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Simple Two-Body Cation—Water Interaction Potentials Derived from ab Initio Calculations.
Comparison to Results Obtained with an Empirical Approach
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Laboratoire de Physique Quantique, UMR 5626 of CNRS, IRSAMGelhiie Paul Sabatier,
118 route de Narbonne, 31062 Toulousad€e France

Receied: January 13, 1997

Ab initio calculations were performed on M{8), systems, M being i, Na", K*, B&#", Mg?", or C&",
withn=1, 2, 4, or 6. For the most hydrated systems, parameters for the effective Lennard-Jones interaction
between the cation and the water molecules were determined, so as to refabdoit® results. In order

to compare our results to those obtained previously bygVigk with a purely empirical approach, water

water interactions were assumed to be given by the TIP3P model. Different forms for the effective two-body
interaction potential were tested. The best fitsabfinitio data were obtained with a smoath’ repulsive

and a classical™ attractive term, in addition to standard Coulombic interactions. Though better fits were
obtained for alkaline cations than for alkaline-earth ones, onfy Bbviously requires a more complicated

form of the potential energy function. The corresponding parameters were tested with molecular dynamics
simulations of cations in water solutions and with hydration free energy difference calculations, using the
thermodynamic perturbation approach. Radial distribution functions consistent with experimental data were
obtained for all cations. Free energy differences are obviously much more challenging. The most accurately
reproduced value is the difference between the hydration free energies @ndaK™. This result is likely

to be significant since effective interaction energies betweendi&™ and water molecules as obtained in
Aguvist’s and in the present work are found to be very similar, despite the fact that the corresponding sets of
parameters were determined with completely different approaches.

Introduction path starting from one ligand and ending at the other?of®;

the interaction between the ligands and the protein must be well
described. Moreover, in order to achieve at reasonable com-
putational costs the large number of energy calculations required

large conformational changes occur in many proteins. In the fOF an accurate sampling (typically, hundreds of thousands), this
case of muscle cells, this results in the activation of a protein d€SCription has to be simple. Simplicity in the description also
kinase, which phosphorylates the glycogen phosphorylasea"OWS for parameter trgnsferablllty. .More generally,' whgn the
enzyme, ultimately causing energy release from glycogen and number of parameters in the potential energy function is kept
muscle contraction. Interestingly, the high physiological intra- 10w, a definite physical meaning can be assigned to each term
cellular concentration of Mg does not interfere with such  of the function. In most programs currently devoted to MD
events (C&' is a key signaling molecule in eukaryotic cells, studies of proteins, e.g., CHARMRhe interaction between a
while Mg?* is not). This is related to the fact that the specificity cation and protein atoms is assumed to be a sum of Lennard-
of proteins for C&" can be fairly high. For instance, in the Jones and electrostatic interactions between point charges. In
case of parvalbumin, the ratio of Migand C&*" binding affinity order to save computer time, many-body terms are usually not
constants isv10%! included. Their effects are expected to be taken into account,
The most popular method presently available to study protien on average, as effective electrostatic or Lennard-Jones interac-
specificity at a molecular level is the free energy perturbation tions between atom pairs.
(FEP) method. With this method, the difference between the
binding free energies of two ligands of a given protein can be
computed®* In practice, accurate results are obtained only when
the following conditions are met: (1) a high resolution
tridimensional structure of one ligangbrotein complex has to

Alkaline-earth and alkaline metal cations kg C&", Na',
and K play entirely different roles in biological systems. For
instance, when the intracellular concentration o¥'Gacreases,

Recently, a new method for obtaining parameters for such
effective interactions has been proposed°hq,x/i¢éxt,6 aiming at
a correct description of the structural and dynamical behavior
of a cation in a water solution. In this approach, while

be known; (2) both ligands, and the conformation of the protein electrostatic interactions are supposed to be known from other
around them, must be similar enough so that the part of the sources and since Lennard-Jones interactions between the cation

configurational space in which the behavior of the two ligand ~ and hydrogen atoms are neglected, only two parameters have
protein systems is different can be sampled during a moleculart© be determined, namely, those of the Lennard-Jones interaction
dynamics (MD) simulation at room temperature. To fulfill this between the cation and the oxygen of water molecules. These
condition it is usually necessary, even for very similar systems, parameters are chosen so that values close to experimental ones
to build nonphysical intermediaries between the two ligands, are obtained from MD and FEP simulations for two quantities:
the free energy difference being calculated along the nonphysicalthe average distance between the cation and the oxygen atoms
in its first hydration shell, and the absolute free energy of

