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Introduction

Zinc is the second most abundant inorganic metal cation in
biological systems and it can be found in many proteins. Ei-
ther structural and/or catalytic roles are proposed for zinc
ions in proteins [1]. Zinc plays a structural role in zinc finger
domains (e.g. transcription factor IIIA) and in metallo-
thioneins for example. It is part of the active site of enzymes
like carbonic anhydrase, carboxypeptidase A, and alkaline

phosphatase to name a few. An extensive review on zinc
enzymology was recently given by Lipscomb and Sträter [2].

Compared to other metal ions of biological importance
like Ca2+, Mg2+, or Fe3+, which are hard cations, Zn2+ is a
borderline cation whereas Cu+ and Cd2+ are soft cations. This
has implications for the choice of ligands and for the pre-
ferred architecture of the coordination sphere. Being a d10

metal ion, Zn2+ is not subjected to ligand field stabilisation
effects. In consequence, a number of different coordination
geometries are almost equally favourable for the Zn2+ ion as
was proven by ab initio calculations [3]. Whereas in water
hexa-coordinated species dominate over tetra and penta-wa-
ter complexes, in proteins tetrahedral complexes are most
frequent[1]. A large number of experimental studies dealing
with the structure and dynamics of the hydration shell of
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zinc have been carried out in the past. X-ray diffraction [4, 5,
6, 7], neutron scattering [8, 9], EXAFS [10] and NMR tech-
niques[11, 12] were employed for the investigation of the
structure of the hydration shell. The dynamics of the hydra-
tion shell was investigated by quasi-elastic neutron scatter-
ing [13]. Much of this work has been reviewed by Ohtaki
and Radnai [14], Johannson [15] and Marcus [16]. The hy-
dration of zinc ions was compared to Mg2+ and Be2+ by ab
initio calculations by Bock et al.[3] and Monte Carlo calcu-
lations of Zn2+-water systems were carried out by Clementi
et al. [17], Yongyai et al. [18] and Marchese et al.[19].

In 1995, Stote and Karplus [20] published a set of param-
eters for the simulation of zinc in water and in proteins which
had been improved with regard to the interaction energy pro-
file. This parameter set was based on the original CHARMM
parameter set and on ab initio calculations by Clementi et al.
[17]. The aim of the present work was to assess the differ-
ences in the structure and dynamics of the hydration shell of

zinc between these two parameter sets and to compare them
to experimental data.

Methods

Molecular dynamics calculation were carried out using
CHARMM [21] (V. 24g1) on SGI computers (Origin 2000
and Octane). Two different parameter sets were used:
(1) the CHARMM22 force field as supplied by MSI (Mo-

lecular Simulations Inc., Waltham, MA) and
(2) optimised parameters for the zinc-water Lennard-Jones

potential published by Stote and Karplus [20].
The interaction parameters used for the calculations are

given in Table 1.
The simulation was carried out as previously described

[22]. In brief, a zinc ion was placed in the middle of a cubic
box of TIP3P water molecules [23] and water molecules over-
lapping the Zn2+ ion were deleted. The resulting ensemble
was energy minimised and then subjected to MD simulation.
The simulation consisted of 10 ps heating phase from 0 to
300 K, 10 ps equilibration phase and 250 ps (1000 ps) simu-
lation phase. 250 ps of the latter was used for subsequent
data analysis. For comparison, pure water systems were simu-
lated for 100 ps. Two different system sizes were used (cf.
Table 2). The leapfrog integrator was used with a time step
of 1 fs. Bonds involving hydrogens were controlled by
SHAKE [24]. During the MD, coordinates and velocities were
stored at every 100th time step, i.e. every 0.1 ps. Three-di-
mensional periodic boundary conditions were used [25].
Nonbonded interactions were cut off at 12 Å by the SHIFT
function [21]. For electrostatic calculations ε = 1 was used.

Radial pair distribution function

The radial pair distribution function (RDF) gX-O(H)(r) be-
tween water oxygen O (hydrogen H) and a second atom X

Table 1. Parameters for potential functions used in the
calculations. q: atomic charge; Emin, rmin: parameters for the
calculation of the Lennard-Jones potential. O, H: TIP3P
water model [23]; Zn (CHARMM): CHARMM22 force field
as supplied by MSI; Zn(Stote/Karplus): parameters from Stote
and Karplus [20].

