NSB) was different in species 

and pressures. The difference of NSB (NSB) in acrolepisWat was the lowest 

value. On the other hand, acrolepisGln had the highest NSB. Therefore, the 

coordinated atoms are expected to affect sensitively both acrolepisWat and 

acrolepisGln. Deep-sea fish actins had more NSB than other species at 600 

bar. Since salt bridges stabilize their structures, many salt bridges which 

deep-sea fish actins have are expected to contribute the pressure tolerance. 

Although deep-sea fish actins had many salt bridges at 600 bar, yaquinae 

actin had lower NSB at 1 bar compared to rabbit actin at 1 bar. Thus, 

yaquinae actin may be optimized living in abyssal sea with many salt 

bridges. 
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Figure 14. NSB including in residue-residue and residue-ATP interactions 

in different species at 1 or 600 bar. 
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  Salt bridges between a residue and ATP were calculated to analyze the 

stability of ATP at the active site. ATP has nine oxygen atoms in 

triphosphate and these oxygen atoms can bind positive charged side-chain 

atoms. Oxygen atoms in ATP were distinguished from side and link oxygen 

atoms (Figure 12). In addition, the CHARMM22 parameter file did not 

discriminate charges of oxygen atom: 1 and 2; 1 and 2; 1, 2, and 3 

(Figure 12). Since only deep-sea fish actins have Lys-137 substitution, 

deep-sea fish actin ATP can be bound to Lys-137 as well as Lys-18. Lys-18 

bound only - and -side oxygen atoms in ATP whereas Lys-137 bound -side 

oxygen atoms. In other words, each link oxygen atom was not bound to lysine 

side-chain atoms. Almost all Lys-137 bound 3-side oxygen atom in the end of 

the active site. Therefore, Lys-137 pulled ATP to the active site and may 

prevent ATP dissociating at high pressure. 

  



48 

 

T
a

b
le

 1
1

. 
R

a
te

s 
o
f 

sa
lt

 b
ri

d
g
e
 b

e
tw

e
e
n

 p
o
si

ti
v
e
 s

id
e
-c

h
a

in
 a

to
m

s 
a
n

d
 o

x
y
g
e
n

 a
to

m
s 

in
 A

T
P
. 

T
o
ta

l 

1
.6

5
 

2
.1

8
 

2
.5

7
 

2
.8

1
 

3
.4

1
 

2
.2

4
 

2
.4

3
 

2
.3

3
 

3
.3

7
 

2
.5

3
 

A
 d

a
sh

 d
e
n

o
te

s 
th

a
t 

th
e
 s

a
lt

 b
ri

d
g
e
 c

a
n

n
o
t 

b
e
 m

a
d

e
. 

O
x
y
g
e
n

 a
to

m
 i

n
d

e
x
e
s 

w
e
re

 d
e
fi

n
e
d

 a
s 

F
ig

u
re

 1
2

. 
O

-
 i

n
d

ic
a

te
s 

th
e
 

n
u

m
b

e
r 

o
f 

to
ta

l 
th

re
e
 O

-
 s

a
lt

 b
ri

d
g
e
s.

 

 

L
y
s-

1
3

7
 

O
-

 

−
 

−
 

−
 

1
.1

9
 

1
.3

4
 

−
 

−
 

−
 

1
.2

5
 

0
.9

4
 

L
y
s-

1
8

 

O
-

3
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

O
-

2
 

0
.6

0
 

0
.5

7
 

0
.9

4
 

0
.4

4
 

0
.9

5
 

0
.9

9
 

0
.9

7
 

0
.8

8
 

0
.9

7
 

0
.0

6
 

O
-

1
 

0
.5

3
 

0
.8

6
 

0
.6

3
 

0
.2

1
 

0
.1

4
 

0
.2

5
 

0
.4

6
 

0
.4

5
 

0
.1

5
 

0
.5

5
 

O
-

3
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

O
-

2
 

0
.2

6
 

0
.7

5
 

1
.0

0
 

0
.9

7
 

0
.9

8
 

1
.0

0
 

1
.0

0
 

1
.0

0
 

0
 

0
.9

8
 

O
-

1
 

0
.2

6
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

1
.0

0
 

0
 

P
re

ss
u

re
 

(b
a

r)
 

1
 

1
 

1
 

1
 

1
 

6
0

0
 

6
0

0
 

6
0

0
 

6
0

0
 

6
0

0
 

A
ct

in
 

a
cr

o
le

p
is

W
a
t 

a
cr

o
le

p
is

G
ln

 

R
a
b

b
it

 

a
rm

a
tu

s 

y
a

q
u

in
a

e
 

a
cr

o
le

p
is

W
a
t 

a
cr

o
le

p
is

G
ln

 

