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ABSTRACT

Water exchange between the first and second hydration shell is essential for the role of Mg2+ in biochemical processes. In order to provide
microscopic insights into the exchange mechanism, we resolve the exchange pathways by all-atom molecular dynamics simulations and tran-
sition path sampling. Since the exchange kinetics relies on the choice of the water model and the ionic force field, we systematically investigate
the influence of seven different polarizable and non-polarizable water and three different Mg2+ models. In all cases, water exchange can occur
either via an indirect or direct mechanism (exchanging molecules occupy different/same position on the water octahedron). In addition,
the results reveal a crossover from an interchange dissociative (Id) to an associative (Ia) reaction mechanism dependent on the range of the
Mg2+–water interaction potential of the respective force field. Standard non-polarizable force fields follow the Id mechanism in agreement
with experimental results. By contrast, polarizable and long-ranged non-polarizable force fields follow the Ia mechanism. Our results provide
a comprehensive view on the influence of the water model and the ionic force field on the exchange dynamics and the foundation to assess
the choice of the force field in biomolecular simulations.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0060896

INTRODUCTION

In aqueous solutions, Mg2+ ions are surrounded by a hydra-
tion shell of six water molecules, which is subsequently enclosed
by a second hydration shell. Water exchange between these hydra-
tion shells plays an important role in a large variety of biochemi-
cal processes ranging from simple ion pair formation to catalyzed
reactions in metalloenzymes or the transport of ions across cell
membranes.1–5 Since water exchange governs any type of reac-
tion involving the replacement of the strongly bound hydration
water molecules, resolving the reaction mechanism has received
considerable scientific attention in experiments and simulations.6–13

Experimental techniques such as dielectric relaxation, x-ray
adsorption, femtosecond mid-infrared, and far-infrared adsorp-
tion spectroscopy provide insight into the solvation structure
of Mg2+,2,14–16 while nuclear magnetic resonance (NMR) experi-
ments facilitate the direct measurement of water exchange rates.6–8

However, the structural changes during water exchange are

experimentally not directly accessible. Still, according to the mecha-
nistic classification for ligand exchange reactions proposed by Lang-
ford and Gray,17 the mechanism can be divided into four cate-
gories: associative (A), dissociative (D), interchange associative (Id),
and interchange dissociative (Ia). In the former two categories, a
detectable intermediate with increased (A) or decreased (D) coor-
dination number exists. For the latter two categories, no kineti-
cally detectable intermediate exists. In order to discriminate between
the four categories, the activation volume is typically used for the
experimental identification of the water exchange mechanism.7,18 In
general, the activation volume is defined as the difference between
the partial molar volume of the reactants and that of the tran-
sition state at a given temperature and is typically derived from
the pressure dependence of the observed rate constant of a chem-
ical reaction in experiments. The observed exchange rate is either
slowed or accelerated by increasing the pressure, leading to a posi-
tive or negative sign of the activation volume, respectively. In solvent
exchange reactions, a positive activation volume indicates elongated
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FIG. 1. Overview of the observed
exchange mechanisms for water
exchange in the first hydration shell
of Mg2+. (a) Simulation snapshots
of the two stable states and the
transition states for the spectrum of
water exchange processes. Black
circles indicate the size of the first
hydration shell. (b) Four representative
pathways connecting the two stable
states as a function of the distance of
the exchanging water molecules, r1 and
r2. In this representation, associative
and dissociative pathways are clearly
separated. (c) Pathways as function of
r1 and the exchange angle αex showing
a clear separation of the direct and
indirect exchange mechanism.

distances and angles of the exchanging molecules in the transition
state.7 Here, the exchange occurs outside of the first hydration shell,
and the mechanism is classified as dissociative. A negative activa-
tion volume reflects that the distances and angles are reduced, the
exchange occurs inside the first hydration shell, and the mechanism
is classified as associative.7

For Mg2+, the activation volume is positive, and based on the
similarity with Co2+ and Ni2+, the Id or D mechanism has been
proposed.7,8 However, the question, which mechanism is dominant
could not be settled with certainty.8