® Abstract published irAdvance ACS Abstractdune 1, 1997. solvation of the cation.
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TABLE 1: Ca?"(H,0),. Optimized Geometries TABLE 4: K *(H,0),. Optimized Geometries
n o rop(A) Eg,, (kcal/mol)  Eg (kcal/mol) source n o rop(A) Eg,, (kcal/mol)  Eg_(kcal/mol) source
1 2.28 —54.8 —54.8 this work 1 2.69 —-17.5 -17.5 this work
1 2.28 —55.0 —55.0 16 1 2.66 —18.6 —18.6 26, 27
1 2.30 —53.7 —53.7 18 1 2.60 —23.0 —23.0 20
1228 —556 556 1 6 281 —9.6 —79.4 this work
1 2.26 —53.3 —53.3 24 6 589 g _821 26. 27
1 2.34 —56.1 —56.1 10 ' ' ' ’
1 2.28 —56.5 —56.5 25 TABLE 5: Na™(H,0),. Optimized Geometries
g ggi :32; —1033 tlrgs work n (A Ey (kcallmol)  E} (kcal/mol) source
2 2.34 —102.0 18 1 2.23 —25.8 —25.8 this work
2 2.27 —51.8 —113.6 24 1 2.23 —25.1 —25.1 26
2 2.36 —51.6 10 1 2.21 —28.7 —28.7 20
2 28 —107.0 25 6 240 ~115 ~106.5 this work
6 2.43 —-31.2 —246.5 this work 6 2.42 —10.3 —100.2 26
6 2.44 —244.0 18
6 2.44 -31.8 10 TABLE 6: Li *(H;0),. Optimized Geometries
6 2.43 —253.0 25
n Fopt (A) Eg,, (kcal/mol)  Eg  (kcal/mol) source
TABLE 2: Mg ?"(H,0),. Optimized Geometries 1 1.84 —36.5 —36.5 this work
n n 1 1.82 —35.6 —35.6 26
n  rox(A)  Ey (kcallmol)  Ep (kcal/mol) sjource 1 185 397 _39.7 20
1 1.92 812 812 this work : 214 114 PP this work
1 1.92 81.9 81.9 16 6 1197 26
1 1.94 —78.8 —78.8 18 )
1 1.99 -73.8 -73.8 24 o . .
1 1.95 —85.8 —85.8 19 compare the results of oab initio calculations with an extended
2 1.93 —74.2 _155.2 this work set of results obtained by other groups, and to emphasize the
2 1.93 —73.8 16 need of considering rather large systems when studying the
2 1.96 —149.4 18 interactions of a cation in polar densed environments.
% i'gg :3%'2 —153.2 ig In the following, parameters extracted frah initio calcula-
' ' ) tions will be compared to those obtained bygwst with his
g 31(1) —36.0 :gig-g tlhés work empirical approach. Results of free energy differences calcula-
6 510 _340 ) 19 tions performed with these parameters will be compared to

experimental data.
TABLE 3: Be?"(H;0),. Optimized Geometries

n  rom(A)  Eg (kcallmol)  Eg (kcal/mol) source Methods

1 151 —140.6 —1406 this work Ab Initio Calculations. For the calculation of molecular

1 151 —149.7 —149.7 19 interactions between ionic species, the crucial aspect is the
21 i-gg —gg-g —386.3 tlfgs work correct evaluation of the electrostatic and charge contributions,

which are the dominant parts of the interaction. Since all these
contributions are readily included at the Hartréeock (HF)

. The purpose of our study is to check the main hypothesis level, we decided to use this level for the bulk of our

Aqvist's work is based on. At a more general level, the question . L o .
q 9 g calculations. As a matter of fact, in this specific case, the basis

of how well a quantum mechanical interaction energy between o h ;
a water molecule and a cation can be approximated by simple.Set superposition (.BSSE) correction (which decreases the
effective two-body interactions will be addressed, in the case interaction energy) is largely compensated by the neglect of

of systems of increasing complexity, M), with n ranging post-Hartree-Fock contributions. This is illustrated in Tables
from 1 up to 6, M being G Mgz+’ Na*n’KJr as well as 1-6 where we compare our results for small clusters with more

another alkaline-earth metal cation, 2eand another alkaline refined calculations in which both BSSE and correlation are
one, Li* (the two later cations have also important, though taken into account. We also have performed some additional
nonphysiological, biological effects). test calculations in the case of €a(H,0)s. The BSSE

The main principle of our work is to study such an interaction correction _decreases the interact_ion energy at equilibrium by
in a “realistic’ water environment. To do so, in the largest ~6.0% while, when some correlation energy is included, at the

