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ABSTRACT: A novel statistical procedure has been devel-
oped to optimize the parameters of nonbonded force fields of
metal ions in soft matter. The criterion for the optimization
is the minimization of the deviations from ab initio forces and
energies calculated for model systems. The method exploits
the combination of the linear ridge regression and the cross-
validation techniques with the differential evolution algorithm.
Wide freedom in the choice of the functional form of the force
fields is allowed since both linear and nonlinear parameters can
be optimized. In order to maximize the information content of

the data employed in the fitting procedure, the composition of the training set is entrusted to a combinatorial optimization
algorithm which maximizes the dissimilarity of the included instances. The methodology has been validated using the force field
parametrization of five metal ions (Zn**, Ni**, Mg®', Ca®", and Na*) in water as test cases.

1. INTRODUCTION

A proper sampling of the phase space of large systems (up to a
million of atoms) is currently achievable by employing classical
Molecular Mechanics (MM) computer methods such as Molec-
ular Dynamics (MD) and Monte Carlo (MC) simulations.
These techniques are commonly based on molecular force fields
(FF), whose simple energy functions enable the predictions of
structural and thermodynamic properties at a computational cost
which is significantly lower if compared to quantum mechanics
(QM) and hybrid QM/MM computations. The accuracy of
FF-based methods strictly depends on the quality of the cor-
responding parameters, which are optimized in order to
reproduce experimental and/or QM data. The selection of the
appropriate FF for a particular chemical investigation is crucial
since this choice strictly affects the reliability of the obtained
results. Several FFs are nowadays available, each one specifically
trained on a chemical domain of interest. Such domains can be
large (as in the case of the Universal Force Field”) or limited to
particular classes such as biological systems and small organic
compounds as in the case of the FFs developed in the field of
biomolecular simulations.”™” In some cases, users may need to
modify the entire FF or reparametrize only some terms such as
the potential of flexible dihedrals, which largely affect molecular
conformations. This issue is particularly important when spec-
troscopic calculations have to be performed, as in these cases
specificity is preferred over transferability. Different software
tools were recently distributed with the aim of developing
intramolecular FF using QM energies, gradients, and Hessian
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matrix, computed on optimized structures, as reference data.

Among them, the ForceBalance method'” deserves a special
mention, since it provides a scheme to avoid overfitting based on
a regularization procedure. Other efforts are generally directed to
the refinement or the computation ex novo of atomic charges,'>"*
often resorting to the inclusion of virtual sites (VS) to mimic
somehow polarizability effects.”"> In this scenario, the classical
modeling of metal ions is still maybe regarded as a stand-alone
issue. Tons parameters for biomolecular FFs have been his-
torically developed in water solution, as done by Stote and
Karplusl(’ and, more recently, Jensen and Jorgensen,17 and sub-
sequently transferred within metalloprotein catalitic site."® Major
challenges are related to the proper treatment of non-negligible
QM effects, which are hard to include within classical descrip-
tions."” In this context, the limits of the simple electrostatic plus
Lennard-Jones (LJ) model emerge, and a transition to more
flexible, multiparameters potential (e.g., by means of polarization)
becomes necessary.”’~>* Therefore, the availability of techniques
capable of optimizing FFs of any functional form can be crucial.
The purpose of this work is the presentation of a general
procedure to generate nonbonded FFs of metal ions without
altering the functional form and the parameters of the FF of the
other atoms of the system, so that they could be easily integrated
into consolidated MM packages. To achieve this goal a novel
fitting procedure, called linear ridge regression differential
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evolution (LRR-DE), is proposed. It exploits a combination of
machine learning techniques, that in recent years are increasingly
finding applications in computational chemistry.”*~>® More speci-
fically, the LRR-DE procedure is inspired by the work of Suykens
etal,”” in which the hyperparameters of the least-squares support
vector machine (LSSVM) classifier™® are optimized minimizing
the leave-one-out cross-validation error by means of the coupled
simulated annealing (CSA) algorithm.”” In order to adapt such
an approach to the parametrization of analytical forms, in this
procedure LSSVM is replaced by the linear ridge regression
technique and CSA by differential evolution,*>’" a metaheuristic
optimization algorithm which is effective in the exploration
of high dimensionality search spaces. Therefore, LRR-DE uses
linear ridge regression to optimize the linear parameters of a
tunable model and differential evolution to optimize the non-
linear parameters, minimizing the leave-one-out cross-validation
(LOOCYV) error. In the most general form of the methodology
ab initio forces and energies of sampled configurations are used
as reference output, leading to a multiobjective optimization
problem. Some of the features which characterize the proposed
method, such as a regularized multiobjective cost function, aimed
to prevent overfitting, and the ability to optimize either linear and
nonlinear parameters, are already implemented in the Force-
Balance tool. However, significant novelties can be outlined.
The combination of algebraic techniques and metaheuristics
employed in LRR-DE, using the LOOCV error as criterion to
optimize the nonlinear parameters, enforces the protection from
the overfitting and increases the efficiency in finding the global
minimum in the parameters space. Moreover, the weights which
tune the contribution of the single objective functions are pre-
determined in ForceBalance. In contrast, the proposed protocol
introduces the optimization of the weights so as to obtain the
most balanced compromise solution. A further innovative ele-
ment introduced in this work is the sampling procedure, based on
the combinatorial optimization of the training set in order to
maximize the dissimilarity of the instances and thus the coverage
of the conformational space. This technique, which ensures the
maximization over the interpolative domain, is complementary
or alternative to iterative sampling approaches proposed by other
authors.'”** A high level flowchart of the algorithm is shown
in Figure 1. The paper is organized as follows. In section 2 the
LRR-DE procedure is illustrated, while the sampling method-
ology is presented in Section 3. Section 4 presents the validation
of the methodology, using the parametrization of the FFs of five
metal ions (Zn**, Ni*, Mg**, Ca** and Na") in water as test cases.