Here, simulations could provide further insights by a unique
atomistic description of the exchange dynamics. However, simulat-
ing water exchange is tremendously challenging for two reasons.
(i) Water exchange around Mg2+ is rare. According to experi-
ments, water exchange is on the microsecond timescale.6–8 There-
fore, straightforward simulations are unsuitable to sample water
exchange with sufficient statistics. (ii) Water exchange involves the
concerted motion of several water molecules. The water molecules
exchange in a concerted fashion, and the molecules in the first hydra-
tion shell and beyond rearrange collectively.12 Consequently, ab
initio quantum mechanical calculations are not feasible to resolve
the exchange dynamics due to their high computational costs and
limited system size. On the other hand, classical all-atom simula-
tions in combination with transition path sampling have proven to
be a particularly powerful sampling strategy to resolve the molecular
exchange pathways.12 In agreement with the experimental results,
the simulations revealed an interchange dissociative exchange pro-
cess. In addition, two alternative exchange pathways were resolved.
In the transition states of the indirect pathways, the entering and
leaving water molecules enter on opposite sides of the water octa-
hedron, leading to an exchange angle of ∼124○ [Fig. 1(a), direct,
dissociative]. In the direct exchange mechanism, the exchange takes
place via the attack of the incoming water molecule onto one edge
of the water octahedron, and the resulting exchange angle is ∼53○

[Fig. 1(a), indirect, dissociative].
In general, simulations rely on the accuracy of the available

water and Mg2+ force fields. In particular, different water models

and ionic force fields can have significant effects on the structural,
thermodynamic, and kinetic properties.10,13,19,20 For example, the
rate of water exchange in the first hydration shell of Mg2+ varies
by more than eight orders of magnitude depending on the exact
choice of the force field.10,13 The choice of the water model and the
ionic force field is therefore crucial to yield a quantitative descrip-
tion of Mg2+ in biomolecular simulations. In particular, capturing
the mechanism of ligand exchange is essential to describe the role of
Mg2+ in biochemical processes.

In order to assess the choice of different force fields in
biomolecular simulations involving Mg2+, we here systematically
investigate the influence of seven different polarizable and non-
polarizable water and three different Mg2+ models. Using all-atom
molecular dynamics (MD) simulations in combination with tran-
sition path sampling, we cover the long timescales involved and
resolve the kinetic pathways. The results provide comprehensive
insights into the influence of the water model and the ionic force
field on the exchange mechanism.

METHODS
Atomistic model and simulation setup

The systems consist of one Mg2+ ion and 506 water molecules
in a cubic simulation box (L = 25 Å). We used three different polariz-
able and non-polarizable Mg2+ force fields and seven different water
models as described below.

For the non-polarizable systems, the simulations were per-
formed using Gromacs 2018.8.21 Long-range electrostatic interac-
tions were accounted for using particle-mesh Ewald summation with
a Fourier spacing of 0.12 nm and a grid interpolation up to order
4. Short-range Coulomb and Lennard-Jones (LJ) interactions were
cut off at 1.2 nm. Long-range dispersion corrections for energy
and pressure were applied to correct for the truncated LJ potential.
Prior to transition path sampling, the systems were minimized using
the steepest descent algorithm. An NVT and NPT equilibration
was performed each for 1 ns. All path sampling simulations were
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performed in the NVT ensemble at a temperature of 300 K with
a time step of 2 fs using the velocity rescaling thermostat with a
stochastic term.22

For the polarizable systems, the simulations were performed
in OpenMM 7.4.1.23 Short-range Coulomb and Lennard-Jones (LJ)
interactions were cut off at 1.2 nm. Long-range electrostatic inter-
actions were treated using particle-mesh Ewald summation. Simu-
lations were performed with mutual polarization using the conver-
gence criteria of 10−5 D. Trial trajectories were generated using the
velocity Verlet with a velocity randomization integrator24 from the
OpenMMTools library25 at 300 K with a time step of 0.5 fs.