O H Zn [a] Zn [b]

q -0.834 0.417 2 2

Emin (kcal/mol) -0.1521 -0.0498 -0.250 -0.250

rmin (Å) 1.768 0.920 1.090 0.975

[a]CHARMM
[b]Stote/Karplus

simulation n(H2O) n(Zn2+) box size (Å) parameter t (ps)

Zn-123 123 1 15.50 MSI 1000

Zn-123-K 123 1 15.50 Stote/Karplus 250

Zn-525 525 1 25.08 MSI 1000

Zn-525-K 525 1 25.08 Stote/Karplus 250

H2O-125 125 0 15.50 MSI 100

H2O-528 528 0 25.08 MSI 100

Table 2. System size and parameters used for the MD
simulations. n(H2O), n(Zn2+): number of water molecules
(zinc ions) in the simulation box; box size: length of the cubic
simulation box; parameters: MSI: CHARMM22 parameter

set as supplied by MSI, Stote/Karplus: modified parameters
for the zinc ion [20]; t: duration of the simulation phase used
for data analysis (excluding heating and equilibration phases
of 10 ps each).
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was calculated for pure water (X = O) and zinc (X = Zn). By
integration of g(r)4πr2dr from r = 0 up to r = r1st min the coor-
dination number ncoor(r) was calculated [25].

Average structure of the first hydration shell

The average structure of the first hydration shell of Zn2+ was
calculated by least-squares fit (LSQ) of the water oxygen

atoms using 10000 coordinate sets derived from the MD tra-
jectory of 1 ns. The LSQ-fitted coordinates were centred on
the zinc ion located at (0,0,0) and oriented on the axes of a
Cartesian coordinate system with four oxygen atoms in the
x-y plane and two oxygen atoms on the z-axis.

Water geometry

The geometry of the water molecules was analysed in terms
of O-H bond length and of H-O-H bond angle. The monomer
values for the TIP3P water model [23] are rOH =  0.9572 Å
and ∠(H-O-H) = 104.52°.

Hydrogen bonds

A geometric criterion was employed for the detection of hy-
drogen bonds: distance between the two water-oxygen at-
oms < 3.4 Å and O-H···O angle >135° [26, 27]. The fraction
p of water molecules participating in a given number of hy-
drogen bonds (n(HB) = {0..5}) was analysed.

Diffusion coefficient

From mean square displacements (MSD) the diffusion coef-
ficient D was calculated using the Einstein relation [28]:
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where zi(t) is the z-(x-, y-) coordinate of particle i at time t
and zi(0) is the z-(x-, y-) coordinate of particle i at time t = 0.
The MSD was calculated independently for segments of 5 ps
duration and finally averaged. All D values are given in 10-5

cm2/s.

Results and discussion

Radial pair distribution functions (RDF) were calculated for
solutions containing zinc and for pure water. The results are
shown in Figure 1 and peak positions are given in Table 3.
No dependency of the RDFs on the system size was found,
hence only RDFs for the larger systems are shown. Depend-
ing on the interaction potential used, the position of maxima
and minima of the RDFs is slightly different. The first peaks
of gZn-O(r) and gZn-H(r) are shifted 0.06 Å closer to the zinc
ion when the Stote/Karplus parameters are used. This is ac-
companied by slightly higher peak values for these RDFs
resulting from the fact that the coordination number remains
constant independent from the interaction parameters used.