2. METHOD

2.1. Current Status of Parametrization Procedures of
Nonbonded Metal lons Force Fields. The generation of
metal ions FFs has been extensively discussed by Li and Merz in a
recent review.”’ Methods for parametrizing nonbonded FFs of
metal ions are based primarily on the reproduction of experi-
mental thermodynamic and structural quantities. In the pioneer-
ing work of Aqvist,”* the parametrization of 12-6 Lennard-Jones
potentials of a set of ions was performed using the hydration free
energies as a reference and the FEP method™ to calculate the
MM estimates. Babu and Lim®® used the same method exploiting
the relative HFEs with respect to the Cd** value to generate the
FFs of 24 divalent metal ions. Joung and Cheatham®” param-
etrized 12-6 Lennard-Jones potentials of monovalent ions
employing as reference HFE, crystal lattice energies, and crystal
lattice constants. Li, Merz, and co-workers®®™* developed the
parameters of over 50 metal ions reproducing HFE, ion-oxygen
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Figure 1. High level flowchart of the proposed algorithm.

distances (IOD), and coordination numbers (CN). In general,
the methods that employ experimental references suffer from
two difficulties: (i) The availability of data is usually limited to a
reduced number of solvents, sometimes only to water. (ii) The
exploration of the parameter space, usually performed through a
grid search, requires a molecular dynamics or Monte Carlo
simulation for each trial solution, making the process inefficient
and applicable only to simple functional forms. Both problems
can be solved using QM data as target values in the fitting.
However, only a very small number of methods based on QM
references has been developed. The more significant ones are the
works of Floris et al."' and Wu at al.”” The method proposed by
Floris et al. optimizes the ion—water potential reproducing
ab initio energies calculated for [M(H,0)n]*, where the number
of the explicit water molecules (n) is one or two, and the rest
of the solvent is described by the Polarizable Continuum Model
(PCM).* Therefore, the performances of the method are
dependent on the quality of the solvent description. Moreover,
the application of PCM precludes the possibility of parametrizing
the FFs in heterogeneous environments. These limitations have
been overcome in the recent application of the force-matching
method by Wu et al. to parametrize the short—long effective
functions (SLEF) model in protein environment. In the Wu et al.
methodology a squared deviations cost function defined with
respect to a sample of QM/MM references is minimized using a
local optimizer. The procedure here presented maintains the
desirable properties of the Wu et al. approach and introduces
further advances in order to generate a transferable nonbonded
pairwise force field to model metal ions interactions in metallo-
proteins. In fact, the multiobjective optimization allows a tight
control on the performances of the model. The application of a
regularized cost function and the tuning of the hyperparam-
eters through the leave-one-out cross-validation protect from
overfitting. The combination of algebraic and metaheuristic
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optimization ensures the efficient detection of the global mini-
mum of the cost function in the parameter space.