Mg2+ force fields

We used three different Mg2+ force fields: the non-polarizable
Mg2+ by Mamatkulov and Schwierz,20 the microMg parameters,13

and the polarizable Mg2+ parameters26,27 from the AMOEBA-2013
force field.28,29 The Mamatkulov Mg2+ parameters were optimized
in our previous work20 to reproduce the experimental solvation free
energy and the activity derivative. To test the influence of the water,
we here used the Mamatkulov Mg2+ parameters in combination
with six different non-polarizable water models, described in the
corresponding section of the manuscript. In addition, we used the
microMg parameters in combination with the TIP3P water model.
The microMg parameters were optimized in our most recent work13

to reproduce the experimental water exchange rate in addition to
the before-mentioned thermodynamic properties. Finally, we used
the polarizable AMOEBA force field28,29 with the optimized Mg2+

parameters26,27 to explicitly account for the polarizability of Mg2+

and water.

Water models

We used seven different non-polarizable and polarizable water
models. From the different three-site models, we chose the two most
commonly used models, namely, the SPC/E30 and the TIP3P31 water
models. From the different four-site models, we chose TIP4P/200532

and TIP4P-D.33 TIP4P/2005 has gained popularity and is often
quoted as the best non-polarizable general-purpose model.34

TIP4P-D is one of the newer offsprings in the TIP4P family and
was designed to improve water dispersion interactions. From the
different five-site models, we chose TIP5P-E35 and TIP5P/2018.36

TIP5P-E is the re-parameterized version of the original TIP5P
model37 for use with Ewald summation methods. Since the TIP5P
water model has not performed up to the initial expectations,34 we
also used the TIP5P/2018 water model due to its improved bulk
properties and its expected good performance in biomolecular simu-
lations. As a polarizable water model, the AMOEBA water model28,29

was used.

Transition path sampling and transition state
ensemble

Transition path sampling in the non-polarizable system was
performed using OpenPathSampling38,39 with Gromacs 2018.8.21

An initial path was created using constant force pulling along the
Mg2+–Ow distance using PLUMED.40 New trial trajectories were
created by selection of a snapshot, velocity randomization, and inte-
gration forward and backward in time. For path sampling with Mg2+

parameters from Mamatkulov and Schwierz,20 the shooting point
selection was biased along the Mg2+–Ow distance with respect to
the leaving water molecule using a Gaussian centered at 0.325 nm
and a width of 150 nm−2.41 The path length was flexible, and the
integration stopped when a stable state was reached. The states were
defined based on the Mg2+–Ow distance with respect to the leaving
water molecule. Additionally, the number of water oxygen atoms in
the inner shell with a cutoff of 0.21 nm was included to ensure that
Mg2+ is coordinated by six water molecules in the stable states.

In the polarizable system, transition path sampling was per-
formed using OpenPathSampling38,39 with OpenMM 7.4.1.23 Here,
the initial path was generated at high temperature. As in the non-
polarizable setup, new trial trajectories were generated by two-way
shooting with randomized velocities. In contrast, it was not nec-
essary to impose a bias on the snapshot selection. As previously
mentioned, the stable states were defined based on the Mg2+–Ow

distance with respect to the leaving water molecule. Due to the dif-
ferent exchange mechanism (Ia), the number of water oxygen atoms
within a cutoff of 0.35 nm was used to ensure Mg2+ is coordi-
nated by six water molecules when the stable states are reached.
The same state definitions were used in combination with the non-
polarizable simulation protocol for the sampling of exchanges with
the microMg parameters. For both non-polarizable and polariz-
able setups, the sampling was performed until 2500 trials were
accepted.

