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Abstract7

Adenosine triphosphate (ATP) hydrolysis is a well-known biological reaction which plays an8

important role in many biological processes. In this study, we have modelled the non-enzymatic9

hydrolysis of ATP in the gas-phase and the aqueous-phase by performing ab initio molecular10

dynamics simulations combined with an enhanced sampling technique. In the gas-phase, we studied11

hydrolysis of fully protonated ATP molecule and in the aqueous-phase, we studied hydrolysis of12

ATP coordinated with: a)two H+ ions (H-ATP), b) Mg2+ (Mg-ATP) and c) Ca2+ (Ca-ATP). We13

show that gas-phase ATP hydrolysis follows a two-step dissociative mechanism via a highly stable14

metaphosphate intermediate. The Adenine group of the ATP molecule plays a crucial role of a15

general base; temporarily accepting protons and, thus helping in the elimination-addition process.16

In the aqueous-phase hydrolysis of ATP, we find that the cage of solvent molecules increases the17

stability of the terminal phospho-anhydride bond through a well-known cage-effect. Further, in18

agreement with previous theoretical results, we find that the aqueous-phase hydrolysis happens19

with the help of nearby water molecules, which assumes the role of a base assisting in proton20

diffusion through Grotthuss mechanism. We obtained much lower free-energy barriers for the21

aqueous-phase hydrolysis of ATP coordinated with divalent ions (Mg2+ and Ca2+) compared to22

hydrolysis of ATP coordinated with only H+ ions, suggesting a clear catalytic effect of the divalent23

ions. The nature of the ions have an important effect on the mechanism of the reaction. We24

find a single-step dissociative-type mechanism for Mg-ATP, while we find a SN-2-type concerted25

hydrolysis pathway for Ca-ATP.26

I. INTRODUCTION27

Phosphoryl transfer reactions are ubiquitious in biological systems.1,2 For example, signal28

transduction and basic metabolic pathways are hinged on the selective phosphoryl-transfer29

chemistry. Enzymatic hydrolysis of adenosine triphosphate (ATP) forms one such important30

class of biological reaction which provides energy for performing myriad of crucial functions31

inside our body, e.g., muscle contraction, chemical synthesis etc.3–6 Enzymes help in selec-32

tively catalysing ATP hydrolysis by providing an alternate pathway of lower free-energy33

barrier. Since enzymes play such an important role in our body, it becomes imperative to34

study their rate-enhancing role. Such an understanding begins by first discerning the mech-35
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anistic details and barriers of an un-catalysed reaction—which forms the basis for further36

dissecting enzyme-catalysed reactions.37

Over the last couple of decades, there has been intense debate about the mechanis-38

tic aspects of the non-enzymatic phosphate hydrolysis.2,7 The discussions revolve around39

two extreme cases; namely the dissociative and the associative pathways. In the dissocia-40

tive mechanism, terminal phospho-anhydride bond breaks before the attack of nucleophilic41

water molecule. It involves the formation of a triangular planar metaphosphate-type in-42

termediate (or transition-state). Whereas, in the associative mechanism the attack of lytic43

water molecule takes place before breaking of the terminal phospho-anhydride bond, involv-44

ing the formation of a penta-coordinated trigonal bi-pyramidal phosphorus intermediate (or45

transition-state). Another interim reaction pathway is also highlighted, which is when the46

two events, i.e. breaking of the terminal phospho-anhydride bond and the attack of nucle-47

ophile, takes place simultaneously; and therefore, aptly known as the concerted mechanism.48

More elaborative description of the mechanistic details can be found elsewhere.249

Most studies support dissociative mechanism over associative mechanism.8–12 For exam-50

ple, Akola and Jones (2003) studied hydrolysis of methyl triphosphate in aqueous solution51

and concluded that dissociative mechanism is more favourable than associative mechanism10.52

In contrast, a recent study by Wang et al. (2015) on ATP hydrolysis in aqueous solution53

suggested a mechanism in which reaction proceeds along concerted path from reactant state54

to transition state and along the associative path from transition state to product state13.55

Some studies, however, suggest that both mechanisms (dissociative and associative) are56

possible and the choice rather depends on the environment.12,14–16 For example, Florián and57

Warshel (1998)14 did a theoretical study on hydrolysis of methyl phosphate in an implicit58

aqueous-solution. The authors concluded that the barriers for associative and dissociative59

pathways are similar in solution and either of these can be operational depending on the60

electrostatic environment.61

Beyond the classical classification of hydrolysis process into dissociative, associative and62

concerted reaction; ATP hydrolysis can also be classified as solvent-assisted or substrate-63

assisted mechanism.9 As shown previously by Glaves et al. (2012), the nearby water64

molecules play an active role by transferring proton via proton shuttling along a chain65

of hydrogen-bonded network.9,12 The hydrolysis reaction in which such a chain of water66

molecules are involved is known as solvent-assisted catalysis.12 ATP also has a nitrogenous67
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head which can play an active role of a base and help in dynamic transfer of protons during68

the hydrolysis event.69

A lot of theoretical studies already exists in literature elucidating the mechanism and70

barriers for phosphate hydrolysis.9–14,16–25 However, majority of them are either done with71

simple model molecules like monophosphate esters, pyrophosphates14,16,22–25 or done with72

truncated versions of ATP (for example, methyl triphosphate);9,10,12,16 likely because of the73

computational intensive nature of these calculations. Very few have considered full ATP74

molecule in their study. In these studies either the head of ATP (adenosine part) is treated75

with molecular mechanics (MM)13 or part of the aqueous system is treated with MM force-76

fields11.77

In this study, we have modelled ATP hydrolysis in the gas-phase and the aqueous-phase78

by performing ab initio molecular dynamics simulations. We treat full ATP molecule at a79

quantum-mechanical level in the hope of capturing the possible role of the Adenosine group in80

ATP hydrolysis. Adenine group of the ATP head is a nitrogenous-base which can temporarily81

accept proton and help in the hydrolysis process. The role of the Adenosine group may82

become more relevant in the gas-phase or hydrophobic pockets of the enzyme.26,27 Further,83

to elucidate the effect of nature of ions, we study hydrolysis of ATP by performing three84

simulations in the aqueous solution—1) ATP coordinated with H+ ions, 2) ATP coordinated85

with Mg2+ ion, and 3) ATP coordinated with Ca2+ ion. We know of no previous study which86

has modelled the hydrolysis of Ca-ATP and H-ATP in aqueous solution. This will offer a87

comparison to the well studied Mg-ATP hydrolysis by several excellent studies before.10,1288