2.2.The Linear Ridge Regression Differential Evolution
Procedure. Given a data set {x; y;}, where «; is the /-th input
vector, and y, is the corresponding output value, an interpolative
general model can be built as a linear combination of the func-
tions @(x, @), called predictors or descriptors in the language of
statistical learning

Nﬁmctinm
yest = Cl(p](x’ 01)

j (1)
where {C} and {6} are the linear and nonlinear parameters of the
model, respectively. In the linear ridge regression technique,*~*
the optimal linear parameters are obtained minimizing the reg-
ularized cost function

1 M
— b/
2M Zl: ! @)

where M is the size of the data set, and A is the regularization
parameter. The introduction of the regularization term prevents
the overfitting penalizing high values of the linear parameters.
In order to evaluate properly the regularization term, all the descrip-
tors are scaled with respect to the relative standard deviations

5(x, 0) i
p\x;, 0) =
T e —gmer

The minimization of the cost function (eq 2), in the scaled
form, can be performed analytically solving the system of linear
equations

2
Nunctions Niynctions

-2 Cop(x, 0) [ + 2 2 G
j j

]:

a] M Nfunctions
FoX|n T X G 0)|ax 6) + 20uG = 0
J l j
(4)
and the solutions are given by the normal equation
C = (H'H + 2MAI) ' (H'y) (s)

where H is the M X Ng,,ions Matrix of the scaled descriptors, I is
the Ng,ctions X Neunctions identity matrix, and y is the vector of the
output.

The evaluation of eq 5 can be performed if the values of A and
{0} parameters have been previously established; therefore, they
are considered as hyperparameters. In order to obtain the opti-
mal values of the hyperparameters, the criterion here employed is
the minimization of the cross-validation error.

2.2.1. Cross-Validation. Cross-validation (CV)*” is a resam-
pling method applied in statistical learning for the model assess-
ment and model selection. In order to estimate the accuracy of a
regression model on observations not included in the training set,
a test set of instances should be available. However, this is usually
not the case. CV overcomes this obstacle executing multiple
fittings of subsets of the training set and evaluating the errors on
the remaining data. In the k-fold CV, the data set is randomly split
into k equally sized subsets. Each of these subsets is used in turn
as a test set, while the remaining k — 1 are used for the training.
Therefore, k models are built, and each one provides a validation
error averaging the deviations of the predictions with respect to
the data point of the corresponding test set. The cross-valida-
tion error is computed as the mean of the k validation errors.
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An illustrative scheme of the cross-validation technique is shown
in Figure 2.

1. Split data into k sets of roughly the same size, e.g. into k =5
splits.

2. Use (k—1) splits for training and model selection. Then test
the generated model on the remaining hold-out or test split.
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3. Repeat step 2. k-times, i.e. until each subset has been once
used for testing.
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4. Combine the k estimates of the prediction error into one cross-
validation error.

Figure 2. Cross-validation scheme. Reprinted from ref 23. Copyright
2013 American Chemical Society.

When k is equal to the number of the instances of the data set,
the case is called leave-one-out cross-validation (LOOCYV).
LOOCYV provides an approximated unbiased prediction of the
expected test error, because the training sets of the subsets are
almost identical to the general training set. In statistical learning,
the minimization of the LOOCYV error is a standard criterion to
optimize the hyperparameters of the model. The LOOCV error
is computed as

D (xl; 4, {0}))2

est

M
1
LOOC\ferror(/lr {0}) = ﬁ Z ()’, -
1

(6)
¥ (x, A,{6}) is the prediction for the -th instance, using the
model trained with all the data except the [-th instance. Eq 6
represents the mean squared error (MSE); the mean absolute
error (MAE) can be equally used, nevertheless the MSE is more
sensitive to the outliers; therefore, it is a better choice to reduce
the occurrence of large errors of the model. Calculating this
estimate can be computationally demanding because it requires
repeating the resolution of eq 5 M times. However, for the linear
ridge regression method the following relationship holds**

u [yz —y (%, 4, {0}) ]

1
LOOCV,,..(4, {0}) = —
ol 00 = 5 | 2T
)
where y.(x; 4,{0}) is the prediction of the model trained with
the complete data set for the I-th instance, and h; is the leverage

defined as
L e - FI
- M + M ~ ~ 2
2[’ ||(0,/ - @ ” (8)

Formula 7 reduces of a factor M the computational cost of
the estimate of LOOCV,,,,, nevertheless an efficient method is

1
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necessary to sample the hyperparameters space: each evaluation
of LOOCV,,,,, in fact involves the calculation of the elements of
the H matrix (unless {8} = ) and the solution of the normal eq 5.

2.2.2. Optimization of the Hyperparameters by Means of
Differential Evolution. The minimization of LOOCV,,,,, (eq 7)
with respect to the hyperparameters A and {6} is a nonconvex
optimization; therefore, a metaheuristic algorithm is necessary to
search for the global minimum of the objective function.
To accomplish this task, the procedure here presented exploits
the evolutionary algorithm known as differential evolution (DE),
in the basic version DE/rand/1/bin. DE has been proved to be
very competitive in benchmarks tests*” and in real world applica-
tions” compared to other global optimization algorithms. More-
over it offers the great advantage of providing stable perform-
ances varying the parameters on which it depends. This tech-
nique has been already applied to the optimization of hyper-
parameters for a support vector machine classifier”" providing
better results than grid search and particle swarm optimization
algorithms. Recently, DE has been identified as a convenient
global optimizer also in computational chemistry.”>>*

