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We have presented a strategy for deriving-evater van der Waals (vdW) parameters that implicitly include

the microscopic solvent molecular effects around the ion. The strategy can be used to obtain vdW parameters
for metal cations of the same formal charge and known experimental hydration free energies. In this work,
it was applied to derive the vdW parameters for 24 divalent metal ions with measured hydration free energies
ranging from—300 to—572 kcal/mol, coordination numbers (CNs) from 4 to 15, and-@n(water) distances

from 1.67 to 2.90 A. The strategy used to derive the vdW parameters employs (1) a numerical procedure that
links the coupling parameter used in free energy simulations with the experimental hydration free energies
and (2) the first-shell CNs and structure for the entire series of divalent cations. One of the parameter sets
obtained (referred to as MWc) simultaneously reproduces the observed (i) relative hydration free energies,
(i) first-shell CNs, and (iii) average ionwater distances of all the dications studied. In particular, the MWc
parameters reproduce the observed (i) decrease in the CN from 6%otdC4ifor Be, (ii) no change in the

CN of 6 for dications with hydration free energies between those éf @od Cd*, and (iii) an expansion

of the CN from 6 for Cd" to 9.5 for B&". The ion—water parameters derived herein represent a first step

in the simulations of metalloproteins, which will also require potential energy functions incorporating
polarizability, charge transfer, and other electronic effects to accurately model the piotetal interactions

in aqueous solution.

Introduction An accurate force field for a metal ion in agueous solution
. ) ) o should capture the electronic effects around the cation, in
Divalent metal cations play important roles in biology and particular, charge transfer from the ligands to the metal ion and
medicine. For instance, Zn(ll), Mg(ll), and Mn(ll) are essential yjce versa, as well as electronic polarization and geometrical
cofactors for many enzymatic reactions catalyzed by nucleases gjstortion of the first coordination shefi=4 These electronic
transferases, and peptidade3Other metals such as Cu(ll) and  effects could be incorporated in a classicaHavater force field
Fe(ll), owing to their special electronic properties and their py directly fitting the ab initio derived ionwater potential
ability to exist in more than one oxidation state, are key energy surface to an appropriate functional form. For example,
components of electron-transfer proteins that govern important zn2+ Nji2+, and C8+—water PEFs have been obtained by fitting
processes such as photosynthesis and respira@orthe other  an ap initio hypersurface to an analytical function with ten
hand, metals such as Zn(ll) and Ca(ll) assist in biological parameters>-17 Such a complicated functional form, however,
function(s) by stabilizing proteins that are involved in gene cannot be easily combined with the “conventional” PEF widely
regulation and signal transductiéfi.*° Computer simulations  ysed in biomolecular simulations, which employs-&van der
of metalloproteins could help to unravel their structufienction Waals (vdW) and Coulomb energies to describe the nonbonded
relationships. However, such studies have generally been limitedinteractions. On the other hand, molecular dynamics (MD)
by the lack of accurate force fields, i.e., the potential energy simulations of various metal ions in water using the “conven-
function (PEF) and its associated parameters modeling thetional” PEF with empirically derived vdW parameters and a
interaction of the metal ion of interest with water and biological fyll integer charge on the metal could reproduce the experi-
ligands. Thus, as a first step, we have developed a generalmentally observed metal CNs and average megal(water)
strategy to obtain reliable force fields for metal ions interacting distances in aqueous soluti#h?22 The ability of the “conven-
with water molecules by deriving van der Waals (vdW) tional” 12—6 vdW and Coulomb PEF to reproduce experimental
parameters that are consistent with the experimental structuralstructural and thermodynamical properties in aqueous solution
and thermodynamical properties not only for a specific metal is probably because charge transfer from water molecules to a
ion or a certain group of metal ions, but for all metal dications given metal ion is less than that from more polarizable amino
whose absolute hydration free energies have been measuredacid ligandd® and can therefore be neglected to a first
The force fields developed herein provide a starting point for approximation, while some of the polarization energy contribu-

modeling metalloproteins in aqueous solution. tions can implicitly be accounted using a full (as opposed to a
reduced) charge on the metal.
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arises from the crowding of water molecules around the ion
due to the increased electric field from the ion, whereas dielectric
saturation is mostly entropic in origin and stems from the
immobilization of water molecules around the ion due to
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TABLE 1: Experimental Absolute Hydration Free Energies
(AGH), lonic (Ron) and Born (Reorm) Radii, as Well as
First-Shell CNs and lon—Oxygen Distances ¢(M —0O)) for
Divalent lons in Water

increased hydrogen-bonding interactions with the ion and bulk —AGpE?  Roi®  Reon® diM—0O)
water molecules. One way to incorporate these effects in the M?"  (kcal/mol)  (A) A) CN° A
metal ion—water force field is to adjust the vdW parametersto  pe2+ 572.4 045 115 < 167
reproduce the ion’s hydration free energy, which encompasses Cuw?* 480.4 073 136 ® eq: 1.94-2.1C¢
both enthalpic and entropic hydration effects. This approach ax: 2.272.60
has been adopted in deriving the vdW parameters for alkali and ’F\>It|2+ jgg-g 8-28 1'4318 f% 5-04_2-155
alkaline earth metal catiotfs!®as well as certain transition metal Znt 4673 075 140 % 209
iong%24 in water by using methods such as free energy cg+ 457.7 075 143 % 2.08-2.12
perturbation simulations with the “conventional” PEF. Pkt 456.5 0.86 144 f f

In this work, we implicitly include the microscopic effects  Ag** 445.7 089 147 f f
around a dication by finding appropriate vdw parameters for C"' 442.2 082 148 % eq: 2.08
its interaction with TIP3P® water molecules using two key ,\F/Iezy 439.8 078 149 % 2.10-2.28

. X - X 2 - g 437.4 072 150 ® 2.00-2.12
pieces of experimental information. The first is the hydration 2+ 436.2 079 150 f £
free energy of the metal ion relative to that of a reference ion. Mn2* 420.7 083 156 ® 2.18-2.20
Relative AAGhyq values rather thaabsoluteAGpyq values are Hg?" 420.7 1.02 156 ® 2.33
used in this work, because the hydration free energy difference C&* 419.5 095 156 % 2.29
between any two metal cations is more accurate than the Y2 360.9 102 182 f f

