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Supporting Information

Methods

Tetrahedral order parameter for H-bond network. The extent of H-bond network
formed among water molecules is quantified using the local tetrahedral order parameter?

averaged over position at r from the center of metal ion, which is defined as

1 3 & 172
(@) (r) = N Z {1 - §Z Z [Cos¢ikj+ ﬂ } (S1)

k=1 i=1 j=i+1

where N(r) is the number of water oxygens present at the interval (r,r + dr), i and j denote
the neareast neighbors to the water molecule k, and 1;;,; denote the angle between the water

molecules 7, k, and j.

Non-bonded interaction between water and ions. Coulombic and Lennard-Jones (LJ)
potentials were used to calculate electrostatic and van der Waals (vdW) contributions to non-
bonded interaction between water and ions: (1) The electrostatic interaction between two

atoms is calculated using Coulombic potential:

‘/elec(rij) = kﬁa (82)

ErTij

where the electric conversion factor k = 1/4mey ~138.94 kJ mol~! nm e2, ¢, is the relative
dielectric constant set to 1, and ¢; is the charge of atom 4; (2) The van der Waals (vdW)

interaction between two atoms is modeled using the LJ potential

vt = |(52)"- (32)]

where ¢ and j are the indices of two atoms, r;; is the distance between the atoms ¢ and
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J- €i; is the depth of energy minimum and o;; is the distance at which the interatomic
potential becomes zero. In AMBER and CHARMM force fields, the atomic radius o; and
the strength of vdW interaction ¢; are defined for each atom type; 0;; and ¢;; are calculated
from oi; = (0; + 05)/2 and &;; =  /€;€;, respectively. In GROMOS force fields (GROMOS87
and GROMOS96) the LJ potential is expressed as Vi;(r;;) = Ci(jm) ri? — Ci(f ) /r¥ where

C’i(i6 )C'](-?) and C’i(jl?) =4/ C’i(im) CEQ), Cl@ and Ci(lz) are defined for each atom type,
and they are related to the LJ parameters in AMBER and CHARMM as C’Z-(ﬁ) = 4e;09 and

0(12) = 451'0-'12-

Protocols of all-atom MD simulation. We performed MD simulations of water and metal
ion (Mg?*, Ca?", and Na™) ions using 4 different biomolecular force fields: CHARMM?27,
AMBERO03, GROMOS87, and GROMOS96.2 All the MD simulations were performed with
GROMACS program (ver. 4.5.4).3% In the simulation box of ~ 6.0 x 7.5 x 6.8 nm? contain-
ing 10,000 water molecules with periodic boundary condition, we placed 10 metal ions and
neutralized the excess charge with Cl~ ions, which corresponds to ~ 55 mM salt concentra-
tion in which metal ions are more than 30 A apart from each other. Although one might
be concerned about a possible effect of high salt concentration (~ 55 mM) on the water
dynamics, the relaxation kinetics of water from ion is practically identical at ten fold lower
ion concentration (~ 5.5 mM) in which only a single metal ion is placed in the simulation
box (Figure S8).

The electrostatic potential was calculated using Particle Mesh Ewald (PME) method.® At
the beginning of each simulation, the total energy of the system was minimized through the
steepest descents algorithm until the system reaches a tolerance value of 2,000 kJ mol~'nm~!.
Position-restrained MD simulations were performed for 100 ps in NVT ensemble at 300 K,
followed by 100 ps of equilibration under NPT (P = 1 bar) ensemble. Production run for
ecach system was generated for 100 ns in the NPT ensemble with V-rescale thermostat® and

Parrinello-Rahman barostat.”
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Radial distribution functions of water around an ion. We used the radial distribution
function (RDF)® g(r) to quantify the distribution of water molecules on a metal ion. For a
given g(r), the local density of water at distance r from the ion at the origin can be evaluated

using p(r) = pg(r) where p = N/V is the average density of water. Thus, water coordination

number in the i-th hydration shell can be calculated using CN; = 47 f[;';; .
1—1,1

pg(r)r?dr where
1 =1,2. Fori =1, 7’6‘3}“ = 0 and rg'{* is the position of the local minimum in the RDF
between the peaks of 1HS (1) and 2HS (r3). For i = 2, rlfgn = 15" and Tingg 2 s the position
of the second local minimum in the RDF (minimum position of RDF between the peaks of

2HS and 3HS) .