DE is a population-based derivative-free algorithm that con-
sists of three main steps: mutation, crossover, and selection. After
aset {p;} of N trial solution vectors defined in the domain of the
objective function is randomly initialized, the three steps of the
algorithm proceed iteratively on each vector p; (called target
vector) of the population until a tolerance criterion is satisfied.
In the mutation step, a donor vector is created through the
differential mutation operation

v=p,+Fp —p) )
where F is a parameter of the algorithm called differential weight,
and the indices p, g, and r are chosen randomly with the con-
dition p # q # r # i. This implies that the size of the population
must be larger than four units.

In the crossover step, the donor vector exchanges its com-
ponents with ;. According to the binomial scheme, the crossover
is performed following the rule

v; ifU(0, 1),

¥ <Crorj=j

rand
u. .

K lplj otherwise (10)
where U(0, 1),-7]- is a random number selected from a uniform
distribution in the range [0,1], jg € [1,D] (D being the
dimension of the vectors) is a random integer, and Cr is a param-
eter of the algorithm called crossover rate. In all the applications
conducted in this work, F and Cr have been set to 0.7 and 0.85,
respectively, as result from calibrations on some test cases.

In the selection step, the objective function is evaluated in u;.
If the new vector yields a lower or equal value than p,, it will
replace the target vector in the next generation.

When the termination condition is satisfied, the best solution
provides the optimal hyperparameters.

2.2.3. Properties of LRR-DE. The LRR-DE procedure is a
method capable of reproducing data by optimizing the param-
eters, both linear and nonlinear, of a model chosen by the user.
The application of the regularization and cross-validation pro-
tects the optimization from overfitting. The DE algorithm guar-
antees high efficiency in the search of the optimal hyperparameters.
These features make LRR-DE suitable to optimize the parameters
of physical models with respect to experimental or ab initio data.

As a simple illustrative example, the LRR-DE method is applied
to the fitting of the potential energy curve of the Zn**-+H,0
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interaction, calculated at the MP2/aug-cc-pVTZ level, as a
function of the only variable d, the interatomic distance between
the zinc ion and the oxygen atom. A training set of 16 points is
employed to build models of increasing complexity. The results
are collected in Table 1, and the analytical expressions of the

Table 1. Mean Squared Errors (MSE), in (kcal/mol)?, for Five
Models Optimized To Reproduce the MP2/aug-cc-pVTZ
Potential Energy Curve of the Zn****H,0 Interaction”

linear nonlinear MSE MSE

model parameters parameters (LOOCV) (test)
12-3 2 0 719.040 768.565

Exp-3 2 1 3.530 3.526

12b-3 2 1 0.525 0.434

12b-3-G 3 3 0.079 0.068

12b-3b-G 3 4 0.001 0.002

“The test errors are calculated with respect to 100 points not included
in the training set.

models are shown in Table 2. In Figure 3 the graphical repre-
sentations of two cases are shown.

Table 2. Analytical Expressions of the Models Tested in the
Fitting of the Potential Energy Curve of the Zn*"-+H,0
Interaction

model analytical expression

12- ., c

Exp-3 C, exp(—06d) + %

12b-3 9} 1)
-0 B

12b-3-G Q @-0’
(d—el)” +-5+ C3 exp 2932

12b-3b-G a (d-65"
-0 + -0 + G exp(— ) )

The simplest considered model, 12-3, includes a repulsive d~'*
term analogous to that of the Lennard-Jones potential and an
attractive d ° term to account for the charge-dipole interac-
tion. The performance of this model is poor, as can be seen by
observing Figure 3(a). The reduction of the error is drastic if
the d' term is substituted by an exponential repulsion. Even
better results can be obtained employing a buffered d™'* term to
describe the repulsion. Both the exponential and buffered d™'>
terms have a nonlinear parameter. Further terms, even without
an immediate physical interpretation, can be added to the models
to reduce the errors. For instance, in the 12b-3-G and 12b-3b-G
models a Gaussian function is included, resulting in a significant
performance improvement. This simple univariate example high-
lights the crucial role of the descriptor selection in the outcome of
the fitting. In general, the choice of the functional form of the
model can be made evaluating the performances in the repro-
duction of the quantities of reference in relation to the particular
operational needs. It is worth noting that LRR-DE does not
use constraints in the optimization of the linear coefficients.
Therefore, the sign of each term, which indicates if it describes a
repulsion or an attraction, emerges spontaneously from the
optimization, and it is not imposed by the user. However, the j-th
linear parameter can be fixed to a constant value, K, performing
the fitting of the other parameters with respect to the output
subtracted of the contribution of the j-th descriptor (y, — Ko, (x)).
This possibility has been exploited in the validation tests to
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(a) 12-3 (b) 12b-3
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Figure 3. Graphical representation of the potential energy curves of the models 12-3 (blue line, a) and 12b-3 (blue lines, b), compared with the target
data (red line), namely the MP2/aug-cc-pVTZ energies (red lines) for the Zn**-+-H,O interaction. The blue circles are the points included in the
training set.