Based on our previous work,12 we identify transition states as
configurations that fulfill the criterion ∣r1 − r2∣ < 0.025 nm. Here,
the incoming and leaving water molecules are approximately equally
distant from the Mg2+ ion and the commitment probability to
either stable state is similar. While efficient to evaluate, the criterion
reproduces the TIP3P transition state properties from our previous
work.12

Activation volume calculation

The activation volume was estimated as proposed by Qian
et al.42 van der Waals radii of atoms involved in the exchange pro-
cess were scaled by 1.186. The solvent-excluded surface formed by
these atoms was modeled using NanoShaper.43 The volume enclosed
by the solvent-excluded surface was estimated using Trimesh 3.8.8.
A reference volume was obtained based on a 10 ns MD simulation
without any exchange events. The activation volume defined as the
change of volume with respect to the reference was then calculated
for all transition states.

RESULTS AND DISCUSSION

The aim of this work is to resolve how different water mod-
els and ionic force fields influence the kinetic pathways of water
exchange in the first hydration shell of Mg2+. In the exchange reac-
tion, one of the six water molecules from the first hydration shell
is replaced by water from the second one. To gain clear mech-
anistic insight, transition path sampling44,45 is applied to obtain
a large number of independent reactive pathways. The advantage
of transition path sampling is that it covers the up-to-millisecond
long timescales involved6,8,12 while generating an ensemble of true
dynamic trajectories free of any bias.46 This in turn allows us to
unambiguously determine the reaction mechanism with sufficient
statistics.
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Four representative pathways are shown in Fig. 1 correspond-
ing to an associative or dissociative exchange pathway. Based on the
distances between Mg2+ and the two exchanging water molecules, r1
and r2, associative and dissociative pathways are clearly distinguish-
able [Fig. 1(b)]. In the following, we show that the exchange occurs
outside of the first hydration shell in the dissociative pathways. Dur-
ing activation, one water molecule from the second hydration shell
enters the molecular void leading to the concerted motion of another
water molecule out of the first hydration shell. The distances of the
entering and leaving water molecules in the transition state are elon-
gated, and the activation volume is positive. By contrast, in associa-
tive pathways, the exchange occurs inside the first hydration shell,
the distances are shortened, and the activation volume is negative.

As shown in Fig. 1(c), the exchange can be further classi-
fied by the exchange angle between the incoming and outgoing
water molecules.12 In the indirect exchange mechanism, the enter-
ing and leaving water molecules occupy different positions on the
water octahedron. In the direct exchange mechanism, the exchange
takes place via an attack onto the edge of the water octahedron and
the exchanging water molecules occupy the same positions on the
water octahedron [Fig. 1(a)]. For instance in TIP3P, exchange angle
αex < 90 corresponds to the direct exchange mechanism while
αex > 90 corresponds to the indirect exchange mechanism [Figs. 2(b)
and 2(c)].

In the following, we provide insight into the exchange path-
ways obtained for seven water models and three different Mg2+ force
fields. The probability distributions of the distances and exchange
angle along the reactive pathways provide direct insight into the
kinetic pathways, and the regions of high probability density coin-
cide with the transition states (Figs. 2–5, Table I).

Interchange dissociative pathways for rigid,
non-polarizable, three-, four-, and five-site water
models

Figures 2(a) and 2(b) show the distributions of distances and
exchange angles along reactive pathways in TIP3P water. In the

transition state, the distances of the leaving and entering water
molecules are elongated (Table I), and the exchange takes place
outside the first hydration shell. In agreement with our previous
results,12 two alternative exchange pathways, corresponding to the
indirect and direct mechanism, can be clearly identified from the
exchange angle [Fig. 2(b)]. In the direct exchange, the five spec-
tator water molecules in the first hydration shell adopt a square
pyramidal geometry in the transition state [Fig. 2(c)]. The indi-
rect exchange occurs via a trigonal bipyramidal transition state. The
exchanging water molecules enter and leave on opposite sides of the
trigonal base [Fig. 2(c)]. This results in an exchange angle of ∼120○

(Table I). The activation volume is positive, and larger r1,2 distances
lead to a higher activation volume. Yet, this is not the only con-
tributing factor. While indirect exchange reactions typically occur
at smaller r1,2 distances than direct exchange reactions, they tend to
have larger activation volumes. This is likely caused by the differ-
ent angular distribution of the exchanging water in the trans or cis
position [Fig. 2(c)]. The distribution of transition times [Fig. 2(d)]
reveals that the water molecules spend less than 1 ps in transition
and the indirect exchange is, on average, slightly faster compared to
the direct exchange.