. . . - cat 359.7 1.00 1.82 610"  2.39-2.4@

respective absolute numbers, which differ depending on the g+ 3561 093 184 % eq: 2.33-2.34
standard state and the value of the proton hydration free ax: 2.38-2.9C
energy?6-28 The second is the first-shell CN and average-ion  P?* 340.6 1.18 193 f f
water distance of a metal ion, as compared to those of the same EW* 331.0 117 198 f f
reference ion. Such relative first-shell structural transitions were Sﬁ; gggg i%g %'88 ; 815 ?-60—2-6?
not considered in previous derivations of iowater force Bt 208 8 136 219 9% 290
fields18-20 Jon—water vdW parameters were obtained for 24 R+ 208.8 143 219 f f

divalent ions with known experimental hydration free energies,

2 Absolute experimental hydration free energiaG;%, and ionic

expt 2g : f .
AGhyd, as summarized in the next section. Note that the radii, Ron, from Marcus, 19928 5 Born radii, Reom, computed from

parqmeters+were adj+usted.only for the smallest anq largest IOnstheAGﬁX{j‘in column 2 using eq 1 witk = 80. ¢ Coordination number
studied (Bé" and B&"), while those for the other 22 ions were o diffraction data? Distance from the ion to the first-shell water
derived from a numerical procedure that links the coupling oxygen from diffraction data; “eq” and “axial” mean equatorial and
parameter used in free energy simulations with the above axial, respectively® From Ohtaki and Radnai, 1998. ' Either no
experimental observables, as described in the Materials andstructural data from diffraction methods have been reported or the
Methods section. Since the parameters have been develope@iﬂraggion data are~considered to Eﬁ unreliable by Ohtaki and Radnai,
using the “conventional” PEF, they can be easily integrated with 1993 °From Mufoz-P@z, 199571 From Megyes, 2002

the widely used biomolecular force fields such as CHARKM

or AMBER 20 First-Shell Structural Transitions of Metal Dications. The

absolute hydration free energies and the corresponding CNs in
Table 1 show the following first-shell structural features. In
going from Bé™, which has the most negative hydration free
Absolute Free Energies and Structural Proper‘ties of Metal energy 6572 kca|/m0|) among the dications in Table 1, tOZCU
Dications. Table 1 lists the experimental thermodynamical and which has the next most negative hydration free energy80
structural data for all divalent ions whose hydration free kcal/mol), there is a large increase in the free energy (of 92
energiesAGy5.%® have been measured. The ions are arranged kcal/mol) and Born radius~0.2 A) accompanied by a corre-
in increasingAG:®!, expt sponding increase in the metal CN from 4 to 6. In contrast,

hyds 1-€., decreasing magnitude of thes, /g
from Be*" to B&#*/Ra". In addition to the absolute hydration ions whoseAGHE fall between AGH®' of Cl?* and Cd*
(—420 kcal/mol), i.e., Nit, Zn?t, Coéﬁ Cr2t, Fet, Mg?t,

free energies, Table 1 lists the Pauling ionic ralii,, and the
Mn2+, and Hg', as well as C#", are all hexahydrated with

Materials and Methods

AG 1)

Born radii, Reorn. The latter values are derived from the Born
equatiord! for the solvation free energpGson, Of a spherical  successive\Gryq increasing by<15 kcal/mol. After Cé*, the
ion of chargeQion and radiusRsom next two dications in Table 1, ¥ and C&", have similar
5 hydration free energies (36B60 kcal/mol) that are much less
~ Qun 1- 1 negative than tha Gy of C* (by ~60 kcal/mol). The first-
solv ™ ZRBom( e) shell CN for YB* is not known, while that for C& varies
from 6 to 10, depending on the water/salt ratio and experimental
In eq 1,¢ is the bulk dielectric constant of the solvent&0 for conditions3® Recent X-ray diffraction data indicates a CN of 8
water). Although many molecular interpretations Bgom for a 1 M CaCl solution with the CN decreasing as the CaCl
exist3233there is a consensus that it is related to the structural salt concentration increas&sSince the Born radius increases
properties of thdirst shell3437 Table 1 also lists the first-shell
CN and average metalvater oxygen distance(M—0), of each
dication in water derived from X-ray diffraction. Certain
distances and CNs in Table 1 have relatively large uncertainties,
because the diffraction data are sensitive to experimental
conditions and salt composition.

from 1.56 A for Cd* to 1.82 A for YI?*/C&", indicating
considerable expansion of the first hydration shell, a CN greater
than 6 for YI3t/Ca" could be expected in dilute solution where
there are enough water molecules to fully solvate the ion. As
compared to C&, Sr#™ has a slightly smalletAGﬁ?ﬁﬂ (356
kcal/mol) and a slightly larger Born radius (1.84 A), yet its first-
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shell CN is reported to be 6 by 2 experimental studies using a
relatively low water/salt molar ratio of 2217. In contrast to
Sr¢*, the larger St and B&* possess at least 8 water molecules
in the first shell.

Therefore, apart from the experimental relative hydration free
energies, the metawater vdW parameters should also repro-
duce the following first-shell structural transition features: (1)
They should yield a Cif — Be*" AAG, of —92 kcal/mol
with a corresponding decrease in the CN from 6 fo? Cto
4 for B€#". (2) They should reproduce the €u— Cd?**
AAGHH of +61 kcal/mol with no change in the CN. (3) They
should yield a C&— Ba?" AAG ' of +121 kcal/mol with an
expansion of the CN from 6 for Ctito 9.5 for B&". The next

section describes how these experimental features were used to

derive the ior-water vdW parameters for all the dications in

Table 1 except Rd, whoseAGE is the same as that for

Ba2*t, but its first-shell structural properties are unknown.
Metal —Water vdW Parameters. The “conventional” 12-6

vdW and Coulomb potential energy;;, between atomsand

j separated by a distancgis given by

-~ \12 Vel 00,
Uj(ry) = Eq’(@) - Z(R':_'_n’”) ] + ?'QJ

i ij ij

)

whereejj is the energy well deptiRminjj is the distance at the
energy minimum for atoms andj, Q and Q are the partial
charges on atonmisandj, respectively, andis the proton charge.
Note thatRminjj is related to the collision diameter;, by R ;i

= 2Y%g;. The vdW parameters obey the following combining
rules

Rminjj = (Rinji anian)/z = Rinj T Ruinj (3a)

€ €€

i = VEi€
For the TIP3P® water model used in this workp = 0.1521
kcal/mol, while Ryino = 1.7682 A. Thee; and Ryin; of each
dicationi were obtained by the procedure described below.