Correlation function for hydration kinetics. To obtain the average lifetime (or resi-

dence time) of water molecules on metal ions, we first calculate the autocorrelation function

of water molecules on metal ions: 19

1 =t 1

C(t) = (HORO) = 3 | gy 2wl + 1m0 (54)

where h;(t) = 1 when the i-th water-ion contact is formed; otherwise, h;(t) = 0. The notation
(...) denotes both the time average along the trajectory and the ensemble average over the
water-ion pairs (1 = 1,2,... N(t')) at time ¢’. Since C(t) is the survival probability of the ion-

water pair at time ¢, the average water lifetime on metal ion is obtained from 7 = fooo C(t)dt.

Potential of mean force calculation using umbrella sampling technique. Umbrella
sampling with harmonic potential w;(x) = (k/2)(r — r;)* was used to calculate the potential
of mean force (PMF) along the reaction coordinate, r, which is defined as the distance be-
tween Mg®" and water oxygen (r = |Fp,, — Ty2+|). The reference distance, r;, was changed

from 1.6 A to 6 A with 0.1 A interval and from 6 A to 10 A with 0.5 A interval. The initial
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conformations were obtained from a trajectory generated by pulling water molecule from
1.6 A to 10 A with k = 5 x 10% kJ/(mol-A?), and equilibrated with position-restrained MD
simulation for 20 ps under NPT ensemble. The production run was simulated for 1 ns with
a force constant k = 650 kJ/(mol-A?) for the sampling windows in the range of (1.6 — 6)
A and k = 50 kJ/(mol-A?) for the range of (6 — 10) A. We obtained the PMF by applying
the weighted histogram analysis method (WHAM) to the distance distributions obtained at

varying r;. 1!

Orientational relaxation time of water on metal ion. The mean orientational re-
laxation time (Tor) of water is evaluated using the autocorrelation function of orientational
order parameter, (P»(t)P2(0)) where Py(t) = (3 cos? (60(t)) — 1). §6(t) = 6(t) — 6(0) is the

angle between dipole vectors of a water molecule at times ¢ and 0.

Analyses

Effects of ion on H-bond network of bulk water. Insertion of a metal ion in aqueous
solution produces a radially symmetric field, which aligns the water molecules towards the
ion by locally perturbing the water hydrogen bond (H-bond) network. The average tetrahe-
dral order parameter (Q)(r) (Eq.S1, Figure S1),! as a function of the radial distance r from
the center of metal ions shows the effect of metal ion on the H-bond network formed in the
bulk water. The tetrahedral alignment of H-bonds, a quintessential signature of water H-
bond network, in bulk quantified using (Q)(r) yields (Q)(r > 1) ~ 0.49. Local perturbation
due to metal ion on the water H-bond network leads to a decrease of (Q)(r) in the metal ion
surfaces to (@) ~ 0.39 — 0.44, the trend of which is similar for all three metal ions (see the

results in Figure S1).
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Free energy profiles and water exchange time on Ca?" and Na'. The free en-
ergy barriers for water unbinding from Ca?* and Na‘t are AG*/kpT, = 6.42 — 7.42 (Ca’"),
3.95 —4.70 (Na™). The water lifetime 7 is directly available from the calculation using C'(¢)
(see Equation $4 in Method) on Nat and Ca?t (see Table 3), which are 7720/Na™ — 21 _39 ps

HQO/C&2+

and 7 = 117 — 753 ps, thus allowing us to determine the prefactor (7,) in the Ar-

AGHY/kpT

rhenius equation 7 = 7,e , corresponding to the inverse of the attempt frequency at

the bound state in free energy profile. For 7,, we obtain TEQO/N&ﬁ = 0.31 — 0.41 ps and

o 20/C"" _ ()94 — .45 ps, the values that are only slightly larger than the prefactor of the

transition state theory 75T = h/kpT ~ 0.16 ps.