In summary, the leaving water molecule departs stepwise while
an incoming water is approaching. The exchanging water molecules
move in a concerted fashion with no kinetically detectable inter-
mediate characteristic of an interchange (I) mechanism. Since the
intrinsic activation volume is positive, direct and indirect water
exchange corresponds to an interchange dissociative (Id) process
in agreement with the experimental results.7,8 It should be noted,
however, that in equilibrium, the indirect exchange is expected to
be observed much more frequently compared to the direct mecha-
nism since conformations with cis positions of exchanging ligands
(direct pathways) are energetically less favorable compared to trans
positions (indirect pathway).9

For SPC/E, TIP4P/2005, TIP4P-D, and TIP5P/2018, the
characteristics of water exchange remain essentially unchanged
(Figs. 2–4). However, for SPC/E, the distribution of exchange

FIG. 2. Water exchange with the three-site water models TIP3P (top) and SPC/E (bottom). (a) and (e) Probability distribution function p(r1, r2) along the transition pathways
in dependence of the distances r1 and r2. (b) and (f) Probability distribution function p(r1, αex) in dependence of r1 and the exchange angle αex. (c) and (g) Representative
simulation snapshots of the transition state for the direct and indirect mechanism. (d) and (h) Distribution of transition times p(τ) for the direct and indirect exchange
pathways.
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TABLE I. Properties of the transition state ensemble for direct and indirect exchange for different water models: Mg2+–oxygen distance of the exchanging water molecules, r1,2,
angle between the exchanging water oxygen atoms and Mg2+, αex , average path length τ, activation volume ΔV‡, and number N of direct and indirect exchange pathways.
Averages and standard deviations of the properties are shown.

Mechanism Model r1,2 (nm) αex (deg.) τ (ps) ΔV‡
(cm3 mol−1

) N

Direct

TIP3P 0.342 ± 0.037 55.1 ± 9.0 0.57 ± 0.24 2.62 2 321
SPC/E 0.372 ± 0.041 58 ± 14 0.82 ± 0.55 4.31 3 671

TIP4P/2005 0.362 ± 0.035 54 ± 10 0.83 ± 0.34 3.54 701
TIP4P-D 0.363 ± 0.039 56 ± 12 0.82 ± 0.42 3.62 1 974
TIP5P-E 0.309 ± 0.019 56.5 ± 4.6 0.47 ± 0.16 1.75 1 523

TIP5P-2018 0.341 ± 0.035 52.7 ± 7.9 0.59 ± 0.30 2.55 3 009
microMg 0.221 ± 0.009 74.1 ± 3.5 0.96 ± 0.51 −4.88 9 389
AMOEBA 0.235 ± 0.038 71.8 ± 7.0 0.83 ± 0.47 −4.2 6 609

Indirect

TIP3P 0.327 ± 0.033 125 ± 13 0.46 ± 0.23 2.73 8 237
SPC/E 0.354 ± 0.039 123 ± 15 0.64 ± 0.46 4.72 7 136

TIP4P/2005 0.331 ± 0.033 126 ± 12 0.51 ± 0.24 3.42 9 917
TIP4P-D 0.345 ± 0.034 124 ± 14 0.65 ± 0.34 3.67 8 172
TIP5P-E 0.303 ± 0.020 125 ± 10 0.48 ± 0.25 2.1 10 753