We study gas-phase ATP hydrolysis for several reasons. First, it forms a vital comparison89

to understand the role of water. Second, some studies in the literature suggest that ATP’s90

conformational state attached to the enzymatic protein is very different from that in the91

aqueous solution. For example, Kobayashi et al. (2013)28 compared conformations of ATP92

in solution to that when complexed with a protein. They took a comprehensive list of ATP93

complexed to the protein from the protein data bank and computed several torsional angles94

to compare with the aqueous-phase ATP conformations. The authors concluded that ATP95

assumes a conformation on a protein that is rarely found in the aqueous solution. The96

most dominant conformer found in their study had a bent structure which suggests that97

gas-phase studies may be a more relevant comparison. Lastly, some studies have shown that98

in the enzymes’ hydrophobic pockets, ATP hydrolysis takes place in the presence of one99
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water molecule. For example, Oldham et al. (2011)27 determined the crystal structure of100

a bacterial ABC transporter, and Dawson et al. (2006)26 determined crystal structures of101

the full-length wild-type maltose transporter. The studies demonstrate that such enzymatic102

pockets adopt a closed and compact conformation in which only one water molecule is allowed103

to react with the ATP. A recent study by Prieß et al. (2018)29 modelled the mechanism104

of ATP hydrolysis in the ABC transporter by using hybrid QM/MM molecular dynamics105

simulations. The study also suggested that the two-water mechanism involves a significantly106

higher free energy barrier than the one-water mechanism and is unfavorable. This suggests107

that one water gas-phase study is an appropriate reference environment for such enzymatic108

reactions.109

Exploring reactive-events in ATP hydrolysis, even in the gas-phase, is a daunting com-110

putational task. One of the reason for this is that the un-catalysed phosphate hydrolysis111

has a huge free-energy barrier. And, therefore, a brute-force ab initio molecular dynamics112

(AIMD) simulation fails to capture the reactive-event because of the time-scale problem.30113

The problem can be addressed by several available accelerated MD methods,31–35 each hav-114

ing its own distinct advantage. We perform our studies using the Metadynamics method35
115

which enhances the probability of the hydrolysis event by slowly adding repulsive poten-116

tials along certain collective variables defined in such a way to encompass the possibility of117

associative, dissociative and concerted reaction pathways.118

The remainder of this article is organized as follows: in section 2 we briefly describe the119

methods used to generate initial ATP conformer in the gas-phase and aqueous-phase; we120

also offer computational details on ab-initio MD simulations and metadynamics. In section121

3, we give results and discussion on ATP hydrolysis in the gas-phase and the aqueous-phase122

elucidating the role of water and ions. Finally, in section 4, we offer concluding remarks.123

II. METHODOLOGY124

A. System Setup125

Adenosine triphosphate (ATP) consists of three main components: the adenine ring, the126

ribose ring, and the triphosphate as shown in Figure 1. We denote the terminal phosphorous127

on the triphosphate as ‘Pγ’ and the hydroxyl oxygen on this phosphorous as ‘Oγs’. We refer128

5



the reader to Figure 1 for the rest of the symbols. In what follows, we denote ‘H-ATP’129

to be the state of ATP when Oαs, Oβs and two Oγs are coordinated with H+ ions; ‘Mg-130

ATP’ when Oγs and Oβs are coordinated with Mg2+ ion; and ‘Ca-ATP’ when Oγs and Oβs131

are coordinated with Ca2+ ion. In our aqueous-phase simulations, two protons on the tri-132

phosphate tail leave the ATP molecule during equilibration runs and are solvated in the133

aqueous-phase, thus forming a divalent ion. This is in concordance with the experimental134

studies that ATP exists as a divalent ion at low pH values.36,37 At higher pH value, ATP135

may exist as a trivalent or a tetravalent ion which may change the reaction mechanism and136

barriers.38,39 We do not study the effect of pH in this work.137

1. Gas-Phase138

In the gas-phase, we only studied the hydrolysis of H-ATP. H-ATP can exists in large139

number of conformers in the gas-phase. We found over 800 conformers in the gas-phase140

by performing simulated-annealing molecular dynamics simulations using AMBER(GAFF)141

force-field40 using Gabedit software package.41 The structures (and the energies) were fur-142

ther refined by performing geometry optimization with PM6-DH2 method42 in MOPAC7143

software package.43 The computational expense limits the feasibility of studying hydrolysis144

mechanism for each of these conformers. Moreover, the conformers span over ∼ 300 kJ/mol145

and the probability of existence of high-energy conformers is almost zilch. Therefore, we146

extracted conformers whose relative energies lied within 30 kJ/mol compared to the lowest147

energy conformer (about seven conformers satisfied this criteria). These conformers were148

further optimized with Density functional theory calculations using B3LYP/6-31+g(d)44–48149

as the model chemistry. We show comparison of electronic energies of these seven con-150

formers relative to the lowest energy conformer in Figure S1 of Supplementary information.151

The lowest energy conformer (i.e. conformer 3 in Figure S1) was used for studying the gas-152

phase hydrolysis mechanism. The conformer has a bent structure which is stabilized by the153

intra-molecular hydrogen bonding between the Adenosine-head and the phosphate-tail. For154

comparison, we also studied hydrolysis mechanism of a conformer which has a more open155

structure. Another reason for studying this conformer was that the previous experimental156

studies indicate presence of an open conformer in the aqueous-phase.49 We show snapshots157

of these two conformers in Figure S2 of Supplementary Information and compare several158
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dihedral angles of these conformers in Table S1.159

Further, to generate an initial guess for H-ATP/water complex in the gas-phase, we160

performed geometry optimizations on several positions of water near the triphosphate tail.161

We found six reactant complexes as shown in the Supplementary Information (Figure S3).162

The most stable complex was used for ab initio molecular dynamics and metadynamics163

simulations.164

2. Aqueous-Phase165

The initial structure for ATP (coordinated with either H+, Mg2+ or Ca2+) in the aqueous-166

phase was generated by performing classical molecular dynamic simulations using GRO-167

MACS simulation package (version 2018).50,51 We used SPC/E force-field52 for the water168

potential and AMBER(GAFF) force-field40 for the rest of the interactions. The force-field169

parameter file for GROMACS was generated using the Acpype software.53 Following steps170

were used for these simulations. a) ATP was solvated in a cubic box of 25 Å using subrou-171

tines in GROMACS, which added about 490 water molecules to the simulation box. b) NVT172

molecular dynamics simulations were performed for 100ps by keeping ATP fixed. This was173

done to remove any bad contacts which might have been obtained due to random insertion174

of water molecules. c) The whole system (without any positional restraints on ATP) was175

then subjected to NPT molecular dynamics simulations for 5 ns. d) The average box-size for176

the last 2 ns was used for further runs. The system was thermally equilibrated for another177