(3b)

J. Phys. Chem. A, Vol. 110, No. 2, 200693

0 e LA ™ SY 0
g -500 |- duidny] 20
=-1000 |- t '40??
q H
< 1500 | 1608
3 3
5-2000 |- e
T
-2500 L : ; : 700
1000 T T T T 3 120
S 800} (b) * -
£ 3 e o 100‘%
= 600 | 180 =
Q
< a00 |, Ta0 &
3 £ Cd 140 3
kS ™
S 200 [ £ug.. durda 20 2
° + B SR LEETR Y -
0 COZ . i MAMRRRRL S P om0 m ()
120
T T T T
= 100 % 1%
o -, (©) B
g 80 | ™, AAG 430 ®
© ’ £
g “F e 10 3
2 0L Mg du/d, eeed U 2
0 | 1 1 1 0
0.2 0406 0.3 1

Figure 1. The energy derivative,d/dA (filled circles, dotted curve),
and the corresponding hydration free energ\Gnyq (Open circles,
solid line), as a function of the coupling parametér, for the
perturbation of (a) Z#f to Be&**, (b) Zre™ to PE*, and (c) PB' to
Ba2". The filled triangles correspond to the experimental hydration free
energiesAAGm‘, of some of the dications in Table 1 relative to the
corresponding reference ion.

L2" using eq 5. Because several sets ofZrwater vdW
parameters have been used in Zn protein simulations (see
Results), we initially used At as a referencei(= 0) and
perturbed it to the “end-point” ions, Be and B&" (1 = 1),
whose vdW parameters were adjusted by trial and error to
reproduce the measured hydration free energies &f Bel05

Although the resulting parameters are probably not related to kcal/mol) and B&" (£169 kcal/mol) relative to that of Zm
any physical variables such as dispersion energies of the ions(see Table 1). From a plot &AGnyq vs A (see Figure 1), the

and core radii, they implicitly include the microscopic molecular
and electronic effects around the dication (see Introduction),
whose charge is fixed at2e.

Deriving Metal —Water vdW Parameters. This involves
perturbing a dication Mt to L2" in TIP3P water using a
parametei. to couple the initial and final states such that
0 corresponds to &, while 4 = 1 corresponds to 4*. The
total ion—solvent and solventsolvent potential energy &,

U,, is given by

U =AU + (1= Uy, 4)
By knowing U;, the free energy change for convertingo
L2 in water can then be computed frém

1(dU

Appendix 1 shows that the metalvater vdW parameters for
a given dication, X", whose measured hydration free energy
falls between the Bi" and L2* hydration free energies, can be
determined by knowing ité value, the vdW parameters ofa¥|

©)

measured hydration free energy of'%ields the corresponding
A using a linear interpolation procedure. THisand the vdwW
parameters of the initial (Zr) and final (B&* or B&") states,
as well as TIP3P water, can then be used in eqs A6 and A7
(Appendix 1) to solve for the vdW parameters fot"Xn TIP3P
water.

Because the Z < Be?" and Zi#t < Ba2" AAGpyq values
are large, the initial vdwW parameters fofXwere refined to
yield the observed first-shell structure and relative free energies
of X2*. For example, the At < Ba2* perturbation was carried
out in two steps: By using the aforementioned procedure, initial
vdW parameters for Pty were obtained from the 2in < Ba2*+
perturbation, which were then used to compute the hydration
free energy difference between®kand Zr#+ (Figure 1b) as
well as PB™ and B&" (Figure 1c). The P4 and B&" vdW
parameters were then fine-tuned by hand to reproduce the
experimentaAAGyq difference between Pb and B&". With
the refined PB" and B&" vdW parameters, the above procedure
was again used to obtain refined vdW parameters for the
dications lying between 2 and PB* as well as Pb and B&"
in Table 1 (see Results). The resulting vdW parameters were

L2+, and water, and the experimental hydration free energiesthen used in free energy simulations to compute the hydration

of the dications, M", L?", and X*. Thus, thel of X" was
determined by first computing th&AGpyq between M* and

free energy of each of the dications relative to the reference
ion. They were also used in MD simulations of each of the
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TABLE 2: vdW Parameters, Hydration Free Energies
Relative to Mg?", and Structural Properties for Zn2" from
Previous Works and Experiment

P Roi/2  AAGnya (Zn—Mg) dzn—0)
set (kcal/mol) (A) (kcal/mol) CN A
A2 0.183 0.880 —-16.C¢ 6 1.98!
Bb 0.250 1.094 +22¢ 6 2.10
expt —-30 6 2.08-2.10