TIP5P-2018 0.341 ± 0.035 125 ± 15 0.53 ± 0.28 3.89 7 685
microMg 0.220 ± 0.010 132 ± 13 1.16 ± 0.61 −4.72 3 268
AMOEBA 0.238 ± 0.039 138 ± 11 0.77 ± 0.45 −3.92 5 932

distances [Fig. 2(e)] is broader indicating that solvent reorientation
plays a more pronounced role. This likely reflects the ideal tetrahe-
dral shape of the SPC/E water model. Moreover, for TIP4P/2005,
the indirect pathway almost completely disappears indicating that
the cis position of the two exchanging water becomes less favor-
able [Fig. 3(b)]. The most pronounced differences are observed for
TIP5P-E [Figs. 4(a) and 4(b)]. Here, the exchange takes place on
the edge of the first hydration shell. The exchange distances are

significantly shorter and the activation volume is smaller compared
to the other water models while the exchange angles remain largely
unaffected (Table I). Consequently, Id and Ia exchange mechanisms
are almost indistinguishable since bond formation and bond break-
ing become equally important. Here, the different angular distribu-
tion of TIP5P-E may explain the observed differences.47 In particu-
lar, the marked difference to act as the tetrahedral hydrogen bond
donor and acceptor likely leads to an interchange mechanism.

FIG. 3. Water exchange with the four-site water models TIP4P/2005 (top) and TIP4P-D (bottom). (a) and (e) Probability distribution function p(r1, r2) along the transition
pathways in dependence of the distances r1 and r2. (b) and (f) Probability distribution function p(r1, αex) in dependence of r1 and the exchange angle αex. (c) and (g)
Representative simulation snapshots of the transition state for the direct and indirect mechanism. (d) and (h) Distribution of transition times p(τ) for the direct and indirect
exchange pathways.
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FIG. 4. Water exchange with the five-site water models TIP5P-E (top) and TIP5P/2018 (bottom). (a) and (e) Probability distribution function p(r1, r2) along the transition
pathways in dependence of the distances r1 and r2. (b) and (f) Probability distribution function p(r1, αex) in dependence of r1 and the exchange angle αex. (c) and (g)
Representative simulation snapshots of the transition state for the direct and indirect mechanism. (d) and (h) Distribution of transition times p(τ) for the direct and indirect
exchange pathways.

Interchange associative pathways for polarizable
and long-ranged force fields

Interestingly, an interchange associative exchange mechanism
is observed with the polarizable AMOEBA force field and with the
recently developed non-polarizable microMg parameters. The dis-
tributions of exchange distances along reactive pathways [Figs. 5(a)
and 5(b) and Figs. 5(e) and 5(f)] show that the exchange takes
place inside the first hydration shell (Fig. S1) and the distances
in the transition state are only slightly larger compared to their

equilibrium values (Table I). Similar to the dissociative path-
ways, direct and indirect exchanges are observed. Here, water
molecules exchange in an angle of ∼70○ and 137○ for direct and
indirect paths, respectively. With seven water molecules in the
inner shell, the transition state resembles a pentagonal bipyrami-
dal geometry [Figs. 5(c) and 5(g)]. Consequently, the exchange
angle is approximately a multiple of the central 72○ angle. Con-
sidering the permutation invariance of solvent molecules, the tran-
sition states of direct and indirect reactions become virtually
indistinguishable.

FIG. 5. Water exchange with the microMg parameters and TIP3P (top) and with the polarizable AMOEBA force field (bottom). (a) and (e) Probability distribution function
p(r1, r2) along the transition pathways in dependence of the distances r1 and r2. (b) and (f) Probability distribution function p(r1, αex) in dependence of r1 and the exchange
angle αex. (c) and (g) Representative simulation snapshots of the transition state for the direct and indirect mechanism. (d) and (h) Distribution of transition times p(τ) for
the direct and indirect exchange pathways.
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TABLE II. Water exchange rates: the exchange mechanism and water exchange
rate k for different non-polarizable and polarizable force fields from the literature in
comparison to the experimental results.