100 ps by performing NVT molecular dynamics simulations. The coordinates and velocities178

from this run were used as an initial guess for studying ATP hydrolysis in the aqueous-phase.179

The initial velocities for classical molecular dynamic simulations were obtained from180

Maxwell-Boltzman distribution. A time-step of 1 fs was used. System temperature was181

maintained at 310K by using the Nosé–Hoover Chain thermostat.54182

B. Simulation Details183

We used CP2K (version 5.1) software package55 for performing all our production ab184

initio calculations. For benchmarking purposes, we also used Gaussian16 software package.56185

Density functional theory calculations were performed as formulated by Kohn-Sham57–60
186
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with PBE as the exchange-correlation functional.61 We used an atom-centered Gaussian-187

type basis for wave-functions and plane wave basis for density (GPW)62 via an efficient188

implementation in CP2K, namely Quickstep.63 The core electrons were described by norm-189

conserving Goedecker, Teter, and Hutter (GTH) pseudo-potential.64,65 The wave-functions190

for outer electrons were expanded by triple-zeta valence basis with two set of polarisation191

function (TZV2P)66 for all the atoms except for Ca which was treated with double-zeta basis192

with one set of polarization function (DZVP).66 An energy cutoff of 300Ry for the gas-phase193

and 380 Ry for the aqueous-phase simulations were used for an auxiliary plane wave basis194

set. The cutoffs were enough to converge the total energy to within 0.01 eV. Six electrons195

([2s22p4]) for O atoms, five electrons ([2s22p3]) for N atoms, five electrons ([3s23p3]) for P196

atoms, ten electrons ([2s22p63s2]) for Mg atoms, four electrons ([2s22p2]) for C atoms, and197

ten electrons ([3s23p64s2]) for Ca atoms were treated explicitly. Dispersion corrections were198

taken into account by the Grimme’s D3 method.67 Mulliken scheme was used to compute199

charges on atoms (or group of atoms).200

We performed NVT ab initio molecular dynamics simulations based on Born-Oppenheimer201

approach. A time-step of 0.5 fs was used to numerically integrate the molecular dynamics202

equations. A cubic box of 30 Å size was used for the gas-phase simulations and a box of203

25 Å size was used for the aqueous-phase simulations. Periodic boundary conditions were204

applied in all the three directions. Nosé–Hoover Chain thermostat54 was used to maintain205

the system temperature at 310 K, which is the average temperature of the human body.206

The initial coordinates for the system to study ATP hydrolysis in gas-phase and aqueous-207

phase were obtained by a systematic procedure as outlined above (vide supra).208

1. Metadynamics209

The barriers associated with ATP hydrolysis in aqueous-phase are typically around 130210

kJ/mol, which are much larger than kBT at 310 K. The reactive events are, therefore,211

thermally-activated uncorrelated events with time-scales much greater than vibrational212

times; and hence termed as rare-events. To put this into perspective, we consider a hy-213

drolysis barrier of Eact = 130 kJ/mol. For a pre-exponential factor of 1013 s−1, the average214

time spend by the ATP in the reactant basin is ∼ 109 s—which is much larger than the215

time-scales accessible by a brute-force ab initio molecular dynamics simulations.216

8



We have, therefore, used metadynamics method35,68–70 which slowly coaxes the system to217

a reactive event by adding repulsive potentials along the path of certain collective variables218

at regular intervals. The collective variables are chosen in such a way to describe the process219

of interest. We detail below the choice of collective variables (vide infra).220

We have used the extended Lagrangian implementation of metadynamics68 in CP2K to221

probe the reactive-events. In this scheme, the repulsive potentials are added along the222

auxiliary variables (one for each collective variable) of mass, mα, which are coupled to real223

collective variables through harmonic springs of force constant, kα.224

Several functional forms for repulsive potentials has been suggested in literature. In this225

work, we have used the n-dimensional Gaussian function, where n is the number of collective226

variables. Since we have two collective variables, a two-dimensional Gaussian function acts227

as the repulsive potential. The free-energy was reconstructed from the history-dependent228

potential using the equation:229

∆F (s1, s2) =− lim
t→∞

∫ t

0

d(t′)∑
i=1

w(t′) δ(t′ − ti) exp

−

(
s1(~R)− s1(~R(t′))

)2
2σ2

1

+

(
s2(~R)− s2(~R(t′))

)2
2σ2

2



 dt′

(1)230

where s1 and s2 are the two collective variables. ti is the simulation time at which the ith231

Gaussian is added to the accumulating bias potential, w(t′) is the height and σ is the width232

of each Gaussian.233

A constant Gaussian height of w = 1 kcal/mol (∼ 1.5kBT ) was used—which serves as the234

natural error in our simulations. A Gaussian width of σ = 0.05 for each collective variable235

was used in this work. mα was set to 50 amu and kα was set to 2 au to adiabatically separate236

the dynamics of real space variables from auxiliary variables. A Gaussian hill deposition237

rate of 0.05 fs−1 was chosen to avoid the problem of hill-surfing.71 The parameters are238

chosen after several benchmarking studies as detailed in our previous work;72 and they are239

similar to the ones used in the previous work on nucleoside triphosphate hydrolysis.12,73–75240

In our previous work on cellulose (a biological molecule) pyrolysis,72 we showed that by241

using the recipe suggested by Ensing et al. 2005, we were able to converge the free-energy242

barriers of gas-phase methyl-glucoside and cellobiose decomposition to within the gaussian243
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height. To go beyond that one would need to perform well-tempered metadynamics76 which244

is currently too computationally expensive for the size of the system used in this work. The245

natural error of our metadynamics simulations, i.e. the gaussian height, will not effect the246

qualitative comparisons we have presented in this work.247

2. Collective Variables248

In this study we have used coordination number type collective variables (CV). We used249