The RDF of pure water is in good agreement with experi-
mental results as discussed elsewhere [22]. Two distinct hy-
dration shells can be identified for pure water and for zinc.
This confirms experimental [5, 6, 12, 14, 36] and theoretical
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Figure 1. Coordination numbers ncoor(r) and radial distri-
bution functions gOO(r) for pure water (top), and gZn-O(r)
(middle) and gZn-H(r) (bottom) for solutions containing zinc.
Red: CHARMM22 parameters; green: Stote/Karplus para-
meters; solid line: g(r); dotted line: ncoor(r).
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[17, 18] results suggesting the presence of a second hydra-
tion shell for zinc. A number of reviews [9, 15, 16] cite Zn-O
distances ranging essentially from 2.05 to 2.17 Å with the
exception of rZnO = 1.94 Å calculated from EXAFS experi-
ments [10] using ZnBr2 solutions. The hydration numbers
range from 2.4 to 7.0 with most of the experiments yielding
a coordination number of 6. Some experimental values are
given in Table 3. From MC calculations, Yongyai et al. [18]
derived RDFs with a sharp peak at r = 2.05 Å and a coordi-
nation number of 5.6. Ab initio calculations resulted in a Zn-
O bondlength of 2.14 Å for Zn[H2O]6

2+ and the average Zn-

O distance found in the Cambridge Structural Database (CSD)
for hexahydrated zinc ions is 2.09 Å [3]. Although the exact
value of the Zn-O distance seems to depend on the system
investigated, the counterion involved and the experimental
method used, the position of the first peak produced by the
CHARMM22 parameter set is in better agreement with the
majority of experimental results than the modified param-
eter set by Stote and Karplus. On the other hand, the Zn-H
distance is better reproduced by the modified parameter set.
This indicates a different orientation of the first shell water
molecules in the simulation and the experiments. The so-
called tilt angle of water molecules is defined by the bisector
of the H-O-H angle of a water molecule and the Zn-O vector
[29]. The difference between the positions of the first peak
obtained for the two different parameter sets amounts only
to approx. 50% of the difference between the rmin values of
the two different Lennard Jones parameter sets. This is prob-
ably caused by repulsive forces between neighbouring water
molecules.

The second hydration shell of both Zn2+ and pure water
is blurred as compared to the first shell. Values defining the
second shell are given at the bottom of Table 3. The position
of the second hydration shell of Zn2+ at r = 4.3 - 4.4, as de-

1st shell oxygen hydrogen

1st max 1st min 1st max 1st min

rOX (Å) gOX rOX (Å) gOX ncoor(O) rHZn (Å) gHZn rHZn (Å) gHZn ncoor(H)

H2O-125 2.76 3.2 3.34 0.9 4.4

Zn-525 2.07 24.7 2.35-3.44 0.0 6.0 2.82 13.9 3.14-3.54 0.0 12.0

Zn-525-K 2.01 27.4 2.31-3.47 0.0 6.0 2.76 14.7 3.09-3.50 0.0 12.0

ZnCl2 [a] 2.09 4.1 2.74 8.2

Zn(CF3SO3)2[b] 2.09 5.3 2.69 10.6

Zn(SO4) [c] 2.08 5.9

Zn(SO4) [d] 2.13 6.0

2nd shell oxygen hydrogen

2nd max 2nd min 2nd max 2nd min

rOX (Å) gOX rOX (Å) gOX ncoor(O) rHZn (Å) gHZn rHZn (Å) gHZn ncoor(H)

H2O-125 4.76 1.0 5.80 0.9 22

Zn-525 4.39 2.1 4.93 0.7 14 5.0 3.2 5.9 1.5 43

Zn-525-K 4.35 2.3 4.88 0.7 14 4.9 3.3 5.8 1.5 43

Zn(SO4) [d] 4.26 12.5

[a]neutron scattering [7]
[b]neutron scattering [36]
[c] X-ray diffraction [37]
[d]X-ray diffraction [5]. Bottom: second shell; rOX: distance

between water oxygen and atom X (X = Zn2+ for solutions
containing zinc and X = O for pure water); ncoor(O(H)):
number of oxygen (hydrogen) atoms in the second
hydration shell, calculated by integration of g(r) from
r = r 1st min to r = r2nd min; note that second shell peaks are
less well defined than the structure of the first shell.