o

Water exchange time using the extrapolation of results from pseudo-magnesium

24
H20/Me™ " the mean

ion (Mg*") to Mg?"*. 1In order to make a first rough estimate of 7
lifetime of water associated with Mg?*, we surmised that the activation barrier for water
dissociation is dominated by charge-charge attraction between Mg?* and water oxygen, i.e.,
AG* ~ z/ry(0), where ry is the position of the 1HS of an ion for a given o. Since a direct
simulation of water exchange kinetics is feasible for a pseudo-magnesium ion, Mg*", with
(i) reduced charge (z) and (ii) increased vdW radius (o) as an alternative, we performed
simulations to extrapolate the kinetic results to z = 2 and o = ¢* where ¢* is the vdW
radius of Mg?* used in the force fields (see Table S1). To be specific, we vary z in Mg+ from
z=1.0, 1.1, 1.2, to a maximal value at which the corresponding C(t) decays at least below
0.5 so that we can reliably fit C(t) and calculate the mean lifetime using 7 = [ C(¢)dt.
The results of the mean water lifetime on pseudo-magnesium ion with a reduced charge,
Mg**, are extrapolated to z = 2.0 (Figure S6a). For z = 1.1 — 1.5, our simulation confirms
logT ~ z (Figure S6a), and the extrapolated values of 7 at z = 2.0 are found 7 ~ 3 ms
for all four force fields we tested (Figure S6a). Next, we simulated the water dynamics on

pseudo-magnesium ion by gradually reducing the vdW radius ¢ from a large value towards

the actual size parameter used for Mg2+, o* (see Table S1 for the ¢* value for each force
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field). The free energy barrier is expected to scale as AG* oc 1/r;. Thus, we used the
relationship of 7 ~ €"1/™ to extrapolate the value of 7 at r; = 7%, where r} is the position
of the 1HS at 0 = ¢*. The estimated value of 7 using this size extrapolation method is
found in the range of 7 =1 — 10 ms, which is similar to 7 = 3 ms obtained from the charge
extrapolation.

Although the above two extrapolations using z and ¢ variations provide a consistent
result for water lifetime, the value is still an order of magnitude greater than the estimates
from the PMF calculation and three orders of magnitude greater than the measured value
reported by NMR. Furthermore, the kinetic data obtained from the two methods fail to
collapse on a single relationship of 7 ~ e#/"*, displaying two separate branches of data points
(Figure S6¢), which nullifies our hypothesis that the activation barrier is determined mainly
by electrostatic attraction between ion and water. A further analysis was also made by
considering the entire contributions from electrostatics and vdW interactions between an
ion and a water molecule; however, the data points on the plot made for log 7 versus |Eyp|
(Figure S6d) again fail to collapse, implying that the energetic contribution alone cannot

account for the water exchange kinetics.

Mapping the hydrodynamic radius (r;) to vdW radius (o). We propose the follow-
ing empirical non-bonded interaction between ion (M**) and water molecule, consisting of
(i) the electrostatic attractive interaction between ion and water oxygen, (ii) the electro-
static repulsive interaction between ion and two water hydrogens, and (iii) Lennard Jones

interaction between ion and water oxygen:

2N+ 20 2N+ ZH O\ + 12 OM=+ 6
V(r) =k MTTOW o MW 4 oy, (—OW (M Ow (S5)
ETTMerOW Er’r‘MerHW T T

where oy:1,, = (oye+ + 00y,)/2 and ey=+o, = (enz+€0,,)"/? (see Table S1). The most

probable location of the 1HS from RDF (rfP¥) and 7, value which minimizes this potential
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V'(r)|r=r, = 0 agrees with an error < 1 %, i.e., [rP¥ —ry|/r; < 0.01. Therefore, with other
parameters (yp=+o,,» 20w, ZHy, and 0oy, ) being fixed and given the desired hydrodynamic

radius ], this empirical potential can be used to obtain the corresponding value of ionic size

*

=+ Lherefore, r7 = 2.04 A for the hydrodynamic radius of Mg?*t is mapped to

parameter o

0re+ /A = 242 (CHARMMR27), 1.64 (AMBERO03), 2.10 (GROMOS96), 2.05 (GROMOSS?).