generate force fields with the electrostatic component defined by The model of the force field corresponds to eq 1 if the fol-
the formal charge of the ions. Tighter control can be exerted on lowing identity is set
the nonlinear parameters by defining the lower and upper limits
. Neems=1  9p.({0}, R))
of the search domain. (x,0) = — Z p. 2 » K
2.3. Single-Objective Application of the LRR-DE P\x 0 = - U ok (15)

Procedure: The Force-Matching Approach. The application
of the LRR-DE procedure to the generation of force fields of then the LRR-DE procedure can be applied if the target output

metal ions can be performed using as target output one or more is set equal to the ab initio forces, F%\,f, and the scaled values of
types of reference quantities, calculated with ab initio methods or the descriptors are assigned to the elements of the H matrix,
obtained by the experiments. In this section the single-objective according to eq 3.
case is illustrated, in which only one type of reference data is used, 2.4. Generalization to the Multiobjective Fitting. The
namely the ab initio forces on the metal ion. This approach recalls multiobjective optimization of the parameters exploits simulta-
the force-matching method™**** with the important differences neously different types of reference output, for example the
that here the cost function is regularized and the hyperparam- ab initio forces on the metal ion, the forces on the nearest
aters are tuned to minimize the cross-validation error. neighbor atoms from the metal ion, the contribution to the total
Assuming that the potential of the metal ion is the result of the energy due to the force field to optimize, different levels of the
sum of pairwise potentials with respect to all the other atoms theory for the calculations, and systems of different composition.
Nyme—1 The simplest way to approach a multiobjective optimization
Vy(R) = Z Vy,_({c}, {6}, R) prc?blem is the redgctlon tol a single-objective one building a
; (11) weighted cost function. In this case eq 2 becomes
where R; is the l-th configuration of the system, if Vj,_; is | M Nignctions : Nignetons
expressed as a linear combination of functions v J= Z sz_Mh Z [yl‘h - C/-tiil./b(xl, 0])] + Z G
Nfunctions ! : ! ! (16)
Vi—i(R) = z ij}-({a}, R)
j (12) where w, is the scaled weight of the b-th set of targets, of size M,,
calculated as

the k-th component of the molecular mechanics model of force
exerted on the metal (F);}(R)) as a result of interactions with all
other atoms is given by

o(Z" T oy(i0) R))

/

J 0, - -

FM k(Rl) = — In eq 17, wj, are the effective weights, subject to constraints
ok (13) wj € [0, 1] and Zb ‘wy, = 1. The definition of their values is the
N, Nl ({0}, R) topic of the subsection 2.4.1.
inctions atoms . 1 o . . . . .
FM j MR ) = Z G D, j ! The minimization of the weighted cost function with respect

ok to the linear parameters is given by a normal equation that
j i (14) . .
includes the weights
where D;; is a characteristic parameter of the i-th atom, assuming

= T 10T
that the combination rule for the j-th function is multiplicative. C = (H WH + 2MAI)” (H Wy) (18)
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~ Error

being W is the diagonal matrix containing the w), values. In this
case M = Zb 'M,,. Eqs 7 and 8 must be modified as follows to take

into account the weights
X, 1 My yl - yest(xlr /17 {0}) :
Z M 2 1—h i
b 1 (19)

LOOC\,&H’OL’(A {9})

L1, il -l
1= S ~ ~
M Y g, - @I (20)

In order to be used as reference data in the LRR-DE pro-
cedure, a quantity has to be expressed as a linear combination of
the v functions or of their derivatives. In the case of the forces on
other atoms, this condition is satisfied by setting

Nyome—2
Nar = F/%I\’:[(Rl) - Z fAi,k (R))
i (21)
and the unscaled elements of the H matrix
H _ ()vj({a}, Rl)
AR T ok (22)

where F}! is the ab initio k-component of the force on the atom
A for the I-th configuration, and fy;; is the k-component of the
force on the atom A due to the i-th atom calculated with the force
field kept constant in the fitting process.

The ab initio references for the contribution of the force field of
the metal ion to the total energy of the system can be calculated
as the difference

=EQ'(R) -

tot

ED(R)

env

QM
- Ey (23)
where EZ!(R,) is the energy of the R; configuration without
the metal ion, and EZ" is the energy of the isolated metal ion.
The unscaled elements of the H matrix in this case are

Nioms—

Z

The global H matrix, in the multiobjective fitting, is then the
result of the concatenation of two or more matrices, each one
relating to a specific quantity of reference.