P–O coordination number as the CV in the metadynamics simulation which is described by250

the following functional form:251

CN [P - O] =
∑
j∈O

1− (RPOj
/Ro

PO)6

1− (RPOj
/Ro

PO)12
(2)252

where Ro
PO is distance cut off parameter which characterizes the bond between P–O. We253

chose a value of Ro
PO = 4.5 a.u (∼ 2.38 �A). The following two collective variables were em-254

ployed in this study: (a) CV1: coordination number of terminal phosphorus Pγ with bridging255

oxygen Oβb (see Figure 1 for symbols), and (b) CV2: coordination number of terminal phos-256

phorus Pγ with two γ oxygens, i.e. Oγs and water oxygens Ow. For aqueous-phase study all257

the water oxygens were included in CV2. This choice ensures we are not biasing our reaction258

to one particular water molecule. The two collective variables were chosen to capture all259

the possible mechanisms of ATP hydrolysis; namely dissociative, associative and concerted.260

The collective variables used are similar to the ones used in previous studies.12,73–75 CV1261

represents the breaking and reformation of bond between Pγ and Oβb, and CV2 represents262

the attack of nucleophilic water molecule on terminal phosphorus. We included γ oxygens263

into CV2 after several trial metadynamics runs. Our trial runs without γ oxygens in CV2264

had proton transfer from water to γ oxygen. In the process, Oγs is released as water and Ow265

takes place of Oγs in the ATP molecule; making CV2 redundant for the reaction we want266

to study.267
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III. RESULTS AND DISCUSSION268

A. Hydrolysis of H-ATP in the gas-phase269

We begin by detailing the hydrolysis reaction of H-ATP in the gas-phase, where we270

studied the hydrolysis of H-ATP by a single water molecule. ‘H-ATP’ refers to the state of271

ATP where phosphate oxygens are coordinated with H+ ions. We refer the reader to Sec.272

II A for notational details. As mentioned earlier, gas-phase studies become important in the273

enzymatic pocket where the environment for ATP hydrolysis is hydrophobic. Secondly, it274

becomes an important comparison to understand the role of water on the ATP hydrolysis275

reaction.276

The restricted free energy surface computed using Eqn.1 is shown in Figure 2a. From this277

free-energy surface, we obtain an overall free-energy barrier of 32.3 kcal/mol. The free-energy278

barrier for the first and the second step are 20.6 kcal/mol and 31.3 kcal/mol, respectively.279

The metadynamics simulations on the random configuration yielded similar overall barriers280

and reaction mechanism (see Figure S4 in Supplementary Information); therefore, we do not281

analyse it further in this manuscript.282

We note here that PBE functional is known to give an error within 0.2 eV. Also, free283

energy barriers might be affected by the selection of collective variables; therefore, we put284

little emphasis on the magnitude of the barriers and focus on the qualitative findings and285

comparisons.286

The restricted free-energy surface (see Figure 2a) shows several distinct features. The287

reactant (denoted as ‘Reac’), the intermediate (denoted as ‘Int’), and the product state288

(denoted as ‘Prod’) can be identified from the free-energy minimas. The two saddle-points on289

the free-energy surface are the probable transition-states (denoted as ‘TS1’ and ‘TS2’): TS1290

is the transition-state between the reactant and the intermediate; and TS2 is the transition-291

state between the intermediate and the product. The snapshots of these states are shown292

in Figure 4.293

We also provide a movie of the gas-phase metadynamics trajectory in the Supplementary294

Information (see Figure S5). During the whole process, we observe dynamic rearrangement295

of the protons involving the Adenine group, water molecule, and the tri-phosphate group of296

the ATP molecule as detailed below (vide infra).297
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In order to better understand the mechanism, we monitored the evolution of collective298

variables, bond distances and angles along the metadynamics trajectory. The changes in299

CV1 and CV2 with metadynamics time are plotted in Figure 3. We refer the reader to300

Sec.II B 2 for details on CV1 and CV2. CV1 is the coordination number of the terminal301

phosphorus Pγ with the bridging oxygen Oβb. A value of CV1 near one, indicates a chemical302

bond between Pγ and Oβb; whereas a value near zero represents breaking of the Pγ-Oβb303

chemical bond. CV2 is the coordination number of terminal phosphorus Pγ with two γ304

oxygens and water oxygen Ow. The value of CV2 is ∼3 when water oxygen has formed a305

bond with Pγ; otherwise it is ∼2.306

Figure 3 and the reaction trajectory (see Figure S5 in Supplementary Information) shows307

a clear preference for the dissociative mechanism in the gas-phase. The reaction proceeds308

by first breaking the terminal Oβb-Pγ bond and then the water molecule attacking the309

metaphosphate. At ∼8 ps metadynamics time, CV1 goes from a value of ∼0.8 to ∼0.05;310

signifying Pγ breaking its bond with Oβb and forming metaphosphate. At ∼14 ps, water311

molecule attacks the metaphosphate and water oxygen (Ow) attaches itself to Pγ to form312

orthophosphate. This is evident from the increase in the value of CV2 from ∼1.8 to ∼2.8,313

as shown in Figure 3. The reaction also involves dynamic rearrangement of protons, which314

is not captured with the chosen collective variables. However, the rearrangement of protons315

is clearly visible in the movie of the reactive event (see snapshots in Figure 4) and we detail316

this below by plotting a sum of certain coordination numbers during the metadynamics run.317

It is customary to gauge the nature of the reaction mechanism (whether associative, dis-318

sociative or concerted) in ATP hydrolysis using the More O’Ferrall-Jencks (MOFJ) plot.77,78319

The two-dimensional plot shows correlation of Oβb−Pγ distance with the Pγ−Ow distance.320

Since these distances directly relates to CV1 and CV2, the restricted free-energy surface321

gives us direct correlation with the MOFJ plot. For completeness, we present MOFJ plot322

for the gas-phase hydrolysis of H-ATP in Figure 5a. The trajectory from the upper-left323

corner (reactant) to the lower-right corner (product) via the upper-right corner represents324

the dissociative pathway; whereas, the trajectory via the lower-left corner represents the325

associative pathway. The trajectory via the diagonal is the concerted pathway. From the326

MOFJ plot in Figure 5a, it is clear that the gas-phase hydrolysis of H-ATP proceeds through327

the dissociative mechanism supporting our previous discussions.328

At ∼8 ps, the first reactive event happens when Pγ parts away form the bridging oxygen,329
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Oβb. This is evident from the increase in the distance between Pγ and Oβb from ∼1.6Å to330

more than 3Å (see lower panel of Figure 6). Terminal phosphorus Pγ goes from tetrahe-331

dral geometry in reactant state to a planar geometry after terminal Pγ−Oβb bond breaks in332

the intermediate state to again tetrahedral geometry after the attack of nucleophilic water333

molecule in the product state. We show these transitions by plotting the sum of ∠ O-P-O334