2 From Sakharov & Lim, 200%> P From Stote & Karplu€® € From
Table 1.9 From the first peak position of the Zwater oxygen radial
distribution function.® Usinge = 0.656 kcal/mol andRy/2 = 0.8758
A for Mg?* in TIP3P water® which in turn were modified from the
values obtained in SPC and TIP3P wafef,

dications in water to compute the ienxygen radial distribution
functions (rdfs).
Free Energy Perturbation Simulations. The reference ion
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correspond to those in the CHARMM22 force fi@iiThey were
based orez, and oz, obtained initially from fitting to an ab
initio derived Zr#t—water potential energy surface and subse-
quently adjusted to reproduce the experimental first-shell
Zn?t—0 (water) distance and CN in water (see Table 2), as
well as theabsoluteZn?* AGR5'2° However, the CHARMM
Zn?* parameters yield a hydration free energy foEZthat is
lessfavorable (less negative) than that for Mgoy 22 kcal/
mol (Table 2), whereas experimentally, theZZmGﬁ;ﬁt is
more favorable than the Mg AGRE by 30 kcal/mol (see
Table 1). The M@" parameters used to compute the free energy
difference of 22 kcal/mol were taken from ref 46, which in turn
were modified from the original values in SEE° water and
TIP3P® water (see Table 2 footnote). Furthermore, in MD
simulations of the ZrCysHis; binding site in a classical Zn-
finger domain, the CHARMM Z#" parameters could not

was placed at the center of a previously equilibrated truncated 'éProduce the experimentally observed tetracoordinatéd Zn
octahedral box of edge length 55.05 A containing water put yielded instead 21 hexacoordinated to the Cys and His
molecules at an experimental density of 0.0334 molecufes/A ligands as well as two water moleculés.
Water molecules whose oxygen atoms were within 2.5 A of  The set A Z&* vdW parameters were derived from the ¥Mg
the ion were removed, leaving 2785 water molecules. The parameters adapted for TIP3P water (see Table 2, footnotes)
solvated ion was first energy-minimized for 1000 steps using by using a similar analytic procedure as in this work to best fit
steepest descent, followed by 50 ps of equilibration and 100 psboth experimental structural and thermodynamical properties
of production dynamics at a mean temperature of 300 K. of Zn?* in water. They differ from the set B 2h vdwW
The equilibrated iorwater system was then used in the free parameters in that the Zhin set A Rmin = 1.76 A) is smaller
energy simulations, where the reference ion was perturbed tothan that in set BRyin = 2.18 A), but nearly identical in size
Be?" or B&* using an average of 20 windows betwees 0 to the M@ (Rmin = 1.76 A) model used to compute the\Gnyq
and1 = 1. Rather than using equally spaced windows, more between ZA" and Mg*. They underestimate the experimental
windows were constructed in the sharply varying regions of Zn?*—O (water) distance (by 0.10 A) and the magnitude of the
the energy derivative,\&dJ, to ensure adequate sampling (see hydration free energy difference betweer?Zand Mg* (by
Figure 1). At each window, an equilibrated configuration from 14 kcal/mol). However, they reproduce the observed first-shell
the ion-water system was energy-minimized and further CN and second-shell Zh—O (water) distance and yield a
equilibrated for 10 ps, followed by 30 ps of production hydration free energy for 2n that is more negative than that
dynamics, during which perturbation energies were stored everyfor Mg2?*. They also reproduce the observed tetrahedrat Zn
2 fs for computing relative hydration free energies using eq 5. CysHis; geometry in classical Zn-finger domains when charge
The reverse perturbations were performed from a configuration transfer and polarization effects were explicitly included in the
that is independent from the forward perturbation runs. The free PEF#
energies for the forward and reverse runs were then averaged. vdW Parameters Based on Set A ZA™ Parameters. On
Simulation Protocol. The simulations were carried out in  the basis of B& and B&" vdW parameters taken from previous
anNVEensemble using the CHARMMZ29 progré#iThe bond works®46and the set A Z# vdW parameters in Table 2, free
lengths and angles of TIP3P water molecules were constrainedenergy simulations perturbing Znhto Be#* and B&" were
using the SHAKE algorithm® All the simulations employed  performed (see Figure 1). The Beand B&* vdW parameters
the leapfrog Verlet integrator with a time step of 2 fs and were adjusted by trial and error to reproduce the experimental
periodic boundary conditions. The iewater and waterwater hydration free energies of Beand B&" relative to Z#* (see
nonbonded interactions were truncated using an atom-basedlable 1) in the free energy simulations. From théZs» Be*"
force switching functiort* As relative hydration free energies, perturbation (Figure 1a), the vdW parameters far"PNi2+,
as opposed to absolute numbers, were computed, free energand Cét, whose|AGydl lie between those of Zr and Bé™,
contributions from the long-range electrostatic forces effectively were deduced using the procedure described in the Methods
cancel out; therefore, Ewald summation was not employed in section.
the free energy calculations. Instead, a nonbond cutoff of 15A  Because of the large free energy difference betweet Zn
was used for all the free energy simulations. For the MD and B&* (168.5 kcal/mol, Table 1), the vdW parameters for
simulations of single ions in water, a much longer cutoff of 22 the ions whosgAGhy lie between those of 2 and B&*
A was employed to maximally include the long-range electro- were determined as follows. First, a trial set of2PlvdW
static forces. Whereas the solvated reference ion was equilibratecharameters was obtained from the2Zr= Ba2+ perturbation
for 50 ps followed by 100 ps of production dynamics for use ysing eqs A6 and A7 in Appendix 1. The Ptand B&" vdw
in the free energy perturbation simulations (see above), in the parameters were then fine-tuned so that th& 2a P+ (Figure
MD simulations each ionwater system was equilibrated upto  1h) and PB" < Ba2+ (Figure 1c) perturbations reproduced the
100 ps followed by 200 ps of production dynamics, from which  respective experimentél AGhyq. The vdW parameters for the
the ion-O/H rdfs were computed. ions whosgAGryd| lie between the Z& and PB™ |AGhyd were
obtained from the Z& < P perturbation, while those for
Ew", SP*, and Sm' were derived from the P < Ba?"
perturbation.

The resulting vdW parameters in Table 3, referred to as MWa,
can reproduce the experimental hydration free energies relative

Results

Reference Zi#+ vdW Parameters.vdW parameters for the
metal dications in Table 1 were obtained using the twé'Zn
parameter sets listed in Table 2. The set BArdW parameters
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TABLE 3: Computed Hydration Free Energies and
Structural Properties of Metal Dications in Water Based on
vdW Parameters Derived from Set A Zr*" vdW Parameters?