2.4.1. Optimization of the Weights in the Multiobjective
Fitting. In multiobjective optimization, the utopia point,56 OF°,is
defined as the vector of the single objective functions in which
each component, OF;, corresponds to the global minimum in

ij ]({0}) Rl)

(24)
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its relative space with respect to the variables to be optimized.
In practice the utopia point is generally unattainable, and
two common approaches are adopted to address the problem:
(i) identify the set of Pareto solutions,”” leaving to the decision
maker the choice on which to use, and (ii) locate a compromise
solution®® minimizing the distance from the utopia point. Both
alternatives involve some degree of arbitrariness. Here, as a
criterion for obtaining the optimal weights, the second approach
is adopted, using the Chebyshev metrics in a normalized space”
as a method for calculating the distance from the utopia point:

OF,(C, 0; w) — OF;

w) =
OF™ — OF

OFnorm(C, 0;
! (25)

The application of the Chebyshev distance involves the use of
the minimax criterion:

w,,, = min{max{OF""™(C, 0; w)}}

op (26)

It implies that the maximum component of the vector
OF*°*™(C, 6; w) is minimized with respect to the weights. This
choice aims at achieving the most balanced compromise solution.
The result of the minimization depends on the choice of the
OF;™, that corresponds to the worst acceptable value for the b-th
objective function. The optlmlzatlon of eq 26 is performed using
the simulated annealing algorithm.®” The proposed variations for
the weights are executed by applying an adaptive heuristics that
reduces the number of the function evaluations and exploits the
monotone relationship between w;, and OF}°"™.

Figure 4 shows a summary scheme of the LRR-DE procedure.
Three levels of optimization are performed in nested cycles: at
the lowest one the fast algebraic solution of eq 18, at the inter-
mediate level the metaheuristic tuning of the hyperparameters,
and at the highest level the optimization of the weights of the
multiobjective cost function.

3. GRASP SAMPLING

In order to build the training set for the fitting, a set of repre-
sentative configurations of the environment of the metal must be
selected. The sampling must be performed carefully to obtain a
general and balanced model maintaining the size of the training
set such as the computational cost of the technique is affordable.

Assuming to have a criterion for deciding if a set of con-
figurations is better than another, the selection of the best
training set would be a NP-hard problem of combinatorial opti-
mization. Therefore, the sampling issue can be separated in three
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Figure 5. Mean of 256 tests of the MSE for the training set (blue line), leave-one-out cross-validation (red line), and test set (green line), increasing
progressively the size of the training set. The model 12-6-1 has been used to perform the fitting. In each test the elements of the training set are selected
randomly from the 160 configurations, and the remaining are used as a test set.

distinct problems: (i) generate the candidate configurations to be
included in the training set, (ii) propose a model to determine
the fitness of a training set, and (iii) identify an approximated
procedure to solve the combinatorial problem of maximization of
the fitness. In Appendix A, a solution to each of these problems is
proposed. In particular, the application of the greedy randomized
adaptive search procedure®’ (GRASP) is exploited for the third step.
For this reason, the whole procedure is called GRASP sampling.

4. VALIDATION

The algorithm has been validated by applying it to the param-
etrization of the force fields of five metal ions in water: Zn**, Ni**,
Mg®", Ca*, and Na'. The TIP3P model® has been used to
describe the water molecules.

Particular attention has been addressed in the case of the zinc
ion, which has been used as reference for the calibration of the
method. QM/MM calculations on large spherical clusters and
pure QM calculations on clusters of lower size have been initially
considered as references. Although the first type of calculation
reproduces more closely the actual situation in which common
FFs are used, it involves two disadvantages: (i) a bias is introduced
by the MM part of the calculation, and (ii) the number of atoms
involved is very large, increasing the computational cost of the
fitting. Therefore, in this work, pure QM calculations on small
clusters have been chosen as references, verifying that the size of
the model systems was sufficiently large through a systematic
study with a variable number of water molecules (see the next
section). As a level of theory, the B3LYP functional in com-
bination with the cc-pVDZ basis set has been selected.