N 0 o
systems considered, the first hydration shell of the cation was Mth>2. Ie\(/jel, Itis Tcrgasec:f.b_yel(t).fO/o. The overall Elrerfllsmr;_
filled according to experimental data. However, while it is quite obtained seems 1o be suflicient for our purpose which Implies

clear that there are respectively 4 and 6 water molecules in the2 VENY detailed analysis of the potential energy surface and a

first hydration shell of B&™ and Mg+, experimental data related large numbgr of cglculanons.
to other cations are less conclusfveFor instance, values The atomic basis sets have been extracted from the TUR-

ranging from 6 to 10 were found in X-ray and neutron diffraction BOMOLE library'* except for C&", for which an effective core
experiments for G4.7 In Monte Carlo and molecular dynamics ~ Potential of 10 electrons for €aand the corresponding basis
studies, values ranging fron® To ¥ were observed, while it ~ Setwas derlyed in previous worka.Since polarization effects
was shown withab initio calculations that a Ga with 8 water are mostly important for the oxygen atom, we chose a TZP
molecules in its first hydration shell is slightly more stable than (triple zeta+ polarization) basis including two d functions. Thus,
with 9.0 In the present study, the= 6 case was assumed to Dasis set sizes are as follows:

be a representative one for all cations, except fat'BeThen

= 1 andn = 2 cases were also considered, both in order to C&"  (6s8p5d)/[4s6p2d]
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Mg®"  (11s7pld)/[6s3pld]
Be?*  (9s2p)/[5s2p]

K" (14s9p1d)/[9s5pid]
Na" (11s7p2d)/[6s3p2d]
Li*  (9s2p)/[4s2p]

O  (9s5p2d)/[5s3p2d]

H (4s2p)/[2s2p]

Extensive ab initio calculations were performed on the
following systems: C#(H,O), with n =1, 2, and 6, M§"-
(H20), with n = 1, 2, and 6, B& (H,0), with n = 1 and 4,
K*(H20)n, Nat(H20)n, and Lit(H20), with n=1 and 6. Water
clusters around a given cation were built with the following
symmetry: Cy, (n = 1), Dog (n = 2 and 4) andTy, (n = 6). In

Periole et al.

work, Lennard-Jones interactions in which hydrogen atoms are
involved were neglected. Note that a-1@1 ennard-Jones form
was used by Avist in his MD and FEP calculations of cations
in a water solutiof?. In particular, the parameters of the water
model are the same (fvist performed calculations either with
the TIP3P or the SPC water model. With both models, a given
set of {A,, By} lead to very similar values for solvation free
energies). All these features will allow direct comparisons
between the potential energy functions obtained in the present
study with theab initio approach described above and byvist

with his empirical approach.

Molecular Dynamics and Free Energy Difference Calcula-
tions. Radial distribution functions (RDF) of water oxygens
around cations were computed from the last 20 ps of 30 ps MD
simulations performed at 300 K with a modified version of the
CHARMM-22 program package. Simulation parameters are
standard ones. In particular, bond lengths were constrained with
the SHAKE algorithmi* a 2 fs integration time step was used,
and nonbonded interactions were calculated with a 14 A cutoff

each case, a geometry optimization was performed. Then, one2nd a SHIFT truncation procedure for electrostatic#ll

water molecule was translated away or toward the cation, the
interaction energy of this water molecule with the cation and
the othern — 1 water moleculesEgim(r) being determined
according to

Eg, (1) =Ey() —E§ " — Eg

wherer is the distance between the cation and the oxygen atom
of the translated water moIecuEg is the energy of this water
molecule Eq(r) is the energy of the whole system, dﬁgl is

the energy of the system when the translated molecule is
removed. In order to compare our results with previous ones,
the total interaction energy of the system at equilibrium,
Egm, was also calculated, according to

E(n?mt - EnQ(rom) o ECQ o nEg

whereEg, is the energy of the cation.

Effective Two-Body Interaction Energy Parameters. For
each system, two or three parameters were determingé,,
and C,,, with a least-squares-fit procedure, so at to minimize
the mean square difference betwd%ilm(r), the above quan-
tum mechanical interaction energy, and the following classical
one, either a¢—d Lennard-Jones” form:

B, n1[Aw By
_n - n
rd + Iz + Eelec(r)

EL() A

r o g—
LJ nglz RIG
or a “d-Buckingham” one:

rC

Bn

n . . " Boo
EBuck(r) - An exp( Cnr) d
r

n—1 A00 )
+ IZ RI_.lZ_ E + Eelec(r)

whereR is the distance between the oxygen of the translated
water molecule and the oxygen of one amongrihe 1 other
water molecules A,, andB,, are the Lennard-Jones parameters
for the TIP3P water modéP which is widely used by
CHARMM users. Eg{r) is the Coulombic energy of interac-

Lennard-Jones interactions between the cation and water
molecules were taken into account.