(∠θ) of the terminal PO3 entity during the metadynamics run in Figure 6. After the first re-335

active event, the PO3 moiety of the terminal phosphate changes its ∠θ from ∼340◦ to ∼360◦336

indicating a change in geometry from tetrahedral to planar, and the formation of metaphos-337

phate. From ∼8 ps to ∼14 ps, metaphosphate is either present as metaphosphate ion or338

metaphosphoric acid due to dynamic arrangement of protons. At ∼14 ps, metaphosphate339

(planar geometry) converts to orthophosphate (tetrahedral geometry) after water oxygen340

attaches itself to the phosphorous. This is evident from the decrease in ∠θ from ∼360◦ to341

340◦ as shown in Figure 6.342

Interestingly, metadynamics trajectory predicts presence of an intermediate with a highly343

stabilized metaphosphate ion (only ∼1 kcal/mol higher in free-energy than the reactant344

configuration). Since, free-energy includes contributions from entropy; therefore, we also345

extracted coordinates of Reac (at 0ps), Int (at ∼9.75 ps) and Prod (at ∼19.44ps) and sub-346

jected them to geometry optimization. We plot electronic energies of Reac, Int, and Prod347

along with their optimized structures in Figure 7. Indeed, we do find a stable intermediate348

with metaphosphate ion in the gas-phase, however, it is ∼21.2 kcal/mol higher in energy349

than the reactant state—which is much higher than the free-energy difference. This can be350

explained on the basis that when metaphosphate breaks from the ATP molecule, six vibra-351

tional degrees of freedom are converted to three translational and three rotational degrees352

of freedom; hence, increasing its entorpy. The gain in entropy stabilizes the metaphosphate353

intermediate in the gas-phase. We mention in passing that several previous theoretical354

studies have shown that gas-phase hydrolysis of phosphates proceeds through a dissociative355

mechanism involving a formation of metaphosphate ion as a stable intermediate.16,18,24356

We also find that the Adenosine group plays a crucial role in the hydrolysis of ATP in357

the gas-phase, by providing a pseudo-solvation environment. Thus, stabilizing the reac-358

tion intermediate and facilitating hydrolysis of ATP by promoting intra-molecular hydrogen359

transfer. This is evident from the long-range proton-shuttling involving a nitrogen atom (in360

the five-membered ring) from the Adenine group, the nucleophilic water molecule and the γ-361
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and β- oxygens of the tri-phosphate group observed during the metadynamics run. Nitrogen362

in the five-membered ring of the Adenine group acts as the temporary resting place for the363

proton from the water molecule or the tri-phosphate group; thus helping in the dynamic364

rearrangement and transfer of proton. In order to capture the long-range motion of the365

protons, we plot the sum of coordination number of oxygen atoms involved in this process366

(denoted as O1,O2,O3 and O4 in Figure 8) with the hydrogens (denoted as H1, H2, H3 and367

H4 in Figure 8) that are involved in the process. We define the O-H coordination in the368

caption of Figure 8. Initially at T1= 0fs, the hydrogens are placed on the native oxygens,369

i.e.; H1 is bonded with O1; H2 and H3 are bonded with O2 (or water oxygen, Ow); and370

H4 is bonded with O4. Hence, the coordination-number has its maximum value of ∼3. At371

T2∼ 3000fs, there is a drop in the O-H coordination number from ∼ 1 to ∼ 0. This happens372

because there is transfer of H3 from O2 to the nitrogen atom of the Adenine ring, H4 from373

O4 to O2, and H1 from O1 to O3. Similarly, we show several intermediate structures during374

the gas-phase ATP hydrolysis in Figure 8 depicting various proton transfer events.375

B. Hydrolysis of H-ATP in the aqueous-phase376

We now elaborate on the findings of H-ATP hydrolysis in the aqueous phase. Although,377

we began this study with a fully protonated ATP molecule, after ab initio MD equilibration378

only two protons on the γ oxygens were left and rest of them were solvated in the aqueous379

solution (see snapshot ‘1’ in Figure 9). This suggests that H-ATP in these conditions tends380

to exist as divalent ions in the bulk solution. At higher pH conditions it may be present as381

a trivalent or a tetravalent ion.36,37,79382

We plot the restricted free-energy surface for the aqueous-phase hydrolysis of H-ATP in383

Figure 2b obtained by performing metadynamics simulation along certain collective vari-384

ables. We define the two collective variables used in this study in Sec. II B 2. CV1 is related385

to the breaking and re-formation of bond between Pγ−Oβb and CV2 is related to the attack386

of nucleophilic water molecule. In the aqueous-phase simulations it could be any one of the387

water molecules surrounding the H-ATP molecule.388

Unlike the gas-phase simulations, the free-energy surface obtained in the aqueous phase389

simulations is extremely rugged; which can be attributed to the presence of solvent co-390

ordinates in CV2. We find an overall barrier of ∼ 37.7 kcal/mol for the aqueous-phase391
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hydrolysis of H-ATP—which is ∼ 5 kcal/mol higher than the gas-phase simulations. This392

can be explained on the basis of well-known ‘cage-effect’,80,81 which we elaborate below. The393

cage-effect also leads to a much higher free-energy barrier for the first-step in the aqueous-394

phase hydrolysis (∼ 33.5 kcal/mol) compared to the gas-phase hydrolysis(∼ 20.6 kcal/mol).395

We find that the free-energy barrier for the second step of the aqueous-phase hydrolysis396

(∼ 5.3 kcal/mol) is much smaller than the gas-phase hydrolysis (∼ 31.3 kcal/mol). This is397

because, the attacking water molecule in the gas-phase hydrolysis has an extremely large398

entropic space to manoeuvre before it attaches itself to the metaphosphate. On the other399

hand, the leaving metaphosphate in the aqueous-phase hydrolysis is surrounded by the400

‘cage’ of reactant water molecules which increases the probability of reacting and forming401

the orthophosphate product.402

To better understand the mechanism of aqueous-phase H-ATP hydrolysis, we plot various403

parameters (such as collective variables, angles etc.) during the metadynamics trajectory.404

We also provide movie of the metadynamics trajectory in Supplementary Information (see405

Figure S6). Just like the gas-phase simulations, we observe dynamic rearrangement of the406

protons. However, in the aqueous-phase simulations it is the surrounding water molecules407

which play an active role instead of the Adenosine group. The proton diffuses in the solvent408

through Grotthuss mechanism.82 At different instances of time, we observe the formation of409