A large basin of candidate configurations has been generated
using parallel tempering, and a set of 160 elements has been
extracted through the GRASP sampling procedure. The appro-
priate size of the training set (Ny,,) has been identified by
performing a statistical convergence test, applying the LRR-DE
method to the fitting of the forces and the energies for the clu-
ster [Zn(H,0),5]*" case. Starting from a training set of 8 ele-
ments and incrementing the size progressively, the three linear
parameters of the 12-6-1 FF have been optimized with respect to
the QM references. For each size of the training set, 256 inde-
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pendent training sets have been generated selecting randomly
Niain configurations, without repetition, from the total of 160
available and using the remaining 160 — N, configurations as a
test set. The averages of the resulting mean squared errors are
shown in Figure S. The graphs confirm that the LOOCYV error
(red lines) constitutes a better estimate of the test error (green
lines) with respect to the training set errors (blue line). In fact,
the LOOCYV errors and test errors converge to the same value
when the size of the training set is greater than 60. The values of
the test errors decrease rapidly when the training set size is small
and converge to a constant value when N, is greater than
100 instances. Therefore, in all the following fittings training sets
of 120 elements have been employed, so as to provide sufficient
generality to the obtained models.

4.1. Systematic Comparative Study of Binary Poten-
tials. In order to calibrate the methodology, the optimization of
the parameters of 12 binary pairwise models (see Table 3) has
been performed using as reference systems the [Zn(H,0),]*
clusters with n equal to 6, 16, 32, 64, and 128 water molecules.
The models consist of a repulsive term, activated only for the
zinc—oxygen interaction, and the Coulomb potential. The clusters
are built extracting the n closest water molecules to the zinc ion for
each of the 160 sampled configurations (see Figure 6). The
results have been compared to Li et al.’® (Li, hereafter) and
Hartree—Fock (HF) estimates. In standard conditions of tem-
perature and pressure, the coordination number of the zinc ion in
bulk water is six,”> and the mean number of molecules included
in the first and second spheres of coordination is about 30
(see Figure S1 in the Supporting Information). Therefore, the
smallest cluster considered corresponds to the extraction of
the first sphere of coordination, the [Zn(H,0)4]** cluster is
representative of the first shell of coordination and part of the
second one, and the larger clusters include all the molecules of
the first two coordination spheres and beyond. For the largest
clusters, [Zn(H,0),,5]*", the average distance of the furthest
oxygen is 9.6 A. The parametrization of the force fields has been
executed in single-objective mode with the forces on the zinc ion
as output references for each cluster, in two-objective mode,
contemplating simultaneously forces on the zinc ion and energies
of the same cluster, and in four-objective mode, considering
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Table 3. Analytical Expressions of the Two-Terms Models
Tested in the Systematic Comparative Study

model analytical expression no. of nonlinear parameters
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12-1 c | c 0
e
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Figure 6. Representative structures of the extracted clusters containing 6
(a), 16 (b), 32 (c), 64 (d), and 128 (e) water molecules.

all the possible couplings of forces and energies for two types of
clusters. In all cases, the resulting force fields have been tested on
the QM forces on zinc ion, the energies (y; in eq 23) and the
forces on the nearest oxygen and hydrogen atoms for all the
clusters, so as to evaluate their capacity in predicting quantities
unused in the fitting. The complete results of this study are
reported in the Supporting Information. As a significant case, the
12b-1 FF data are shown in Tables 4, S, 6, and 7, and analyzed
below.

Table 4 reports the MAEs obtained training the 12b-1 force
field with the single-objective fitting. The LRR-DE procedure is a
method capable of reproducing data of the fitted quantities for
the considered model, achieving errors about four times lower
than the standard Li force field. It can be better appreciated by
observing Figure 7, where the comparison between the QM
forces and those predicted by the model for a test set of 40
instances not included in the training set is shown. As con-
sequence of Newton’s third law, also the errors of the forces on
the oxygen atoms are drastically reduced with respect to the Li
estimates. In addition, from the data it emerges that the forces in
clusters of different size than the one used in the training can be
reproduced with good accuracy. On the other hand, the force
fields trained on the forces produce high errors in the prediction
of the energies, indicating that these models are not sufficiently
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general. In order to overcome this drawback, the transition to a
multiobjective fitting is necessary. Table 5 reports the results for
the two-objective fittings, considering simultaneously the forces
and the energies for a given cluster. The inclusion of the energies
in the output references achieves a remarkable reduction of the
MAE:s for this quantity at the price of a moderate yet acceptable
increase in error on the forces. Even more general force fields can
be generated if the fitting is performed on data of clusters of two
different sizes (Tables 6 and 7). In fact, the MAEs resulting from
the four-objective fitting are considerably lower than the errors
produced by Li for both the forces and the energies. From the
tables it can be noticed that the deviations of the HF forces from
the B3LYP references are lower than those provided by model
12b-1, which however reproduces the energies more accurately.
Therefore, as a general recipe for the production of the force
fields tested in the molecular dynamics applications four-objec-
tive fittings have been exploited, employing as system references
the clusters [M(H,0)3,]" and [M(H,0),5]"" (4-0(32H,0/
128H,0) hereafter). The multiobjective fittings produce larger
errors in the prediction of the forces on oxygen atoms with
respect to the single-objective ones. However, they remain con-
siderably lower if compared with Li. For this reason the forces on
the coordinating atoms have not been included as output
references in the systematic study.