The solution model is as follows: the cation is held fixed at
the center of a 15 A sphere of TIP3P water molecules. Water
molecules lying more than 11 A away from the cation are also
held fixed, as well as water oxygens lying morerilaA away.
Thus, water molecules in the three first hydration shells of the
cation are free to move withia 9 Aradius sphere surrounded
by a 2 Asoft boundary, in which water molecules are only free
to rotate. This model was designed in order to perform free
energy perturbation calculations both in water and in a protein
environment. Since it is different from the one used lyvist,
it was checked that results obtained with both models are similar.
To do so, MD and free energy difference calculations were
performed with our water solution model and the parameters
and potential energy functions used bgst in his study, both
with the SPC and the TIP3P water models (data not shown).

Differences of hydration free energies were computed with
the thermodynamic perturbation method. The principle of such
calculations is as follows: first, several MD simulations are
performed during which a cation in a water solution (state “a”
of the system) is transformed into another (state “b”), by varying
aA parameter in the potential energy function of interaction of
the cation with the water molecules. Then, the free energy
difference between states a and b is obtained ffom

AG,,= —kgT z In@x - o D
T 7

wherekg is the Boltzmann constar, is the absolute temper-
ature, and the brackets indicate that an ensemble average is
calculated for each; value. Note that there is no approximation
involved in this equation. From a practical point of view, for
each free energy difference calculation, 10 MD simulations at
room temperature were performed, each with a given value of
Ai. In each simulationa 5 psequilibration period was followed

by a 10 ps trajectory, the coordinates obtained at the end of a
given simulation being the starting point of the next simulation,
performed with a different value df, namely,Ai + AA.

Results and Discussion

tion between the translated water molecule and the rest of the
system. Unless specified otherwise, electrostatic interactions Optimized Geometries. In Tables -6, optimized geom-

between atoms of the translated water molecule and atoms ofetries obtained at the HF level are compared to geometries
the rest of the system were calculated with standard charges:.obtained by other groups for the systems considered in the
gc=+1lor+2,qg0 = —0.834, andjy = +0.417. Asin Ayvist's present study. Our results are in good agreement with previous
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works. For example, fon = 1, the Ca-O distance (2.28 A;
see Table 1) is found to be within 0.01 A of the distances
obtained by Bauschlichest al. and Kauppet al., despite the

fact that these authors used a more extended set of basis

functions than ours, including diffuse on¥d’ In then = 2
case, CaO distances are found to be slightly longer (2.33 A)
than those obtained by Bauschlicleral. (2.31 A). However,
this group studied a system irCa geometry, while it was shown
that with a system in &,y geometry the CaO distance
increases significantli?

For Mg?t (H2O)n, in bothn = 1 andn = 2 cases, Mg-O
distances are the same as in Bauschligtteal. study: 1.92
and 1.93 A, respectively (see Table 2). In other works, these
distances are slightly longer than ours. FoRel,0), (see
Table 3), our geometrical results are in complete agreement with
those obtained by Bocét al.®

Note that, in all studies, whemincreases, the catieroxygen
distance at equilibrium also increases. This is a trivial effect
mostly due to waterwater repulsion. There is also a relation-
ship between the differences of catieoxygen distances at
equilibrium found in the present work and in the other works
considered, and the corresponding differences of interaction
energies. For instance, in the case ofQH,0), and Md*-
(H20)n, when there is a relative energy difference of more than
5%, the catior-oxygen distances differ by more than 0.05 A.
If this trend is left apart, that is, if energies are compared for a

given geometry, energy differences are expected to arise from

the level of accuracy of the calculations. Nevertheless, as

mentioned before, several sources of error may cancel out each

other. For instance, for €4H;0),, the Glendennig and Feller

results and ours are similar both as far as geometries and _
energies are concerned, though the former include Counterpoises

and MP2 correctiorig while ours do not. The effect of these
corrections was checked in the case of {H,0)s, whose total
interaction energy decreases48.0% when BSSE corrections
are taken into account while it increases4$0.0% when the
calculations are performed at the MP2 level (data not shown).
Since on the other hand it is clear from Tables6lthat
interaction energies may vary from study to study by up to 10%
(especially forn = 1 cases), we found it not necessary to
perform heavy calculations at the present stage of our work.