Table 3. Minima and maxima of the radial distribution
function g(r) and coordination numbers ncoor for Zn-O and
Zn-H. Top: first shell; rOX: distance between water oxygen
and atom X (X = Zn2+ for solutions containing zinc and X = O

for pure water); ncoor(O(H)): number of oxygen (hydrogen)
atoms in the first hydration shell, calculated by integration
of g(r) from r = 0 to r = r1st min.
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fined by the second peak of gZn-O, is slightly shifted to larger
distances as compared to experimental results [14]. From an
x-ray study of a highly concentrated solution of Zn(NO3)2,
Dagnall et al. estimated the presence of 10.8 H2O in the sec-
ond shell at a distance of 4.1 Å [6]. Depending on the con-
centration of the ZnSO4 solution investigated, Licheri et al.
reported 7.3 to 13.2 water molecules in the second hydration
shell at distances between 4.21 and 4.26 Å [5].

The number of approx. 43 hydrogens in the second hy-
dration shell of zinc is significantly higher than twice the
number of 14 oxygens found in the second hydration shell,
whereas in the first shell, for each oxygen exactly two
hydrogens can be found. The increased number of hydrogens
found in the second shell indicates the decrease of order with
increasing distance from the zinc ion. If each hydrogen of
the six water molecules in the first shell was hydrogen bonded
to one water molecule in the second hydration shell, then 12
oxygens would be found in the second hydration shell. This
is close to values reported for Fe2+ (13 H2O) and Li+ (14
H2O) determined by MC calculations [30]. Two MC studies
of zinc solutions reported 16 to 18 water molecules in the
second hydration shell of Zn2+ [17, 18]. Taking into account
the uncertainty arising from shallow second peaks of the RDF,
our results are in good agreement with these data. The in-
creased number of hydrogens in the second shell presumably
results from hydrogens bound to oxygens not belonging to
the first or second hydration shell, i.e. some water molecules
(of the bulk) are oriented with their hydrogens towards the

zinc ion, which is not found for water molecules in the first
or second hydration shell.

In Figure 2, the average structure of the hydration shell
of Zn-525 is depicted. The oxygen atoms are located
octahedrally in spherical segments with small deviation of
the Zn-O distance but with increased flexibility of the O-Zn-
O angle. The coordinates (± standard deviation sd) resulting
from the fit procedure do not vary with the system size and
are given for Zn-125 and Zn-125-K in Table 4. Note that for
oxygens 3 and 6 the standard deviation of the y-component
(i.e. in the direction of the Zn-O bond) of its position vector
is half the value obtained for the standard deviation of the x-

Figure 2. Overlay plot of oxygen positions from 10000
conformations taken from simulation Zn-525 showing the
average structure of the first hydration shell of zinc. Left: x-y
plane; right: x-z plane. Zinc is located at (0, 0, 0).
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Figure 3. Distribution of O-O distances of water molecules
of the first hydration shell of zinc. Red: CHARMM22
parameters; green: Stote/Karplus parameters.
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and z-components. This observation is in good agreement
with the calculations of Marchese and Beveridge [19] who
plotted thermal ellipsoids for the water molecules in the first
hydration shell of zinc from a MC simulation. They con-
cluded that the strength of the ion-water potential minimised
the radial motions but allowed for twisting and bending mo-
tions of the hydrating water molecules.

In Figure 3, the O-O distances in the first hydration shell
of zinc are shown. As discussed above, the Stote/Karplus
parameters lead to decreased Zn-O distances and hence to
decreased O-O distances in the first shell. The distribution of
distances is broader for the CHARMM22 parameters in the
case of the O-O distances of neighbouring oxygen atoms
whereas for the O-Zn-O distances, the distribution has a com-
parable width. The latter is controlled by the Zn-O interac-
tion energy which is comparable for both parameter sets. The
former on the other hand depends mainly on the uncertainty
of the oxygen position which increases with increasing dis-
tance from the zinc ion.

In Figure 4, the distribution of O-Zn-O angles in the first
hydration shell is shown. Again, the distribution is wider for
the CHARMM22 parameter set and narrower for the Stote/
Karplus parameters. As expected from the octahedral struc-
ture of the hydration shell, the first peak is centred at approx.

90°. The second peak, on the other hand, is centred at approx.
173°, i.e. the water molecules are arranged on a distorted
octahedron. This can also be seen in Figure 5, where a repre-
sentative snapshot taken from simulation Zn-123 shows zinc
with its first hydration shell as a stereo plot.