Zundel cation83 and Eigen cation.84 The complex nature of the hydrated proton has been410

well documented before.85411

We plot the evolution of collective variables vs metadynamics simulation time in Figure412

10. And, we also plot the sum of ∠ O-P-O (∠θ) of the terminal PO3 entity vs metadynamics413

time in Figure 11. Unlike the gas-phase simulations, both Figures 10 and 11 show large414

fluctuations in CV1 and ∠θ, respectively. CV1 fluctuates between a value of ∼0.9 to ∼0.2415

several times in between 9 ps to 18.5 ps of the metadynamics time. At the same instances,416

the ∠θ fluctuates between ∼340◦ to 360◦. This suggests that Pγ−Oβb bond breaks and417

reforms—and terminal PO3 goes from a tetrahedral geometry to a planar geometry—several418

times during this period. We show these events in Figure 9 (snapshots ‘2’ and ‘3’). In the419

gas-phase study, once Pγ - Oβb bond breaks, we observe no recombination between the420

two dissociated species. This is because once the molecule has gained enough energy to421

leave, there is no motivation for it to go back. However, in the aqueous-phase hydrolysis,422

the dissociated species collides with the solvent molecules; and therefore have the tendency423
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to come back and recombine. This process of leaving and recombining occurs until the424

intermediate makes its way through the solvent. The phenomena is known as ‘cage-effect’.86425

Thus, the high free energy barrier for the first step in the case of aqueous-phase hydrolysis426

compared to the hydrolysis in the gas-phase can be attributed to the cage-effect.427

At ∼18.79 ps, Pγ finally breaks its bond with Oβb as indicated by the decrease in CV1428

from ∼0.8 to ∼0.1 (see Figure 10 and snapshot ‘4’ in Figure 9). At the same instant, as429

shown in Figure 11, ∠θ goes from ∼340◦ to 360◦, i.e., a planar metaphosphate is formed.430

The lytic water loses its proton to the bridging oxygen, Oβb, and is involved in a network of431

hydrogen bond with two assisting water molecules (shown in yellow and green in snapshot432

‘5’ of Figure 9) and one of the γ oxygens.433

At ∼21.74 ps, the lytic water finally attaches itself to metaphosphate to form orthophos-434

phate, losing its proton to the nearby water molecule (shown in yellow in snapshot ‘6’ of435

Figure 9). At ∼22.35 ps, the orthophosphate ion gains protons from the solvent molecules to436

finally form orthophosphoric acid (see snapshot ‘7’ in Figure 9). The mechanism explained437

above is consistent with the solvent-assisted catalysis where nearby water molecules plays438

a role of general base helping in dynamic rearrangement of protons; in agreement with the439

previous studies.9,12440

Figures 10 and 11 suggests that the metaphosphate intermediate is present for an ex-441

tremely short period of time. Therefore, it is difficult to discern between dissociative and442

concerted mechanism. However, Figures 10 and 11 also suggests that a metaphosphate in-443

termediate is formed first and then the lytic water attaches itself to metaphosphate, pointing444

towards a SN1-type dissociative mechanism in the aqueous-phase. This is also supported by445

the MOFJ plot shown in Figure 5b.446

C. Hydrolysis of Mg-ATP and Ca-ATP in the aqueous-phase447

We now present our findings of Mg-ATP and Ca-ATP hydrolysis in the aqueous-phase.448

Both Mg and Ca ions are found to coordinate with ATP in our body.87 In these simulations449

we replace two H+ ions—one on the γ oxygen and the other on β oxygen of the triphosphate450

tail—with the divalent ions. As before, we find that the triphosphate tail loses its protons451

to the bulk solvent during the equilibration runs to form a divalent ion. Interestingly, after452

the equilibration runs, Mg ion remains chelated to the γ and β oxygens (see snapshot ‘1’453
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in Figure 13); whereas Ca ion shifts to β and α oxygens (see snapshot ‘1’ in Figure 15). A454

possible reason for this is that Mg and Ca ions prefer to have different coordination with the455

nucleophilic water oxygens in the aqueous-phase. The hydrated Mg ions is usually found to456

be six-coordinate with an average Mg-O distance of 2.09 Å, in an octahedron configuration,457

in the aqueous solution; whereas Ca ion is found to be eight-coordinate with an average458

Ca-O distance of 2.42 Å, in a square antiprism configuration.88–91 Because of the larger size459

of Ca ion it prefers to fit into the pocket of β and α oxygens.460

Similar to the previous study,12 we find that Mg(II) ion remains chelated to the γ and461

β oxygens throughout the hydrolysis process. Whereas, Ca(II) ion changed its chelation462

from bidentate to mono-dendate during the process. Also, we find both Mg and Ca ions463

maintained its coordination with the oxygens throughout the process. Mg ion showed an464

average coordination of six, whereas Ca ion showed an average coordination of seven with the465

nearby oxygens. This is evident from the sharp radial distribution peaks and coordination466

number plots in Supplementary Information (see Figures S8, S9 and S10). We find an467

average Mg-O distance of 2.1 Åand an average Ca-O distance of 2.41 Å, agreeing well with468

the experimental values of average coordination distances in the aqueous-phase.88–91469

We present the restricted free-energy surface for the aqueous-phase hydrolysis of Mg-470

ATP and Ca-ATP in Figures 2c and 2d, respectively. The collective variables along which471

the repulsive potentials are added are defined in Sec. II B 2. We find an overall barrier472

of ∼30.6 kcal/mol and ∼30.3 kcal/mol, respectively, for the hydrolysis of Mg-ATP and473

Ca-ATP. Because the difference in barriers is within the natural error of 1 kcal/mol in474

our metadynamics simulations, we are not able to decide which one has a lower barrier.475

Additionally, we do not compare these barriers to experimental results because of several476

reasons. First, it is difficult to emulate exact experimental conditions in simulations. Second,477

PBE functional used in this work is accurate to within 0.2 eV. Third, the quantum effects478

associated with proton transfer are not accounted for in this work. Therefore, we focus on479

qualitative findings and comparisons rather than quantitative aspects of the simulation. We,480

however, mention in passing that previous experimental studies report a barrier between 26-481