Water dynamics in bulk. The characteristic bent shape of water molecule and its ability
to be both H-bond acceptor and donor give rise to an interesting dynamical behavior in the
process of H-bond disruption. With quantum mechanical effects being ignored, the auto-
correlation function of water H-bond displays fine structure in different time domain as dis-
cussed by Luzar and Chandler decades ago.!? In the time scale associated with the dissocia-
tion of water from the 1st shell of water-water H-bond RDF, the H-bond relaxation dynamics
of water is well described by Cyp(t) = 0.459e /112 5+ 0.520e /327 P 1(0.021e~*/?>1 P which
confers the lifetime of H-bonded water in the first solvation shell g = fooo Cygp(T)dT = 2.7
ps (Figure S7a). However, there is a fine structure in dynamics at sub-picosecond time scale
t ~ 0.1 ps, which reflects the more detailed dynamics occurring inside the 1st shell of water
RDF. The inset in Figure S7a, which displays the average rate of change in H-bond popu-
lation (k(t) = —dC(t)/dt) has a hump at ~ 0.1 ps; water H-bond can transiently rupture
and reform due to rotational motion of water molecules while maintaining the positional

correlation between two water oxygens for < 3 ps.!?

S8



Table S1: Parameters for metal ion and water in CHARMM27, AMBERO03, GROMOSS87,
and GROMOS96 force fields.*

system 2 (e)® o (A)° & (kcal - mol~')4
M GCHARMM27 2 2.11 0.015
MGAMBERO3 2 1.41 0.895
MG GROMOS96 2 1.93 0.075
MGGROMOS87 2 1.93 0.075
C A CHARMM27 2 2.44 0.120
C AAMBERO3 2 3.05 0.460
C A GROMOS96 2 2.81 0.121
C A GROMOS87 2 2.81 0.121
N A CHARMM27 1 2.43 0.047
NAAMBERO3 1 3.33 0.003
N A GROMOS96 1 2.58 0.015
N A GROMOS87 1 2.58 0.015
CLCHARMM27 -1 4.04 0.150
CLAMBERO3 1 4.40 0.100
CLGROMOS96 -1 4.45 0.107
CL.GROMOS87 1 4.45 0.106
OwTIPsP —0.834  3.15 0.152
Hw P3P 0.417 0 0
OwSPC —0.82 3.17 0.155
HwSPC 0.41 0 0

* For the CHARMMZ2T7 force field, all the ion parameters were adopted from Roux and
coworkers’ studies. 5 For the AMBERO03, AMBER-adapted Aqvist parameters'® were
used for the Mg?"™ and Ca?*, and the parameters for the Na* and Cl~ are from Sangster!”
and Dang,!® respectively. For the two GROMOS96 and 87, all the ion parameters from
Berendsen and coworkers. 1920

b Valence (charge) of ions and atoms (see Eq.S2).

¢ van der Waals radii (2/6 x ¢*, diameter) of ions and water oxygen (see Eq.S3).

¢ Prefactor of Lennard Jones potential (see Eq.S3).
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Table S2: Water structure on metal ions and the interaction energy between an ion and a
water molecule in the first hydration shell

water CN1 (A) CN2 (A) Eeleca ELJb
system model ry/rs (A) (Twmin.1y Tmaz1)  (Tmin2s Tmaz2) (kcal-mol™1)  (keal - mol~1)
MGCHARMM27  TIp3Pp | 1.976/4.234 6 (0, 3.0) 14.94 (3.0, 5.10) -71.76 4.87
MGAMBEROS — TIP3P | 1.994/4.223 6 (0, 3.0) 15.23 (3.0, 5.14) -70.56 4.12
MGGROMOSST — TIp3p | 1.975/4.221 6 (0, 3.0) 14.81 (3.0, 5.08) -71.91 4.56
MGGROMOS9 — GpC | 1.985/4.184 6 (0, 3.0) 13.53 (3.0, 4.98) -70.77 4.44
CACHARMM2T — TTp3p | 2.286/4.591  6.96 (0, 3.0)  20.18 (3.0, 5.66) -54.66 4.19
CAAMBERO3 TIP3P | 2.705/4.990  8.93 (0,3.5)  23.55 (3.5, 6.02) -39.23 3.06
CAGROMOSST P3P | 2.459/4.759  7.99 (0, 3.2)  22.65 (3.2, 5.90) -47.32 3.68
CAGROMOS96 SPC | 2.469/4.719  7.97 (0, 3.2)  21.48 (3.2, 5.84) -46.52 3.62
NACHARMM2T — TIp3p | 2.319/4.592  5.72 (0,3.1)  19.94 (3.1, 5.62) -25.45 2.09
NAAMBERO3 TIP3P | 2.409/4.670  5.77 (0, 3.3)  20.30 (3.3, 5.68) -23.77 2.39
NAGROMOSST — T[p3p | 2.259/4.547  5.53 (0, 3.0)  21.06 (3.0, 5.70) -26.93 2.30
NAGROMOS96 — gpC | 2.270/4.497  5.48 (0,3.0)  19.39 (3.0, 5.58) -26.32 2.25