As can be seen in Table 5, the average geometry of the
water molecules computed from the MD trajectory deviated
from the monomer parameters given in the Methods section.
In the first shell, the O-H bond is lengthened by 1% as com-
pared to pure or bulk water. At the same time, the first shell
H-O-H bond angle is decreased by 1.6° to 2.8°. Pure water
properties are found for water molecules not belonging to
the first shell. By ab initio calculations of Zn[H2O]6

2+-clus-
ters, Bock et al. [3] found H-O-H angles of 107.1° for first
shell water molecules and of 105.5° for an isolated water
molecule, which is in contrast to our results. This might in
part be due to the fact that the ab initio calculations do not
account for a second hydration shell of the zinc ion or the
hydration of the single water molecule. In agreement with
our observations, van der Maarel [31] noted an increase of
the O-H bond length from 0.98 Å in pure water to 1.01 Å in
a 17.2 M ZnCl2 solution by NMR.

The fraction of water molecules participating in a given
number of hydrogen bonds n(HB) is shown in Figure 6. The
hydrogen bond distribution is not influenced by the param-
eter set used but the effect of the system size is clearly vis-
ible. In the small systems (Zn-123, Zn-123-K), the largest
fraction of water molecules participates in two hydrogen
bonds at the same time, whereas in bulk water (H2O-125,
H2O-528) and in the large systems (Zn-525, Zn-525-K) the
distribution is shifted towards higher n(HB). No influence of
the presence of Zn2+ on the number of hydrogen bonds in the
solution can be seen for the large systems, whereas for the
small systems the presence of zinc leads to a small decrease
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Table 4. Average coordinates of oxygen atoms from the first
hydration shell of zinc calculated from 250 ps MD simulation
with CHARMM-parameters (top) and Stote/Karplus-
parameters (bottom). The numbering of oxygen atoms is
arbitrary.

oxygen x (Å) ± sd y (Å) ± sd z (Å) ± sd

1 -1.48 0.10 0.00 0.12 1.48 0.10

2 -1.48 0.10 0.00 0.13 -1.47 0.09

3 0.00 0.12 -2.09 0.05 0.00 0.12

4 1.48 0.09 0.00 0.12 -1.47 0.09

5 1.48 0.09 0.00 0.12 1.48 0.10

6 0.00 0.12 2.09 0.06 0.00 0.12

oxygen x (Å) ± sd y (Å) ± sd z (Å) ± sd

1 -1.43 0.08 0.00 0.10 1.44 0.08

2 -1.43 0.08 0.00 0.10 -1.42 0.08

3 0.00 0.10 -2.02 0.06 0.00 0.10

4 1.43 0.08 0.01 0.10 -1.42 0.08

5 1.42 0.08 0.00 0.10 1.44 0.08

6 0.00 0.10 2.02 0.05 0.00 0.10

Figure 4. Distribution of O-Zn-O angles in the first hydration
shell of zinc. Red: CHARMM22 parameters; green: Stote/
Karplus parameters.
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in n(HB). This is presumably due to the fact that the influ-
ence of the solute exerted on the water molecules of the first
hydration shell is outnumbered by the large number of water
molecules unaffected by the solute in the case of the large
system whereas in the small system, fewer uninfluenced water
molecules are present. For bulk SPC water, Kowall and Gei-
ger [27] found a distribution which was shifted to higher
n(HB) as compared to our simulations. They give an average
nHB = 3.3, whereas we observed nHB ranging from 2.6 for the
small systems to 3.0 for the large systems.

Diffusion coefficients were calculated from mean square
displacements and are given in Table 6. For zinc, experimen-
tally derived self diffusion coefficients DZn between 0.14 [31]
and 0.41 [32] and 0.49 [13] were reported. The latter two are
in good agreement with our values in the range from 0.32 to
0.49. The first was calculated from NMR studies of highly
concentrated (c = 17.2 M) solutions of ZnCl2, where the high
concentration might reduce the mobility of the solute. DZn
was larger in the large systems (Zn-525, Zn-525-K) than in
the smaller systems (Zn-123, Zn-123-K). This difference
might be attributed to the strong hydration of zinc, which
involves at least two hydration spheres as deduced from the
RDF. Two hydration spheres with a total radius of approx.