Mechanism k (s−1
)

Mg2+12 in TIP3P Id 24.0 ± 8.8
microMg13 in TIP3P Ia 8.0 ± 1.2 ⋅ 105

AMOEBA10,27 Ia 0.5 ⋅ 109

Expt.6–8 D, Id 5.3 ⋅ 105

The reason for the crossover from dissociative to associative
mechanism is the range of the atomistic Mg2+–water interaction
potential of different force fields. Due to their high charge den-
sity, Mg2+ ions polarize their environment strongly. Consequently,
charge-induced dipole interactions and charge transfer can become
significant and render the Mg2+–water interactions more attrac-
tive and long-ranged. The AMOEBA force field takes some of
these many-body quantum effects into account explicitly while the
microMg parameters account for them implicitly. In both cases,
the Mg2+–water interaction potentials are more long-ranged com-
pared to standard force field parameters and have a non-vanishing
attractive contribution at the edge of the first hydration shell (Fig.
S2). Consequently, in the transition state, the exchanging water
molecules have considerable interactions with the Mg2+ ion lead-
ing to the observed Ia mechanism. By contrast, for the more short-
ranged interaction potential in the Mamatkulov Mg2+ force field, the
interactions of the entering and leaving water molecules with Mg2+

are almost negligible.
The crossover from interchange dissociative to associative

also affects the exchange rate (Table II). For the standard Mg2+

force field in combination with TIP3P water, the rate constant is
k = 24.0 ± 8.8 s−112 and significantly lower than the experimental
result (k = 5.3 ⋅ 105 s−16). With the microMg parameters, the rate
constant is k = 8.0 ± 1.2 ⋅ 105 s−1 and closely matches the exper-
imental value.13 The polarizable AMOEBA force field yields the
highest rate k = 0.5 ⋅ 109 s−110,27 and significantly overestimates the
experimental result.

CONCLUSION

Water exchange between the hydration shells of Mg2+ is essen-
tial for a large variety of physiological processes. In order to correctly
capture the exchange dynamics in all-atom molecular dynamics sim-
ulations, accurate force fields are required. To ease the choice of
the force field, we have systematically investigated the influence of
different water models and Mg2+ force fields on the mechanism of
water exchange. In particular, we have used transition path sampling
as a particularly powerful sampling strategy to provide unbiased
insights into the kinetic pathways and to cover the long timescales
involved in water exchange.

In all cases, water exchange can occur either via an indi-
rect or direct exchange pathway (exchanging molecules occupy
different/same position on the water octahedron) without stable
intermediates. This provides further evidence that the Id mecha-
nism is dominant while dissociative (D) pathways with a stable,
reduced coordination intermediates can be excluded, in agreement

with quantum mechanical calculations in the gas phase.42 In addi-
tion, a crossover from an interchange dissociative (Id) to an associa-
tive (Ia) reaction mechanism is observed dependent on the range of
the Mg2+–water interaction potential of the respective force field.

No force field combination tested in our current work is able
to simultaneously reproduce the experimentally observed Id mecha-
nism and the rate of water exchange. Standard non-polarizable Mg2+

force fields in combination with the commonly used rigid water
models yield the Id mechanism in agreement with the experimen-
tal results but significantly underestimate the exchange rate.12,13,19,20

The microMg parameters13 yield close agreement with the experi-
mental rate but follow the Ia mechanism in contrast to the exper-
imental results. Finally, the polarizable AMOEBA force field28,29

significantly overestimates the experimental rate and yields the Ia
mechanism.

Consequently, the microMg force field parameters13 should
be used in bimolecular simulations addressing the binding kinet-
ics and the Mamatkulov Mg2+ parameters20 when addressing the
mechanism of ligand exchange reactions. The applicability of the
polarizable AMOEBA force field is clearly limited. However, mod-
els with variable polarizability10 depending on the distance between
Mg2+ and water or the application of scaled charge force fields
for Mg2+48,49 might improve the agreement with the experimental
results.

In any case, the impact of the water model and ionic force field
must be explored in more detail in order to develop a more accu-
rate description. In particular, designing an experiment that could
probe water exchange pathways directly would be an invaluable con-
tribution to the field. Alternatively, ab initio QM/MM molecular
dynamics simulations11 at high levels of accuracy could provide fur-
ther insights and a step toward improved models for biomolecular
simulations.

SUPPLEMENTARY MATERIAL

See the supplementary material for further discussion of
the radial distribution function and the Mg2+–water interaction
potentials.
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