J. Phys. Chem. A, Vol. 110, No. 2, 200695

TABLE 4: Computed Hydration Free Energies and
Structural Properties of Selected Metal Dications in Water
Based on vdW Parameters Derived from Set BICHARMM
Zn?* vdW Parameters®

¢ Roi/2  AAGrydM—Zn) d(M—0Y!
M2+ (kcal/mol)  (A) (kcal/mol) CN A
Be? 00121 02384 —103.0(22) 2  123(0.44)
Cuw" 0.0734 0.8685 —13.3(-0.1) 6 1.90
N2+ 0.1547 08783 —6.1(-01) 6  1.95¢0.09)
Pt 0.1752 0.8796 —-1.0(+0.2) 6 1.93
Zn?t 0.1830 0.8800 0.0 6 1.95-0.10)
Co* 01226 0.9834 10.00.4) 6  1.95¢0.13)
P&t 01170  0.9959 10.940.1) 6 197
Ag?" 0.0807 1.1009 21.240.3) 6 2.00
CP* 00719 1.1360 25.30.2) 6  2.03
Fet 00670 1.1578 28.0405) 6  2.03¢0.07)
Mg2*  0.0620 1.1826 29.00.9) 6  2.03(0.00)
V2t 0.0596 1.1951 31.140.0) 6 2.03
Mn2*  0.0409  1.3294 46.3{0.3) 6  2.10(0.08)
Hg?*  0.0409  1.3295 46.30.3) 6 2.10£0.23)
CP* 00395 1.3440 47.040.8) 6  2.13¢0.16)
Yh2+ 0.0273 1.8236 106.310.1) 8 2.47
ca#t 00278 1.8311  107.840.2) 8  2.45(0.00)
St 00294 1.8513  1115404) 8 248
P 0.0403 1.9245 126.310.4) 85 2.60
Ew" 0.0532 1.9630 135.810.4) 9 2.65
SP* 00557 1.9682  137.70.3) 9  2.65(0.00)
Sne* 0.0583 1.9731 138.210.4) 9 2.68
B2* 02800 20620  171.3{2.8) 9.5 2.9340.03)

aFrom Table 2° AAGpyqis the hydration free energy of Mrelative
to Zr?* computed using the vdW parameters in columns 2 and 3; the
maximum percentage error in the computetlGy,q from forward and
reverse perturbation runs is 1.5%. The number in parentheses equal
the computed\AGyyg minus the respective experimental value in Table
1. ¢Obtained from integrating the rdf$The average ionoxygen
distance[d(M—O)0[)is computed as the first peak position of the-on
oxygen rdf; the maximum error 60.02 A. The number in parentheses
is the minimum difference between the computed and experimental
average iop-oxygen distances.
to AGﬁ;E'(Zn”) to within 3 kcal/mol. They also reproduce the
observed CN of 6 for CiIr, Ni2*, Zr?*, Co*t, CrP+, Fet, Mg?™,
Mn2t, Hg?t, and Cd* and the observed expansion of the CN
to 9.5 for B&". However, they underestimate the average first-
shell ion—-O (water) distance for dications with Born radii
smaller than that of G4, especially B&", and yield an incorrect
CN of 2 for B&™.

vdW Parameters Based on Set B Z&" Parameters. On
the basis of the set BICHARMM 2h vdW parameters in Table
2, vdW parameters were derived for the dications by adopting

the procedure used to derive the MWa parameters in Table 3.

The resulting parameters (referred to as MWb) were used in
MD and free energy simulations of the dications listed in Table
4. The resulting hydration free energies relativé\®n,(Zn>")

€ Rui2  AAGry(M—2Zn) d(M—0)
M2t (kcal/mol)  (A) (kcal/mol) CN A
Be**  0.2430 0.5274 —103.0¢+2.2) 4 1.57¢0.10)
Cu?t 0.1305 1.0763 —13.5(0.3) 6 203
Zn?* 0.2500 1.0944 0.0 6 2.10(0.05)
Co**  0.1811 1.1789 9.3¢0.3) 6 2.12(0.00)
Mg?*  0.0895  1.3966 29.640.3) 7 2.24(0.09)
MnZ*  0.0560 1.5721 46.2(0.4) 8 2.39(0.19)
C®*  0.0523 1.5852 47.40.4) 8 2.38(0.00)
ca&* 0.0360 2.1103  106.2 (0.0) 9 2.73(0.27)
a See footnotes under Table 3.
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Figure 2. The energy derivative,ddA (filled circles, dotted curve),
and the corresponding hydration free enerd\Gnya (Open circles,
solid curve), as a function of the coupling parameferfor the

%erturbation of C# (A = 0) to C&* (A = 1) using the MWa parameters

Table 3. The arrow indicates at which the octahedral solvation
shell changes to higher-order CNs.

the CN, we chose Cd instead of ZA™ as the new reference
state because it is the “largest” dication in terms of the Born
radius (Table 1) that has an unambiguous measured CN of 6.
We assume that dications with Born radii much larger than that
of C#™, indicating an expansion of the first shell, have a CN
greater than the CGd CN, as evidenced by recent X-ray
diffraction datd® suggesting a CN of 8 for Cain water. New
vdW parameters were obtained for&dby perturbing it to C&"
using the MWa parameters in Table 3 and analyzing the
hydrated structures betweén= 0.08 andi = 0.15, where the
energy derivative, d/dA, varies sharply (Figure 2). Since the
structures are hexahydrated whén< 0.1 but are mainly
heptahydrated wheh = 0.15, a coupling parametet & 0.1)

just before the transition from hexa- to heptahydrateé&@das
used in egs A6 and A7 (Appendix 1) to obtain new?Cd
parameters. The latter values, listed in Table 5, yield a hydration
free energy that is-14 kcal/mol greater than the absolw&yq
obtained using the Cd parameters in Table 3. They also yield

are all close to the respective experimental values. As comparedd Cd-O distance (2.17 A) between that derived from the MWa
to the MWa parameters, the MWb parameters yield the observed(2.13 A) and MWhb (2.38 A) parameters.

tetracoordination of B& and an ior-O (water) distance (1.57
A) that is closer to the experimental value (1.673%}7 They
also reproduce the ierO (water) distances and CNs of ions
(Cut and Cé") whose hydration free energies are close to
AGhyd(Zn?*). However, the MWb parameters greatly overesti-
mate the ion-O (water) distances and CNs of metal dications
whose Born radii exceed the ZnBorn radius by more than
0.05 A. In particular, they predict the wrong CN of 7 for ftg

in water, thus predicting an expansion of the CN that is much
earlier than observed experimentally (see Table 1).