R
a
b

b
it

 

a
rm

a
tu

s 

y
a

q
u

in
a

e
 



49 

 

  I analyzed the combinations and positions of salt bridges to demonstrate 

contribution to the pressure tolerance. Both armatus and yaquinae actins at 

600 bar had nine salt bridges in deep-sea fish (Table 11). Since only deep-sea 

fish actins had the Lys-137 substitution, deep-sea fish actins can make the 

K137-D154 and K137-ATP salt bridges. These salt bridges at both 1 and 600 

bar were made in deep-sea fish actins and the rates were high. K359-D363 

salt bridge was made at only 600 bar whereas other salt bridges can be also 

made at 1 bar. R37-D80 and K68-D81, R256-E195 and R196-E237 salt 

bridges were continuous positions along the amino acid sequence. Since 

atoms existing near the salt bridges were restrained, these continuous salt 

bridges may stabilize their local structures strongly. Only yaquinae and 

armatus actins at 600 bar had H275-E316 and R177-E270 salt bridges at 

high pressure, respectively. In addition, K84-D80 salt bridge was made in 

yaquinae and acrolepisWat actin at 600 bar. H275-E316 salt bridges 

connecting pairs of helices would affect stability of yaquinae actin at high 

pressure. Compared to deep-sea fish, yaquinae inhabits in deeper sea than 

armatus. According to the combination of salt bridges, deep-sea fish actins 

may selectively make salt bridges which contributed to the pressure 

tolerance whereas salt bridges in same secondary structures lost by 

conformational changes. In addition, these salt bridges mostly connected 

pairs of subdomains and stable secondary structures either sheet or helix. 

Therefore, the salt bridges would contribute to the stability of deep-sea 

actins.  
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Figure 15. Salt bridges which both armatus and yaquinae had in common 

at 600 bar. (a) A snap shot of armatus actin after 70-ns simulations. (b) A 

snap shot of yaquinae actin after 70-ns simulations.  
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Figure 16. Salt bridges which either armatus or yaquinae had at 600 bar. 

(a) A snap shot of armatus actin after 70-ns simulations. (b) A snap shot of 

yaquinae actin after 70-ns simulations.  
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Most of salt bridges which both armatus and yaquinae had in common at 600 

bar were formed between the residues distant along the amino acid sequence 

whereas salt bridges which neither armatus nor yaquinae have at 600 bar 

were formed between adjacent residues or near residues. Therefore, deep-sea 

fish actin had salt bridges which would affect stability of actin structures. 

 

 

Figure 17. Salt bridge combinations between positive charged and 

negative charged residues. A circle (●), lozenge (◆), and triangle (▲) denote 

salt bridges which both armatus and yaquinae, either armatus or yaquinae, 

and neither armatus nor yaquinae had at 600 bar, respectively. I regarded 

ATP as a residue on the position 376. 

 

  Deep-sea fish actins had salt bridges K137-D154 and R210-E214 at initial 

states. At the beginning of the simulations, the distance between K137 and 
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ATP decreased quickly and then K137-ATP salt bridge was made. Since 

Lys-137 is a substitution residue, this conformational change would be 

induced by K137-D154 salt bridges. The decrease of these distances may 

occur at active site and then salt bridges on the surface of protein were 

formed. 
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Figure 18. Distances of salt bridges specific to deep-sea fish in armatus 

actin had at 600 bar. 
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Figure 19. Distances of salt bridges specific to deep-sea fish in yaquinae 

actin had at 600 bar. 
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4 Perspectives 

  Although the change of CN for Mg2+ was not observed in this study, high 

pressure probably has some effects on the active site. I did not observe 

significant change of the coordinated atoms and these distances although 

some coordinated atom positions are slightly different. However, effect of the 

ligands and residues at the active site can be analyzed using the solvation 

free energy. I will carry out the simulations in the solution system and 

reference system including in pure solvent and the solute structure. These 

MD simulations provide the histogram of solute-solvent interaction energy 

for both of these systems. The solvent free energy was calculated with 

combining two systems. I expect that high pressure affect the solvent free 

energy. In other words, the solvent free energy would demonstrate the 

increase of dissociating rate for ligands induced by the high pressure. 

In this study, I performed simulations using G-actin to analyze their 

stability. In addition to G-actin, I will carry out the simulations with F-actin. 

Since some F-actin structures have been solved at high resolutions recently 8; 

9; 10; 11, I can obtain the initial coordinates of F-actin for MD simulations. 

Although all atom coordinates of F-actin are still unclear, I will carry out 

structure modeling of F-actin using some F- and G-actin structures. All-atom 

MD simulations will be carried out after the modeling of F-actin. In the 

modeling the F-actin structures, it is important to choose the length of 

filament. I can estimate appropriate length using the mechanism of 

polymerization and F-actin structures. To begin the elongation of filament, a 

nucleotide nucleus is needed. The smallest size is known to be actin trimer 48. 