31 kcal/mol38,92,93 and previous in-silico studies report a barrier between 29-35 kcal/mol9–13,16482

for the non-enzymatic hydrolysis of tri-phosphates in the aqueous-phase.483

Unlike the gas-phase and the aqueous-phase H-ATP simulations, we find that the reaction484

proceeds in a single-step and no intermediate is observed in the aqueous-phase hydrolysis485
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of Mg-ATP and Ca-ATP. However, we find that several features of the free-energy surface486

are similar to the aqueous-phase H-ATP simulations. First, the free-energy surface is quite487

rugged in comparison to the gas-phase hydrolysis which can be attributed to the solvent488

coordinates. Second, the barrier for the first-step (or the only step) is much higher than the489

gas-phase hydrolysis process. This is due to the presence of cage of reactant water molecules490

which collides with the dissociated metaphosphate causing it to go back and recombine.491

After several attempts, the metaphosphate is finally able to gain enough energy to make its492

way through the cage.493

We now elaborate on the mechanistic aspects of hydrolysis by plotting evolution of col-494

lective variables in Figures 12 and 14 for Mg and Ca ions, respectively. We also provide495

snapshots at different instances of metadynamics time in Figures 13 and 15 along with movies496

of the metadynamics trajectory in Supplementary Information (see Figures S11 and S12).497

Similar to the aqueous-phase hydrolysis of H-ATP, we find nearby water molecules assisting498

in the hydrolysis process by facilitating dynamic rearrangement of protons. For example,499

we refer the reader to Figure 13 where we show snapshots of metadynamics trajectory for500

the hydrolysis of Mg-ATP. At ∼17.05 ps, the lytic water (shown in purple) attaches itself to501

metaphosphate ion forming an orthophosphate moiety (snapshot ‘3’), and gets involved in502

a network of hydrogen bond with five other water molecules (shown in yellow, blue, orange,503

brown, and pink in snapshot ‘4’). The proton diffuses through Grotthuss mechanism along504

a chain of five water molecules to the oxygen of the HPO2−
4 ion (snapshot ‘5’).505

CV1 is directly related to the terminal phospho-anhydride bond (Pγ - Oβb), and large506

fluctuations of CV1 suggests breaking and reformation of the Pγ - Oβb bond, which is the507

characteristic of well-known “cage effect”. Similar to H-ATP hydrolysis in the aqueous508

solution, our results show cage-effect in the hydrolysis of Mg-ATP and Ca-ATP, evident509

from the large fluctuations of CV1 as shown in Figures 12 and 14; respectively.510

Similar to the aqueous-phase hydrolysis of H-ATP, it is difficult to discern between dis-511

sociative and concerted mechanism in case of Mg-ATP and Ca-ATP. However, as argued512

before, Figure 12 suggests breaking of terminal phospho-anhydride bond first and then at-513

tack of nucleophilic water, pointing towards a possible SN1-type dissociative mechanism in514

the aqueous-phase hydrolysis of Mg-ATP. In contrast, in the case of aqueous-phase hydrol-515

ysis of Ca-ATP, Figure 14 shows both breaking of terminal phospho-anhydride bond and516

attack of lytic water happens simultaneously, indicating to a possible concerted mechanism.517
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At ∼14.10 ps, the distance between Pγ and Oβb is nearly equal to the distance between the518

Pγ and Ow of the lytic water. At the same instant the geometry of the leaving metaphos-519

phate is planar (see Figure S14 in Supplementary Information), which is the signature of520

Walden’s inversion or SN2-type concerted mechanism. These conclusions are well supported521

by the MOFJ plots in Figures 5c and 5d. For hydrolysis of Mg-ATP, the reactive trajec-522

tory is towards the dissociative corner in MOFJ plot. Whereas, the reactive event proceeds523

through the diagonal of the MOFJ plot in the case of hydrolysis of Ca-ATP.524

The overall barriers for the aqueous-phase hydrolysis of divalent ions are much lower525

than the aqueous-phase (∼38 kcal/mol) hydrolysis of H-ATP suggesting a clear catalytic526

effect of the divalent ions. A possible reason for this is the increased electrophilicity of527

the terminal PO3 after breaking of the terminal phospho-anhydride bond. This is evident528

from the Figures S15 and S16 in supplementary information which shows that the charge on529

the terminal PO3 moiety becomes less negative every time Pγ− Oβb bond breaks; making530

it easy for the nucleophilic water molecule to attack. This was not observed in the case531

of aqueous-phase hydrolysis of H-ATP (see Figure S7 in supplementary information). The532

discussion above suggests that divalent ions facilitate the attack of the nucleophilic water533

molecule which is in agreement to the previous studies.94–97534

IV. SUMMARY AND CONCLUSIONS535

In this work, we study hydrolysis of ATP in the gas-phase and the aqueous-phase by536

performing ab initio MD simulations with an enhanced sampling technique. In gas-phase537

we studied hydrolysis of fully protonated ATP molecule. In the aqueous-phase, we studied538

hydrolysis of ATP coordinated with: a)two H+ ions (H-ATP), b) Mg2+ (Mg-ATP) and c)539

Ca2+ (Ca-ATP).540

We found that hydrolysis in the gas-phase proceeds via dissociative mechanism through541

a stable metaphosphate ion. Interestingly, we found that the Adenosine group of the ATP542

molecule plays a crucial role during the hydrolysis reaction. The Adenine group played543

the role of a general base by accepting a proton from the water molecule, which in turn544

accepts the proton from the leaving metaphosphate group; thus helping in the dissociation545

of the ATP molecule. The final proton transfer to the phosphate oxygen occurs similarly546

involving the nitrogen on the Adenine ring, orthophosphate moitey and the β-phosphate547
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oxygen. These results suggest that small molecules like monophosphate esters, pyrophos-548

phates and truncated versions like MTP (methyl triphosphate) may not serve as good models549

for studying hydrolysis of ATP, GTP and, similar nucleotides; especially in an enzymatic550

pocket where the environment for hydrolysis is hydrophobic and is similar to the gas-phase551

environment.552

On comparison of our gas-phase study with that of aqueous-phase hydrolysis of H-ATP,553

we observed several differences. First, the presence of cage of solvent molecules increases554

the stability of the terminal phospho-anhydride bond. The leaving metaphosphate moiety555

recombined with the bridging oxygen many times before finally getting captured by a nucle-556

ophilic water molecule. This was also the reason for higher free-energy barrier for the first557

step for ATP hydrolysis in the aqueous solution compared to that in the gas-phase. Second,558

although we found that hydrolysis of both H-ATP in the gas-phase and the aqueous solution559

proceeded via SN1-type dissociative mechanism involving formation of a metaphosphate in-560

termediate; however, in the case of aqueous-phase the lifetime of the intermediate was much561

shorter than that in the gas-phase. Third, in the aqueous-phase, we found that the solvent562

plays an active role in assisting the hydrolysis process by proton transfer through Grotthuss563

mechanism. In contrast, in the gas-phase, we found that the Adenine group of the ATP564

molecule play an active role as a base helping in the hydrolysis process.565

We obtained much lower free-energy barriers for the aqueous-phase hydrolysis of ATP566

coordinated with divalent ions (Mg2+ and Ca2+) compared to that in the aqueous-phase567

hydrolysis of ATP coordinated with only H+ ions—which suggests a clear catalytic effect of568

the divalent ions. This can be attributed to the increased electrophilicity of the leaving PO3569

moiety in the case of divalent ions, which facilitates attack of the nucleophilic water molecule.570