New Reference Cd&" vdW Parameters. Since the vdwW
parameters derived from the set BICHARMMZ parameters
could yield the observed structural properties of dications with
Born radii of <1.45 A, but predicted too early an expansion of

vdW Parameters Based on New C# Parameters.On the
basis of the new vdW parameters in Table 5 fofCahd MWa
parameters in Table 3 for Beand B&", free energy simula-
tions perturbing C#" to B&" and B&" were performed. The
Be?™ and B&" vdW parameters were adjusted to reproduce the
experimental hydration free energies of?Band B&" relative
to Cd*" in the simulations. By using the same procedure to
derive the MWa and MWb parameters, vdW parameters for
Cw?t, Ni2t, P&+, Zn2t, Ca?t, PBt, Ag?t, Cr2t, Fe2t, Mg?,
V2t Mn2*, and Hg" were obtained from the Gt < Be?"
perturbation, while those for ¥, C&", Sre*, EL?H, S, and
St were derived from the Cd < PR and PB" < Ba&"
perturbations. The resulting parameters (referred to as MWc)
are listed in Table 5.
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TABLE 5: Computed Hydration Free Energies and
Structural Properties of Metal Dications in Water Based on
vdW Parameters Derived from New C&™ vdW Parameters®

P Run/2  AAGhy(M—Cd) d(M—0)
M2+ (kcal/mol)  (A) (kcal/mol) CN A
Be?* 00032 05637 —156.3(3.4) 4 1.57¢0.10)
Cuwt 0.0427 1.0330 —-59.9(#1.0) 6 1.94
Ni2t 00366 1.0941 -532(08) 6 1.97¢0.07)
P&+ 0.0332 1.1376 —48.3(#0.9) 6 1.97
Zmt  0.0325 11489 —47.5(03) 6  2.000.05)
C®* 00286 12267 -380(02) 6 2.02¢0.06)
PP+ 0.0282 1.2360 —37.3(0.0) 6 2.02
Ag?* 0.0266 1.3107 —-26.6(0.3) 6 2.06
Crt 0.0264 1.3344 —224#0.7) 6 2.07
F&t 00264 1.3488 -205(-03) 6 2.08¢0.02)
Mg?*  0.0266 1.3636 —17.5(+0.9) 6  2.08 (0.00)
V2t 0.0266 1.3706 —16.2(0.7) 6 2.11
Mnz  0.0300 14544 —15(-0.2) 6 2.16¢0.02)
Hg?*  0.0300 1.4544 —15(-02) 6 2.16£0.17)
CPt 0.0304 1.4600 0 6 2.170.12)
Yb2+ 0.0309 1.9298 57.710.9) 8 2.47
ca#* 00318 1.9364 58.141.7) 8  2.58(0.12)
Sre* 0.0346 1.9540 62.6(0.7) 8 2.58
PR+ 0.0557 2.0195 78.2(0.9) 8.5 2.68
EW" 00647 2.0846 88.840.4) 9 2.74
SP*  0.0664 2.0923 89.3(0.3) 9  2.75(0.10)
St 0.0680 2.0997 90.10.7) 9 2.75
B2t 01993 2.2451  120.4{0.3) 9.5 3.01(0.11)

a See footnotes under Table 3.

The MWc parameters in Table 5 can reproduce not only the
hydration free energies of all the dications relative to
AGhyo(CP), but also the structural properties of the ions. The
computed relative hydration free energies agree with the
respective experimental values to within 1 kcal/mol, except those
of Be?™ and C&", which deviate from the corresponding
experimental numbers by 3.4 and 1.7 kcal/mol, respectively.
Note that the absolutédGnyy of Zn?*t based on the MWc
parameters is only 2 kcal/mol less negative than that of the
reference Mg" in Table 2. Furthermore, the MWc parameters
reproduce the observed (i) tetrahedral hydration shell 8f Be
(i) constantCN of 6 for Cl&#+, Ni2t, Zn?t, Co**, Cr2*, Fett,
Mg?", Mn2*, Hg?t, and Cd", and (iii) expansion of the CN
from 6 for C&* to 9.5 for B&". As compared to the MWa
parameters in Table 3, the MWc parameters yield-orygen
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Figure 3. lon—oxygen rdfs (a), iorhydrogen rdfs (b), and the
corresponding running CNs (c) from 200 ps MD simulations of divalent
ions in water using the MWc parameters in Table 5.
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and a difference 0f0.7 A between its first peak (1.94 A) and
the first peak of the Ctf—H (water) rdf (2.65 A, Figure 3b).
The first-shell CN of C&" in water is 6 (Figure 3c), in accord
with the experimental consensus. On the other hand, ab initio
MD simulations support a mixture of 5- and 6-coordinated

distances that are closer to the respective experimental valuesiydrated structures with a mean O distance of 2.0 A8

for ions with Born radii smaller than the Born radius of’Ca
(1.82 A), but not for ions with Born radii much larger than 1.82
A. Below, we describe the hydration structures derived from
MD simulations of the ions using the MWc parameters, as
illustrated in Figure 3.