@ Eelec = L Z %lec(rij)@(rmaz,l - Tij)

Nuy0 Nypg2+

bELJ: 1 1

Nuy0 Nyg2+

ieMg2+ jEH20

> Vii(ri;)O(Tmaz,1 — 74j)

ieMg2+ jEH20
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Table S3: Mean water lifetimes on metal ions estimated from MD simulations

water s 72 (ps)°
system model TeME (Us)® (R./A) (Re/A)
MG CHARMM27 TIP3P 582 — 804 1437 ps ® 16.8 (5.10)
MGAMBERO3 TIP3P 664 — 831 164 ps 17.1 (5.14)
MGGROMOSS? TIP3P 282 — 373 1649 ps b 17.7 (5.08)
MGGROMOS96 SPC 145 — 174 363 s 20.8 (4.98)
CACHARMM27 TIP3P . 117 ps (3.0) 18.4 (5.66)
C AAMBERO3 TIP3P . 255 ps (3.5) 18.9 (6.02)
C AGROMOSS? TIP3P - 679 ps (3.2) 18.9 (5.90)
CAGROMOS96 SPC - 753 ps (3.2) 23.5 (5.84)
NACHARMM27 TIP3P - 34 ps (3.1) 16.3 (5.62)
N AAMBER03 TIP3P . 21 ps (3.3) 16.1 (5.68)
NAGROMOSS7 TIP3P - 34 ps (3.0) 17.4 (5.70)
N A GROMOS96 SPC - 39 ps (3.0) 19.9 (5.58)

¢ The Tpmr Was calculated using AG* from PMF of water-Mg?* (AG*/kgT = 21.53 (CHARMMZ27), 21.37
(AMBERO03), 20.56 (GROMOSS87), 19.71 (GROMOS96)) and the prefactor (7,) evaluated in Ca?*: 0.24 ps
(CHARMM?27), 0.32 ps (AMBERO03), 0.41 ps (GROMOSS87), 0.45 ps (GROMOS96), and those in Na*:
0.34 ps (CHARMMZ27), 0.41 ps (AMBERO03), 0.31 ps (GROMOSS87), 0.38 ps (GROMOS96). ® The water
lifetime obtained from the universal curve analysis in Figure 3. ¢ 7(2) is the lifetime of water molecules in
the second hydration shell.

Table S4: Proportion of associative and dissociative water exchange mechanism for Ca?*
and Na™ in the four force fields. 7oy, +1 is the lifetime of transient intermediate formed via
associative (+) or dissociative () mechanism.