Interestingly, we find a single-step dissociative-type mechanism for Mg-ATP, whereas, the571

hydrolysis in case of Ca-ATP proceeded through a SN-2-type concerted pathway.572
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FIG. 1. Representative figure of adenosine triphosphate (H-ATP) molecule along with a water

molecule. The water oxygen is denoted as Ow. R1 is the distance between Pγ and Oβb; and R2

is the distance between Ow and Pγ . Hydrogen atoms are shown in white, oxygen atoms in red,

phosphorus atoms in tan, carbon atoms in cyan and nitrogen atoms in blue.

30



FIG. 2. Restricted free energy surface constructed from repulsive potentials added during a metady-

namics run for studying hydrolysis of a) H-ATP in the gas-phase, b) H-ATP in the aqueous-phase,

c) Mg-ATP in the aqueous-phase, and d) Ca-ATP in the aqueous-phase. See Sec. II B 2 for defi-

nitions of CV1 and CV2. The figure only justifies the forward reaction barriers as the simulations

were stopped before the final product basin could fully fill. The color coding for the contours are

shown on the right side of the panel with units of energy in kcal/mol.
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FIG. 3. Changes in collective variables during a metadynamics run for gas-phase hydrolysis of

H-ATP. See Sec. II B 2 for definitions of CV1 and CV2.
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FIG. 4. Snapshots of H-ATP hydrolysis in the gas-phase. See Figure 2a for approximate location of

these snapshots in the free energy surface. Hydrogens are shown in white, oxygens in red, nitrogens

in blue, carbons in cyan and phosphorous in tan. For clarity, the starting configuration of water

molecule is shown in purple and the participating hydrogens in the reaction with different colors

(green, black and yellow). Hydrogen bonds are also shown using dashed blue lines.
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FIG. 5. More O’Ferrall-Jencks plot for the hydrolysis of a) H-ATP in the gas-phase, b) H-ATP in

the aqueous-phase, c) Mg-ATP in the aqueous-phase, and d) Ca-ATP in the aqueous-phase.
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FIG. 6. Upper panel: Changes in ∠θ during a metadynamics run for gas-phase hydrolysis of

H-ATP. Lower panel: Changes in distances during a metadynamics run between Pγ and selected

oxygen atoms for gas-phase hydrolysis of H-ATP. Phosphorus is shown in tan and oxygens in red.

The symbols ‘Reac’, ‘Int’, ‘Prod’, ‘TS1’ and ‘TS2’ are defined in Figure 2a.
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FIG. 7. Energy profile for gas-phase ATP hydrolysis. The reactant complex is taken as the zero of

energy. Also shown are optimized geometries of gas-phase reactant (Reac), intermediate (Int) and

product (Prod) states. Hydrogens are shown in white, oxygens in red, nitrogens in blue, carbons

in cyan and phosphorous in tan. The symbols ‘Reac’, ‘Int’, and ‘Prod’ are defined in Figure 2a.
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FIG. 8. Plot of O-H coordination number vs Metadynamics time. We also show snapshots

of the complex at various times during the simulation. The O-H coordination is the sum of

the coordination numbers: CN(O1;{H1, H2}) + CN(O4;{H4, H1}) + CN(O2;H3) + CN(O3;H3).

CN[O − H] =
∑

j∈H
1−(ROHj

/Ro
OH)6

1−(ROHj
/Ro

OH)12
. The relevant oxygens and hydrogens are numbered in the

snapshots.
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FIG. 9. Snapshots of H-ATP hydrolysis in aqueous solution during a metadynamics run. We

use the following color coding to depict atoms: Hydrogens in white, Oxygens in red, Nitrogens

in blue, Carbons in cyan, and Phosphorus in tan. Lytic water molecule finally attacking the

metaphosphate is shown in purple and the assisting water molecules are shown in blue, yellow and

green. For clarity, all the other water molecules are blurred. Some hydrogen bonds are also shown

using dashed black lines.
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FIG. 10. Evolution of collective variables during hydrolysis of H-ATP in the aqueous solution. See

Sec. II B 2 for definitions of CV1 and CV2. The snapshots for the numbered times are shown in

Figure 9.
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FIG. 11. Upper panel: Changes in ∠θ during a metadynamics run for aqueous-phase hydrolysis of

H-ATP. Lower panel: Changes in distances during a metadynamics run between Pγ and selected

oxygen atoms for aqueous-phase hydrolysis of H-ATP. Phosphorus is shown in tan and oxygens in

red. The snapshots for the numbered times are shown in Figure 9.
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FIG. 12. Evolution of collective variables during hydrolysis of Mg-ATP in the aqueous solution.

See Sec. II B 2 for definitions of CV1 and CV2. The snapshots for the numbered times are shown

in Figure 13.
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FIG. 13. Snapshots of Mg-ATP hydrolysis in aqueous solution during a metadynamics run. We

use the following color coding to depict atoms: magnesium in green, hydrogens in white, oxygens

in red, nitrogens in blue, carbons in cyan, and phosphorus in tan. Lytic water molecule finally

attacking the metaphosphate is shown in purple and the assisting water molecules are shown in

yellow, blue, orange, brown, and pink. For clarity, all the other water molecules are blurred. Some

hydrogen bonds are also shown using dashed blue lines.
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FIG. 14. Evolution of collective variables during hydrolysis of Ca-ATP in the aqueous solution.

See Sec. II B 2 for definitions of CV1 and CV2. The snapshots for the numbered times are shown

in Figure 15.
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FIG. 15. Snapshots of Ca-ATP hydrolysis in aqueous solution during a metadynamics run. We use

the following color coding to depict atoms: calcium in pink, hydrogens in white, oxygens in red,

nitrogens in blue, carbons in cyan, and phosphorus in tan. Lytic water molecule finally attacking

the metaphosphate is shown in purple and the assisting water molecules are shown in yellow and

blue. For clarity, all the other water molecules are blurred.
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