Be". The Bet—O(water) rdf (Figure 3a) shows that the first
hydration shell begins at 1.4 A and ends at 1.8 A with the first
peak centered at 1.57 A, while the first peak of the?'Be
H(water) rdf is at 2.26 A (Figure 3b). The first-shell CN of
Be?t in water is 4 (Figure 3c), in agreement with experimental
data. However, the averagéBe?t—O0) distance is shorter than
the respective measured value (1.67 A), while ab initio MD
calculations indicate a first-shell peak at 1.65 A with an rms
width of 0.06 A, in accord with the experimental numbeér.
Thus, one possible reason MD simulations with the “conven-
tional” PEF underestimate the observé@e*"—0) distance
in agueous solution is that they do not explicitly include the
significant nonadditive many-body effects such as distortion of
the first-shell water @H bonds seen in the ab initio MD
simulations of B&" in water#’

Cu?™. In analogy to the B&—0O (water) rdf (Figure 3a), the
Cwt—0 (water) rdf also exhibits a first-shell width of 0.4 A

but a QM(MP2)/MM simulation study shows a well-defined
octahedral shell with a mean &u0O distance of 2.07 A% The
d(Cu?*—0) distance, 1.94 A, obtained herein is close to the
experimental mean of 2.05 A, obtained by averaging the lower
bound of the observed equatorial (1.94 A) and axial (2.27 A)
distances from Table 1.

Ni2+, Pt2t, Zn2t, Co?t, and Pc?™. These five ions show very
stable, octahedral first coordination shells during the 200 ps MD
simulations of the ions in water, in accord with the observed
first-shell CN of 6 for N+, Zn?", and C&". They are grouped
together because they exhibit simitf{M2"—0) values, ranging
from 1.97 A for N?* and P# to 2.02 A for C@+ and P&, as
well as similard(M2t—H) values, ranging from 2.65 A for Rif
to 2.70 A for P@&*. However, the computed(M2*—0) distances
are shorter than the respective experimental values in Table 1
(by 0.05 to 0.07 A).

Ag?t, Cr2*, Fe?t, Mg?™, and V2. As for the previous group
of metals, these five ions also show very stable, octahedral
shells, in accord with the observed first-shell CN of 6 for these
ions except Ag" and \A*, whose CNs are unknown. They
exhibit similard(M2+—0) values, ranging from 2.06 A for &g
to 2.11 A for \2*, as well as similad(M2+—H) values, ranging
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observed CN. However, as for®Sy the computedi(Ba2t—0)
distance is longer than the corresponding experimental distance
by ~0.1 A.

Transferability of FF Sets to SPC/E Model of Water.To
assess if the ionwater parameters developed here could be
directly transferred to other three-site models of water such as
the SPC/E modét! additional 200 ps simulations of €d Zn?*,
and C&" ions in SPC/E water were performed using eq 3 with
MWc parameters for the dications and SPC parameters for the
water oxygen. The resulting rdfs can be superimposed upon
those obtained from the respective simulations using TIP3P
water, as illustrated by the €d—O rdf in Figure 4. In addition
to the structural similarity, the solvation free energy profile for
perturbing C&" in SPC/E water as a function of the coupling
parameter can be superimposed upon the profile obtained from
the respective perturbation in TIP3P water (see Figure 4b), and
the hydration free energy of Zhrelative to that of C& (—47.1
kcal/mol) is very close to the corresponding difference for TIP3P
water (—47.5 kcal/mol) in Table 5. The similar solvation

parameters in TIP3P (solid curve) and SPC/E (dashed curve) waterStructure and thermodynamics obtained in TIP3P and SPC/E

models: (a) C&—O rdfs; (b) solvation free energies for perturbing
Cd?* to Zr?t as a function of the coupling parameter

from 2.75 A for A+ to 2.79 A for \2*. Notably, the computed
distances from CGr, Fe&*, and Mg to the first-shell water
oxygen agree with the corresponding measured values.

Mn?2*, Hg?", and Cd?**. These three ions have similar

absolute hydration free energies (see Table 1) and thus exhibi

similar first-shell hydration structures with a first-shell CN
slightly greater than 6 (Figure 3@(M2—0) = 2.16-2.17 A,
andd(M2*—H) = 2.83 A. Experimental data indicate a first-
shell CN of 6 for Mr#+, Hg?t, and Cd, although recent data
for Cd?* report CNs of 6 and 7, indicating a €dCN slightly
greater than 825 Even though the&Gﬁ;Qtvalues of M+ and
Hg?"t are identical £420.7 kcal/mol) and are more nega-
tive than that of C&" by only 1.2 kcal/mol, the measured
d(M?t—0) distances increase in the order ¥Mn< CcP*" <
Hg?™, in contrast to the similad(M2t—O) predicted for MA™,
Hg?", and Cd". Consequently, the experimenw(C#™—O)
and d(Hg?"—0) distances are underestimated in the simula-
tions with the MWc parameters by 0.12 and 0.17 A, respectively.

Yb2*, Ca?t, and Sr¢t. Yb%" and C&", which have very
similar hydration free energies, represent the first group of ions
among the dications studied with CNs greater than 6. All three
ions exhibit a first-shell CN of 8 witld(M2™—QO)/d(M2t—H)
= 2.47/3.17 A for YB* and 2.58/3.22 A for C& and SA*.

For C&", the predicted CN is in accord with recent X-ray
diffraction data indicating a CN of 8 fdl M CaC}, solution3®

For Srit, however, the predicted CN is greater than the reported
CN of 6 in two experimental studies, which employed relatively
low H,O/salt molar ratio £17)5253At this concentration, it is
not clear if enough water molecules are available to fully solvate
Sr¢t; thus, further experimental studies are needed to verify
whether the observed CN of 6 corresponds to a fully hydrated
S+ by determining the metal CN in increasing®fsalt molar
ratio, i.e., decreasing ion concentration.

Pb2t, Eu?*, Sr2*, and Sn?*. These 4 ions have hydration
free energies between those o?Smand B&". They exhibit a
relatively flexible, expanded coordination shell containing 8.5
to 9 water molecules witd(M2—QO)/d(M2t—H) = 2.68/3.30
A for Pr?* and 2.75/3.40 A for E&t, SP*, and Sm*. The MWc
parameters overestimate theé'StO distance (by~0.1 A).

Ba2". This is the largest of all the divalent ions studied. The
first coordination shell of 9.5 water molecules matches the

water models suggest the transferability of+amater parameters
developed herein to other three-site water models.