system Assoc. (%) / teny41 (ps) Dissoc. (%) / Tony—1 (ps)  Optimal CNy
CACHARMM27 88.32 / 2.40 11.68 / 4.05 7
CAAMBEROS 19.04 / 1.25 80.96 / 2.73 9
CAGROMOS96 46.76 / 1.09 53.24 / 1.94 8
C AGROMOSS? 30.77 / 1.03 69.23 / 2.27 8
N A CHARMM27 4.45 / 1.00 95.55 / 1.88 6
NAAMBERO3 29.76 / 1.02 70.24 / 1.48 6
N A GROMOS96 0/ NA 100 / 2.48 6
N AGROMOSST 0/ NA 100 / 2.72 6
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Figure S1: Local tetrahedral order parameter, Q(r), of water molecules as a function of
distance from the center of metal ion for (a) GROMOS96, (b) CHARMM?27, (c) AMBERO3,
and (d) GROMOSS7 force fields.
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Figure S2: Structure of water molecules around metal ions for the four different force fields.
(a) RDF of water oxygen (left) or hydrogen (right) around Mg*" ion from 10 ns simulations
using four different force fields. (b) Histogram of the water coordination number in the
first hydration shell around Mg*" (red), Ca*" (orange), Na® (cyan) for the CHARMM?27,
AMBERO03, GROMOS87, and GROMOS96 force fields.
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Figure S3: Potential of mean force (PMF) between metal ion and water oxygen obtained from
simulations using four different force fields. (a) PMFs, G(r), between Ca?' ion and water
oxygen, G(r) = —kgT log g(r) where the RDF ¢(r) was calculated from the 100 ns simula-
tion. The free energy barriers are AG*/kgT = 6.42 (CHARMMZ27), 6.67 (AMBERO03), 7.41
(GROMOSS8T), 7.42 (GROMOS96). (b) PMFs, G(r), between Na't ion and water oxygen,
G(r) = —kpTlog g(r) where the RDF g(r) was calculated from the 100 ns simulation. The
free energy barriers are AG*/kpT = 4.62 (CHARMMZ27), 3.95 (AMBERO03), 4.70 (GRO-
MOS87), 4.63 (GROMOSY6).
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Figure S4: Relaxation kinetics of water on Ca*" and Na® ion. The C(t) of (a) Ca*"
and (b) Na® with four different force fields. Mean water lifetimes of Ca*' ion for the
different force fields were estimated as 117 ps (CHARMM27), 255 ps (AMBERO03), 679 ps
(GROMOSS8T7), 753 ps (GROMOS96). Mean water lifetimes of Na™ ion for the different force
fields were estimated as 34 ps (CHARMM27), 21 ps (AMBERO03), 34 ps (GROMOS87), 39
ps (GROMOS96).
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Figure Sb: Relaxation kinetics of water from pseudo-magnesium ions for the four different
force fields. (a) Time correlation function, C(t), describing the relaxation kinetics of water
on pseudo-magnesium ion Mg*" with varying charge z where z = 1.0, 1.1, 1.2, - -+, 2.0. (b)
C(t) of water on Mg?" with varying size parameter opg2+- The size of pseudo-magnesium
(0ag2+), which is greater than that of the original magnesium ion (o}, o, see Table 1), is

Mg
provided in percentage (o 2+ — oy 2:)/0y 20 X 100 (%).
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Figure S6: (a) The mean lifetimes (7) of water around pseudo-magnesium ion obtained from
four different force fields as a function of ion charge (z). The extrapolations to z = 2.0
gives 7 =2 — 3 ms. (b) 7 as a function of the position of 1HS (r;) which increases with an
increasing vdW radius (o). The data are extrapolated to r7/ry = 1, which corresponds to
the value when oy2+ = a&gﬂ, i.e., when the original size of Mg*" is used. (c) 7 as a function
of z/ry (Je/nm]) that combines the results from (a) and (b). The data pointsin4 < z/r; <7
(on the blue shade) are obtained by varying the charge, and those in 9 < z/r; < 9.5 (on
the red shade) are obtained by varying the size. (d) Mean water lifetime as a function of
total non-bonded interaction energy of a water molecule on an ion calculated by varying the
parameters z, 1.
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Figure S7: Water dynamics in the bulk and around metal ion. (a) H-bond relaxation dy-
namics of water in the bulk. (b) Water density (p,) at the first (left) and second hydration
shell (right) calculated using the four different force fields as a function of average interaction
energy between an ion and water in the corresponding hydration shell. The dashed line at
pw ~ 33 nm~? is the water density in the bulk. (c) Orientational relaxation dynamics of
water molecule on metal ions.
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Figure S8: Relaxation kinetics of water from Ca?* at two different ion concentrations, cal-
culated under CHARMM27 force field. The 55 mM result corresponds to the case where 10
Ca?" ions are in the simulation box. Relaxation kinetics of water from Ca?" ion display an
almost identical kinetic behavior in the two different concentrations.
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