Optimization of the Form of the Classical Potential
Energy Function. In Figure 1, theab initio interaction energy
between C& and one water molecule is given, as a function
of r, together with the best fits of these data obtained with,
respectively, a 126 Lennard-Jones, a—#4 Lennard-Jones, or
a 6-Buckingham form of the classical interaction energy. Itis
clear that the 126 Lennard-Jones form, which was assumed
by Agvist in his work, is not the best possible choice. In order

to describe accurately the effective interaction energy between TABLE 7:

the cation and the water molecule, the4/ Lennard-Jones or
the 6-Buckingham form performs obviously much better.

Other forms were also tested. A set of representative tests

is given in Table 7. With the—d Lennard-Jones forms, the
switch fromd = 6 tod = 4 improves the quality of the classical

description, as measured by the mean-square difference (msd)
between the quantum mechanical and the classical interaction

energy. This is an expected result, since-&attractive term

is the usual form for the interaction between a charge and an
induced dipole. More unexpected is the extent of the improve-
ment of the quality of the description with the Lennard-Jones
form, whenc drops fromc = 12 toc = 7. Note that the usual
r~12 repulsive term has no known physical meaning. Indeed,
other values focr have been proposed. For instance, Roux and
Karplus used a8 repulsive term in their description of alkaline

J. Phys. Chem. B, Vol. 101, No. 25, 1999021
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Figure 1. Interaction energy between €aand a water molecule, as
a function of the distance between®and the oxygen of the water
molecule. &: ab initio results. These data were fitted with a potential
energy function including a Coulombic term and, respectively, a
standard 126 Lennard-Jones term (dotted line), a4 Lennard-Jones
term (plain line) and a 6-Buckingham term (continuous line).
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Figure 2. Comparison betweeab initio and effective 74 Lennard-
Jones interaction energies for 25 nonsymmetrié¢Nid.O) configura-
tions.

Mg 27(H,0). Fit of ab Initio Data with Different
c¢—d Lennard-Jones Functions

c d msd (kcal/molj
12 6 10.14
10 6 7.06
9 6 5.48
8 6 3.93
7 6 2.53
12 4 4.47
10 4 2.66
9 4 1.94
8 4 1.48
7 4 1.45
6 4 2.11

cation—carbonyl oxygen interactio?f,as well as Kowalkt al.
in their description of lanthanide ionsvater oxygen interac-
tion2! These later authors underline the fact that a smoother
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TABLE 8: M *(H,0),. Fit of ab Initio Data with 20
Lennard-Jones Functions
7—4 Lennard-Jones 6-Buckingham 4-Buckingham :
cation n  msd (kcal/mo  msd (kcal/moB msd (kcal/molj Wl
Li* 1 0.44 0.09 0.14
Na* 1 0.14 0.03 0.06
K+ 1 0.20 0.05 0.05
Bett 1 39.27 44.50 3.44 . or
Mgt 1 1.45 0.54 0.93 oS
cat 1 0.50 0.10 0.27 8 g
[ B
Lit 6 0.07 0.03 0.01 £F o}
Na* 6 0.07 0.02 0.02 I~
K+ 6 0.09 0.02 0.02
Bet 4 1.75 1.27 1.45
Mg?t 6 0.70 0.59 0.40 2l
C&t 6 0.45 0.43 0.20
Lennard-Jones repulsion results in a broadening of the first
maximum of the radial distribution function of water oxygens or )

around the cation and improves the agreement with neutron : : : : , :
. . i L5 2 2.5 3 3.5 4 4.5 5
diffraction data. However, note that in the present work
Lennard-Jones or Buckingham forms are here to complement Na-O distance (A)
the description of the |n_teract|0n betwef_en the cation _and the Figure 3. Interaction energy between Nand a water molecule, as a
water molecules. In particular, the repulsive and attractive partsnction of the distance between Nand the oxygen of the water
of the classical potential energy function are expected to correctmolecule. ¢ and continuous line:ab initio results. Plain line:
errors introduced by the rough description of the electrostatic effective interaction energy, as obtained withgwst's empirical
interactions in our systems. approach. Dotted line: effective interaction energy, as obtained with
Results given in Table 7 were found to be quite general: for the present approach, Nébeing in the field of five other water
all systems studied, the-# Lennard-Jones performs much Molecules.
better than the usual 6 one (data not shown) while, as shown 10
in Table 8, the 4- and 6-Buckingham forms were found to
perform even better, the former being slightly more accurate
when larger systems (i.e., more realistic ones) are considered. 5
These later results are also expected since, as the number of
parameters in the function used increases, better fits of the datas
are usually obtained. 0
Other trends are noticeable in Table 8. First, better fits were
obtained for alkaline cations than for alkaline-earth ones. .
Moreover, in most cases the quality of the fit increases as the
radius of the cation increases, the worst fits being obtained with £
Be?t. In other words, as the strength of the wateation
interaction decreases, its description by a Buckingham form
becomes more and more relevant.
Additional terms would be required in order to describe more 15
accurately alkaline-earth catiemvater oxygen interactions. Such
terms would probably help to take into account physical effects
like charge transfer, etc. -20
Second, better fits are in most cases obtained when the
number of water molecules around the cation is large. For
instance, for B&"(H,0), msd values lie within 3:444.5, while K-O distance (A)
for Be#"(H,0),, they lie within 1.3-1.8. This trend is likely Figure 4. Interaction energy betweenkand a water molecule, as a