6 Å consume most of the volume of the smaller systems (box
length = 15.5 Å), reducing the number of free water mol-
ecules to a minimum and thus hindering the free diffusive
motion of the solute as hypothesised above in the case of the
highly concentrated ZnCl2 solution.

For pure water, Weingärtner [33] gives an experimental
value of D = 2.30. This is slightly lower than the values cal-
culated from the simulations but these results are in good
agreement with D = 2.67 reported for the SPC water model
by Zhang et al. [34]. The reason for the increased mobility of
water in the case of Zn-525-K is not known.

No exchange of a water molecule from the first hydration
shell of zinc could be observed even during 1 ns of simula-
tion time (Zn-123 and Zn-525). This stability of zinc’s first
hydration shell is not surprising: Laurenczy et al.[35] ob-
served water exchange constants for Zn2+ of 0.3 × 108 s-1 <
kex

298 < 6 × 108 s-1 which is slower than the time scale of 1 ns
covered by our longest simulations. Fratiello et al. [11] cal-
culated an exchange rate of 108 s-1, and Salmon et al. [13]
estimated from QENS experiments a zinc to water-proton
binding time between 10-10 s and 5 × 10-9 s. The latter is
close to our simulation time. However, the exchange of pro-
tons is believed to occur faster than the exchange of com-

Figure 5. Stereo plot of the first
hydration shell of zinc. Representative
snapshot from simulation Zn-123
chosen for its minimum deviation from
the average hydration shell structure.
White: hydrogen; red: oxygen; brown:
zinc. The plot was generated using
SCHAKAL (E. Keller, Freiburg).

1st shell bulk 1st shell bulk

rO-H (Å) sd rO-H (Å) sd ∠∠∠∠∠(H-O-H) (°) sd ∠∠∠∠∠(H-O-H) (°) sd

H2O-125 0.980 0.005 0.980 0.005 101.1 1.1 100.7 1.2

Zn-123 0.989 0.005 0.980 0.006 98.0 1.1 100.2 0.2

Zn-123-K 0.989 0.005 0.980 0.005 97.9 1.1 100.3 1.4

Zn-525 0.99 0.02 0.99 0.06 99.5 1.8 99.1 5.0

Zn-525-K 0.989 0.006 0.979 0.006 98.3 1.3 100.3 1.4

Table 5. Average geometry of water molecules in the first
hydration shell and in the bulk. 1st shell: all water molecules
closer to the central particle (Zn2+ for Zn-123, Zn-123-K,
Zn-525, and Zn525-K or water for H2O-125) than rfirst min

given in Table 3; bulk: all water molecules not belonging to
the first shell. rO-H: average O-H bond length; sd: standard
deviation of  rO-H; ∠(H-O-H): average H-O-H bond angle of
water molecules; sd: standard deviation of ∠(H-O-H).
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Table 6. Diffusion coefficients for Zn2+ and water. DH
2
O (Zn):

average diffusion coefficient of water (zinc) calculated from
50 intervals at 5 ps each; sd: standard deviation of D. From
the calculation of DH

2
O, all molecules in the first hydration

shell of zinc were excluded.

System DH2O (10-5cm2/s) sd DZn (10-5cm2/s) sd

Zn-123 2.44 0.12 0.35 0.06

Zn-123-K 2.38 0.08 0.32 0.04

Zn-525 2.55 0.04 0.49 0.15

Zn-525-K 2.84 0.04 0.46 0.17

H2O-125 2.50 0.03

plete water molecules [14] and this proton transfer can not
be observed by our conventional MD simulation.

Conclusion

Most of the parameters investigated are better reproduced by
the CHARMM22 parameters than by the modified param-
eters published by Stote and Karplus. Especially the Zn-O
distance of the former is in better agreement with experi-
mental and theoretical results. Other properties like diffu-
sion coefficients were not influenced by the parameter set
but by the system size. Even simple systems like the ones

investigated here require the use of systems larger than our
small systems with 125 water molecules.

Supplementary material: 3D coordinates of the first hydra-
tion shell of zinc in PDB-format.
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