When four or more actins aggregate, polymerization will start with ATP 
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hydrolysis 9. Therefore, four or longer promoters are needed for MD 

simulations. On the other hand, F-actin is a helical structure and the half 

period of the helix is about 13 actins 8. Since I perform MD simulations with 

periodic boundary conditions, it is sufficient to run with the half period of 

F-actins. Consequently, I suggest that the system should have F-actin 

including in 4-13 actins. Through MD simulation using F-actin, I would 

analyze the dynamics of actin and the reaction of ATP hydrolysis. Since 

F-actin is known to have polymorphism 10, I may observe some modes of 

F-actin. To elucidate the essence of dynamics in actin, I will perform the 

all-atom MD simulations. 
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5 Conclusions 

  I analyzed the structures of actins obtained from the species living in 

deep-sea, shallow water, and land at atmospheric and high pressure. High 

pressure has been shown to induce Vex decrease and SASA increase in many 

species at 600 bar by MD simulations. Although differences between species 

were relatively small in Vex and SASA changes, PMOI showed a notable 

difference. The 1st PMOI increased at high pressure in species living in land 

or shallow water. However, deep-sea fish actins were not significantly 

affected by high pressures in each PMOI. Therefore, the disciform structures 

of actin living in land or shallow water were transformed to be thinner 

induced in high pressure. On the other hand, deep-sea fish actin may be less 

affected in high pressure. 

  Dihedral angles between subdomains were twisted at high pressure 

although distances between subdomains were not changed. Only yaquinae 

inhabiting in the deepest sea had more flat form than other species had. 

However, notable value which both yaquinae and armatus actins have in 

common did not exist. 

  A divalent cation such as Mg2+ assists ATP hydrolysis during the 

elongation of filament. It was coordinated with six oxygen atoms included in 

ATP, water molecules, and a Gln-137 side-chain atom. Although previous 

study showed that high pressure induced dissociating of ligands 20, the CN 

for Mg2+ did not change in MD simulations. Moreover, atoms coordinated to 

Mg2+ were not replaced and the distance between Mg2+ and a coordinated 

atom was not changed significantly. Since CN was not changed, transitions 

between binding ligands and releasing ligands in actin would be hindered by 
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energy barriers. 

  Salt bridge analysis showed a lot of information on whole structures and 

local structures such as the active site. Deep-sea fish actins have more NSB 

than other species at high pressure although rabbit actin had more NSB 

than yaquinae at atmospheric pressure. Thus, deep-sea fish actins, in 

particularly yaquinae actin, probably needed high pressure to change them 

into more pressure-adaptive structures. In the active site, only deep-sea fish 

actins had a salt bridge between Lys-137 side-chain atom and -oxygen atom 

in ATP although all species had a salt bridge between Lys-18 side-chain atom 

and - or -side oxygen atom in ATP. Previous study showed increase of the 

ligands dissociation rate in actin living in land or shallow water at high 

pressure 20. In other words, these actins cannot hold ligands at high pressure. 

On the other hand, Lys-137 substitution located at the end of the active site 

in deep-sea fish actin. This residue pulled the ATP and may prevent ATP 

dissociation from the active site. Therefore, the salt bridge that deep-sea fish 

actins only have may play a role to maintain ATP at the active site even at 

high pressure. 

  Deep-sea fish actins have nine salt bridges common in both armatus and 

yaquinae at 600 bar excluding the salt bridges common in all the species. 

Both armatus and yaquinae actins had salt bridges which mostly connected 

pairs of stable secondary structures (i.e., helix or sheet). Two pairs of stable 

salt bridges (i.e., R37-D80 and K68-D81, R256-E195 and R196-E237) may 

affect local stability of actins. In addition, some salt bridges also connect 

different subdomains. These salt bridges are formed between the residues 

distant along the amino acid sequence whereas nearer residues along the 
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sequence do not form salt bridges in neither armatus nor yaquinae at 600 bar. 

Consequently, the salt bridges would stabilize deep-sea fish actins at high 

pressure. Deep-sea fish actins lost the salt bridges within secondary 

structures and acquired new salt bridges which stabilize the interaction 

between different secondary structures as well as different subdomains at 

high pressure.  

Deep-sea fish actins have many salt bridges at the active site and 

secondary structures. The salt bridges probably connect between residues or 

residue and ligand atom effectively. Therefore, these salt bridges would be a 

key for the mechanism of the pressure tolerance and enable deep-sea fish 

actins to inhabit in abyssal sea. 
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