to be a consequence of the fa(_:t that catiorygen ‘?"S“'?‘”C_es function of the distance between*Kand the oxygen of the water
are larger when the first hydration shell of the cation is filled. 151ecyle. © and continuous line:ab initio results. Plain line:

In all cases considered, the strength of the effective interaction effective interaction energy, as obtained withgwst's empirical
between a cation and a single water molecule was found to approach. Dotted line: effective interaction energy, as obtained with
decrease as the number of water molecules in the system usethe present approach, *Kbeing in the field of five other water
for parameter determination increases (see Figures fér a molecules.
comparison betweem= 1 andn = 6 cases). Parameter values physical meaning. Other fits performed with a less polar water
obtained for the 4-Buckingham form are given in Table 9. The model o = —0.7) confirm the robust character of this result
main feature is that low msd values shown in Table 8 were in (data not shown). Such fits were found to be very accurate.
many instances reached with negatigvalues, the—* term Moreover, they were reached with positidg and B, values.
standing here to complement the description of the repulsive This is likely to be meaningful since the dipolar moment of the
interaction between the cation and the water molecule. Such amodified water model was set to the value obtained at the HF
feature is also observed with the 6-Buckingham form (data not level for a single water molecule, namely, 1.99-Bhile it is
shown). Nevertheless, one interesting result is the factGhat 2.35 D for the TIP3P model and 1.86 D experimentally (in the
values are found to lie within a rather narrow range: from 3.6 gas phase). However, modifying the charges in the water model
to 4.9. This suggests that a value near 4 may have someis a way to introduce a fourth parameter in the function used

.
(keal/mole)
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Figure 5. Interaction energy between NMfgand a water molecule, as

a function of the distance between Mgand the oxygen of the water
molecule. & and continuous line:ab initio results. Plain line:
effective interaction energy, as obtained wittgust's empirical
approach. Dotted line: effective interaction energy, as obtained with
the present approach, ¥fgbeing in the field of five other water
molecules.

TABLE 9: M *(H,0),. Parameters Obtained by Fitting ab
Initio Data with 4-Buckingham Functions

cation n Ay Bn Ca
Li* 1 29 240.29 119.71 4.12
Na* 1 59 087.91 131.53 3.98
K+ 1 192 620.68 30.75 4.05
Be*t 1 68 896.40 856.46 4.10
Mg?*+ 1 73822.82 669.00 3.86
Ca* 1 76 143.74 587.88 3.55
Lit 6 42 500.40 —41.73 4.87
Na’ 6 61 925.75 5.53 4.13
K+ 6 296 955.35 —18.84 4.24
Be?t 4 36 673.55 24.63 4.77
Mg?*+ 6 129 961.00 —103.79 4.81
Cat 6 96 027.96 —25.93 3.89

TABLE 10: M *(H,0),. Parameters Obtained by Fitting ab
Initio Data with 7—4 Lennard-Jones Functions

cation n An Bn

Lit 6 568.87 —12.43
Na*" 6 2825.52 105.07
K+ 6 7234.34 167.28
Be2t 4 562.70 49.01
Mg?*+ 6 1986.23 4.35
ca* 6 6824.99 182.48

for the data fits. Since our study is aiming at describing atomic
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TABLE 11: M *(H,0O),. Parameters Obtained by Fitting ab
Initio Data with 7—4 Lennard-Jones Functions and Adjusted
Cation Charges

cation n G An Bn msd (kcal/mol
Lit 6 0.94 816.59 52.50 <0.01
Na" 6 0.90 3481.47 236.86 0.01
K+ 6 0.79 11548.95 616.93 <0.01
Be** 4 1.84 758.81 158.98 0.96
Mg?*+ 6 1.74 2987.70 288.97 0.03
cat 6 1.76 8445.10 509.43 0.07