Concluding Discussion

We have presented a strategy for deriving-tovater vdwW
parameters based on currently available structural and thermo-

tdynamical properties of dications; this strategy was then used

to obtain 3 sets of vdW parameters for 24 dications compatible
with three-site water models. All 3 parameter sets reproduce
the observed relative hydration free energies (to within 3 kcal/
mol). In addition, the MWa parameters in Table 3 predict
accurate iorrwater structures for relatively big metal ions such
as C&", Sk, and B&", as well as the observed CNs of nearly
all the dications, except the CN of Be The latter may be
rectified by including charge transfer and polarization eff€cts
(see below) and/or three-body teffhin the “conventional”
PEF. On the other hand, the MWb parameters in Table 4 can
account for the decrease in the CN from 6 for?Cuo 4 for
Be?t, but they predict “too early” an expansion of the first shell,
yielding CNs for Mg+, Mn?*, and Cd" that are greater than
the observed CN of 6. The limitations in the MWa and MWb
parameters are corrected in the MWc parameters in Table 5,
which reproduce the observed relative first-shell structural
transitions, viz., (i) the decrease in the CN from 6 forPCto
4 for B, (i) no change in the CN of 6 for dications with
hydration free energies between those of'Cand Cd*, and
(ii) an expansion of the CN from 6 for Cd to 9.5 for B&".
Thus, the MWc parameters would be suitable for studying the
relative properties of divalent cations in water, such as relative
binding affinities of metal ions, which require consideration of
the desolvation penalty of the metal cation upon binding.
Note, however, that the parameters presented herein are
limited by the following factors. The first is the uncertainty in
the experimental CN (e.g., 81 and ion-O (water) distances
(e.g., CP, Hg?", Cc?") of certain cations and the lack of
accurate measurements of the CNs ane-iorn(water) distances
for cations such as Pt, Pcf", Ag?", V2t Yb2", PI?t, ELPT,
Sn?t, and R&" in water. The second limitation in the
parameters presented in this work is that they are based solely
on structural and thermodynamical properties of the metal ions;
they have not taken into account the dynamical properties of
the ions or the metal-bound water molecules such as diffusion
coefficients and ionic conductivities. Studies on the kinetics of
water exchange from the first coordination shell of the metal
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ions to the bulk are needed to evaluate the reliability of the AAGﬁ§§‘ of X2 from Table 1, the correspondingvalue can
MWc parameters in computing dynamical properties. The third be obtained from Figure 1. Thus, the potential energy #f X
limitation is that the force field developed herein do not include whoseZ is known can be written as

ligand—field effects, and therefore, the detailed structure around

Jahn-Teller active metals such as €ucannot be reproduced

in simulations with the current parameters and the conventional

PEF.

The MWa/MWc parameters can be used in combination with
current CHARMM/AMBER parameters for simulation studies

of metalloproteins in aqueous solution. Indeed, the set A’ Zn

. +R.. 12

ij

Z(Rmin,x2+ + anin,oT)G] (A3)

vdW parameters have been used in conjunction with the Equating the coefficients af;~*#andr;~° terms in eqs A2 and

CHARMM force field in MD simulations of a classical Cys
His, Zn-finger domain and a ZnCys, domain with the

“conventional” PEF and a PEF that includes charge transfer

and polarization effect®.All three factors, viz., charge transfer,
local polarization, and appropriate ZrvdW parameters, were

found to be important in maintaining the structural integrity of
the Zn—CysHis; binding site. The importance of appropriate

vdW parameters for AT in attaining the correct Z coordina-

tion geometry is evidenced from simulations using the “charge

transfer+ polarization” PEF with the two sets of Zh vdwW
parameters in Table 2. The simulation using the set AtZn

parameters reproduces the experimentally observed tetrahedr

structure of the ZaCysHis, binding site, even when the
simulation started from a nontetrahedraPZiconfiguration. In
contrast, the simulation using the set B/ICHARMM 2Zn
parameters, which are bigger than the set A'Zparameters,
yields an increase in the 285 and Zn-N distances, which, in

turn, decreases the amount of charge transferred by the protein

A3 yields

Y 6X2+€OT(Rmin,X2+ + Rmin,OT)12 = ;LV EBe2+60T(anin,Be2+ +
Rmin,OT)12 + (1= Ay 6Zn2+€OT(Rmin,ZnZ+ + Rmin,OT)12 (A4)

-2,/ €X2+€OT(Rmin,X2+ + Rmin,OT)6 =
_2}“\/ 6E3<52+60T(Rmin,Be2+ + Rmin,OT)6 -
2(1 = A)yezw€orRainzeer + Ruinon)® (A5)

guations A4 and A5 can be readily solved to yielandRmin
f X2+ given itsA value.

Ruinxer = [(Ay/€peer€or(Ruinper T Rmin,OT)12 +
(1 = Dveznor€or(Ruinzres T Rmin,OT)lz)/
(A €ger€or(Rminper T Rmin,OT)6 +

ligands to the metal and increases the average Zn charge, as (1 — A)y/€zp-€or(Ryin zie+ T RmmOT)G)]l/6 — Ryinor (A6)

compared to the simulation with the set AZnparameters.

This enhances the Znwater electrostatic interactions to such

an extent that the 2 is bound to two water molecules in
addition to the two Cys and two Hi€ in the Zn-binding site,
yielding a hexacoordinated Zn.
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Appendix 1

Given the vdW parameters for the “end-point” ions, say'Zn
and Bé*, then the hybrid potential energy Atcorresponding
to an ion X+, e.g., Cd* or Ni2*, Whose|AGﬁ§§‘] falls between
the|AGR] of Zn?* and B&" could be written according to eq
4 as

Vi = AVge: T (1 — YVzp: (A1)

Upon expansion of the solutesolvent potential energy into the
rj~*2 andr;~® components

Rm'n,Bé+ + Rm‘n,OT 12
Vi =4y EBeZ+€OT[( I i I a
1]
2 Rmin,BeQ+ + Rmin,OT 6

] + (1 — A)\/€ezp€or X
ij
[(Rmin,Zn?+ + Rmin,OT)12 _ 2(Rmin,ZnZ+ + Rmin,OT)al (A2)

I T

where Rminot and eor are Ryin and € parameters for the
TIP3P water oxygerQr, respectively. Given the experimental
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