TABLE 12: Radial Distribution Functions of Water
Oxygens around Cations as Found in Molecular Dynamics
Simulations Performed with 7—4 Lennard-Jones Parameters.
Comparison with Experimental Data’

cation RM™ (A) N REP (A) NE*P
Li* 1.90+ 0.05 4 1.94-2.28 46
Nat 2.35+ 0.05 5-6 2.40-2.50 4-8
K* 2.75+0.05 78 2.60-2.95 6-8
Be?* 1.60+ 0.05 4 1.69 4
Mg2* 2.05+ 0.05 6 2.00-2.15 6
ca* 2.45+ 0.05 8 2.33-2.49 6-10

expected physical meaningd, and B, have positive values,
and . is lower and close tot+1 and +2, for alkaline and
alkaline-earth cations, respectively. However, the classical
picture corresponding to this parameter set is not satisfactory
in one respect: the overall charge of the system is also no more
+1 or+2. As far as catiorrwater interactions are concerned,
this is without any consequence, since charges in the system
are effective ones. In particular, during the fitting process, the
gc value helps to correct errors introduced by assuming that
atomic charges in the water molecule are those of the TIP3P
model. However, if these parameters were to be used in
simulations of more complex systems than cations in water
solutions, this may lead to artifactual effects. Thus, although
the quality of the data fits obtained indicate that this later
parameter set deserves further studies, it was not considered in
the following.

In order to check that our effective potentials are also able
to reproduceab initio interaction energies of catierwater
systems in nonsymmetric configurations, a MD simulation at
room temperature of a Mg(H,O)s cluster was performed, from
which 25 Mg (H,O) geometries were picked. A comparison
betweerab initio and effective #4 Lennard-Jones interaction
energies for these geometries is given in Figure 2. The
correlation between both is indeed quite strong.

Molecular Dynamics Simulations. The 7—4 Lennard-Jones
form was implemented in the CHARMM-22 program package.
Parameters given in Table 1.(= +1 or +2) were used to
compute trajectories of cations in water solutions at room
temperature, as detailed in the Methods section. From the last
20 ps of each of these simulations, radial distribution functions
of water oxygens around the cation were determined, focusing
on Ry, the distance corresponding to the first maximum of this

interactions as simply as possible, we chose to allow no more function, and orNy, the coordination number, that is, the number
than three parameters in the functions, that is, no more than inof water molecules in the first hydration shell of the catibp.

the Buckingham forms (moreover, developing a new water
model lies outside the scope of the present study).
Parameters obtained with the-Z Lennard-Jones form are

andR; values obtained for each simulation are given in Table
12. They are found to be consistent with experimental data.
For Na" and Kt, the first hydration shell is not as well defined

given in Table 10, for the most hydrated systems studied. Here, as for the other cations, the water molecules of this shell being

low msd’s were reached with positive andB,, values, except
for LiT(H20). In order to improve data fits, a third parameter
was introduced in this form, the charge of the catiqn being
allowed to differ from+1 or+2. The corresponding parameters

exchanged with bulk water molecules within the time scale of
the simulation. No such water exchange is observed in the
alkaline-earth cation simulations. This is consistent with
measurements of the unimolecular rate constant of water release

and msd are given in Table 11. Msd values are the lowest foundfrom the first hydration shell of small alkaline-earth dications,

in the present study. Only one large msd remains, fot'Be
(H20)s. Moreover, all parameter values are consistent with their

namely, over 108 s, while it is well below 10° s for alkaline
cations??
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TABLE 13: Differences of Hydration Free Energies of the difference between theib initio interaction energy with a
Pairs of Cations Obtained from Perturbation Simulations single water molecule and the effective interaction energy found
(F;ggop:gqries%r\l’vcvri]tr? _Eipl‘eermgm;?;Sazggamemrs' in the present work is not large, while it is for Rig However,

the striking result is that, for Naand K, the effective

cation a— cation b AGq (keal/mol) AGexp (kcal/mol) interactions between these cations and a water molecule in a
Lit— Na* 13.4 26.3-27.5 water solution, as determined byg®ist with his empirical
Na" —K* 20.1 16.#17.5 approach or in the present study with ah initio approach,

Be*t — Mgzt 98.5 120.8-135.0

are very similar (see Figures 3 and 4). Such a result strongly
supports Ayvist's approach. Further studies should now be
performed in order to check thab initio calculations performed

at higher levels of accuracy (MP2, MP4, etc.) do lead to an
%ven better agreement with experimental data for these two
cations, through the parametrization process described in the
present study.

For M¢?", the difference betweeab initio and the two
effective interaction energies considered underlines the fact that
straightforward in vacuab initio calculations f = 1 cases)
are likely to be not relevant for determining parameters for the
corresponding effective potential energy function in solution.
On the other hand, the difference between the two kinds of
effective interaction energies may come from the fact that
Aqvist's method relies on the hypothesis that correct water
environments of cationsanbe obtained during MD simulations.

If this hypothesis happens to be not fulfilled in the?Caase,
Ythen it is clear that the interaction energy betweed"Cand

one water molecule determined byg#ist's method is under-
estimated, if the number of water molecules found in its first
hydration shell during the MD simulations is too large, or
overestimated, if it is too low. Furthermore, in such cases, the
interaction energy between other alkaline-earth cations and one
water molecule is underestimated or overestimated as well, since
the corresponding parameters were determined so as to repro-
duce thedifferencebetween the hydration free energy of these
cations and the hydration free energy of?Ca Otherwise, if

MD results obtained both by dvist and our group happen to

be confirmed at the experimental level, that is, if there are indeed
eight water molecules in the first hydration shell of?Cathis
would suggest that studying larger systems in the case of
alkaline-earth cations may lead to results closer to those obtained
by Aqvist with his empirical approach.

Mg?t — Ca* 45.7 77.780.3

Note that the optimized geometries of the systems studied in
order to determine the parameters used in these simulations ar
also consistent with experimentB}, values. This is not the
case when smaller systenms=< 1 orn = 2 cases) are considered
(see Tables 46). This kind of result supports our approach
since it indicates that a system composed of a cation and of the
water molecules of its first hydration shell is a good first
approximation of a much larger system composed of a cation
in a water solution.

Free Energy Difference Calculations. Alkaline cation
perturbation simulations were performed with™Ngs a starting
point, as in Avist's work, and alkaline-earth ones with kg
as a starting point, while dvist's was C&" (see below). The
corresponding differences of hydration free energies are given
in Table 13. The errors in the results obtained, as measured b
the hysteresis valikeare less than 1 kcal/mol.

Calculated values differ from experimental data by a large
amount for Li" — Na*, MgZ™ — C&*, and B&" — Mg?". In
the later case, such a discrepancy was expected since-the 7
Lennard-Jones form was found to be inaccurate for describing
Be*t—water oxygen interactions (see Table 8). In the2Mg
— C&" case, the source of error may lie in the reproduction of
the water environment of Ga during MD simulations. As
mentioned in the Introduction, the number of water molecules
in the first hydration shell of Cd is a matter of debate, at the
experimental as well as at the theoretical level. In particular,
neutron diffraction experiments have shown that this number
depends upon Ca concentration, namely, that it decreases
when the concentration increases. According to these experi-
ments, in the case of th CaC}h solutions, there are 10 water
molecules in the first hydration shell of €222 Such results
are at variance with those obtained from X-ray diffraction Conclusion
experiments, which indicate that there are between 6 and 7 water
molecules in the first hydration shell of €a the former value Starting fromab initio calculations on systems composed of
being the most frequently given ofeSuch an experimental  a cation and of the water molecules of its first hydration shell,
controversy suggests that the structure and dynamics ©f Ca parameters for the effective interaction between a water
water environment depends on rather subtle physical effects.molecule and small alkaline and alkaline-earth cations were

In the Na” — K* case, the difference between the free obtained, using simple water model and potential energy
energies of hydration of these two cations is reproduced with a functions. It proved to be possible to reproduce with a good

good accuracy, namely, within 2:3.5 kcal/mol of the experi- accuracy quantum mechanical interaction energies with simple
mental value. As emphasized hereafter, this later result is likely two-body energy terms, especially as far as alkaline cation
to be meaningful. First, note that for Nand K the fit of ab water molecules interactions are concerned. However, when

initio interaction energies was quite accurate (see Table 8). Notethe charge of the cation was allowed to vary during the fitting
also that the interaction energies of these two cations with water processab initio interactions between Mg or C&+ and water
molecules are the smallest considered in the present study. Thisnolecules were also found to be very well described.
suggests that our approach may be accurate only when the For Na" and K, the effective interaction obtained was found
strength of the interactions in the system studied is not too large.to be very similar to the effective interaction obtained by J.
The fact that the calculated Li— Na* free energy difference  Aquist with a purely empirical approach. _In this respect, our
was not found to be accurate supports this hypothesis. Thus,results support the principles underlyinggvist's method,
one may think that, when the interaction strength is important, namely, seeking for a two-parameter potential energy function
larger systems need to be considered within the frame of ourable to lead to the reproduction in MD simulations of two
approach, including at least some water molecules of the seconcexperimental values. However, they suggest straightforward
hydration shell. improvements. First, a-74, or a 8-4, Lennard-Jones form
On the other hand, many-body effects are expected to play ashould be used in the parameter determination process, instead
more and more important role as the interaction strength of the standard 126 form. Second, the reference cations for
increases. Indeed, as shown in Figures3for Na™ and K, which absolute free energy of hydration are calculated should
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