Table 8 shows the comparison of the performances of the
12 potentials considered in the systematic study for the
4-0(32H,0/128H,0) fitting. Except for the case 6-1, that
produces larger errors, all the potentials provide comparable
results in the reproduction of the energies. Conversely, the errors
for the forces are more dependent on the repulsive part of the
potential employed. More specifically, the use of a repulsive term
dependent on a nonlinear parameter guarantees better perform-
ances. Notable is the modest result of the 12-1 model, that
exploits the repulsive term of the Lennard-Jones potential; only
the r'* term produces a worse agreement with the QM forces.

The proposal of a novel functional form for the force fields of
the metal ions goes beyond the scope of this work; however, the
systematic comparative study provides the following useful
indications in this regard: (i) the optimal charge to reproduce the
forces on the metal ion is lower than the formal charge (Table 4),
(i) in the single-objective fitting, the optimal charge for the
smallest cluster is lower with respect to the clusters of larger size
(Table 4), (iii) the introduction of the energies in the references
has the effect to increase the value of the optimal charge over the
formal charge (Tables S, 6, and 7), and (iv) the use of a repulsive
term including a nonlinear parameter is necessary to achieve
good performances in the reproduction of the forces (Table 8).
Tables 4, 5, 6, and 7 are all related to the data of the model 12b-1;
however, the behavior described in the points (i), (ii), and (ii) is
common to all the tested potentials (Supporting Information).
From a physical point of view, these results can be justified by the
effects of the charge transfer from the ion to the coordinating
water molecules and of the nonpoint-like structure of the ion.
Both effects are expected to vanish at large distances, where
a Coulomb potential generated by the formal point charge describes
adequately the ion interactions. Therefore, a generic three-terms
force field for metal jons that implements the indications emerged
from the systematic comparative study has the form

s

V;ot —
"

_ V;ep(e) + + f(r)dum:g(r)ﬂex

(27)
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Table 4. Mean Absolute Errors (kJ/mol for the Energies, E, and kJ/(mol nm) for the Forces, F) in the Prediction of the Quantities
Indicated in the First Column, Using as Training Set the Data Indicated in the First Row and the 12b-1 Model”

test set
E(6H,0)
E(16H,0)
E(32H,0)
E(64H,0)
E(128H,0)
F(Zn, 6H,0)
F(Zn, 16H,0)
F(Zn, 32H,0)
F(Zn, 64H,0)
F(Zn, 128H,0)
F(60, 6H,0)
F(60, 16H,0)
F(60, 32H,0)
F(60, 64H,0)
F(60, 128H,0)
F(12H, 6H,0)
F(12H, 16H,0)
F(12H, 32H,0)
F(12H, 64H,0)
F(12H, 128H,0)

optimized charge

training set

F(Zn, 6H,0)

761.97
949.67
998.71
1060.0S
1083.49
92.95
191.20
168.91
167.94
165.53
312.62
302.87
286.98
285.65
285.94
259.02
298.62
293.34
296.21
296.36
1.529

F(Zn, 16H,0)

530.02
650.46
669.10
702.01
706.46
117.31
175.86
160.55
162.12
160.95
284.89
357.11
370.51
363.77
362.59
301.66
347.19
348.17
349.11
349.04
1.787

F(Zn, 32H,0)

551.62
691.86
719.59
761.09
77129
113.81
177.88
159.70
161.04
159.46
269.23
338.21
349.89
343.25
342.19
285.63
329.60
329.14
330.48
330.52
1.709

F(Zn, 64H,0)

559.56
703.52
732.93
776.03
787.29
111.44
178.36
159.41
160.58
158.92
261.93
329.26
340.15
333.63
332.58
282.95
326.57
325.80
327.21
32729
1.694

F(Zn, 128H,0)

576.14
726.39
758.65
804.42
817.46
111.08
179.11
159.70
160.79
158.96
252.14
316.50
325.87
319.68
31842
278.63
403.66
408.32
407.67
322.08
1.670

Li et al.

116.71
68.36
74.38
69.96
77.10

627.34

604.13

603.82

605.57

604.22

1650.26
1727.30
1752.40
1745.70
1744.27

356.05

403.66

408.32

407.67

407.36

HF

153.47
146.89
136.58
129.74
113.38

65.13

71.97

74.96

73.59

73.81
767.28
808.86
807.00
808.01
808.02
527.17
617.26
630.00
629.47
629.30

“The values of the errors for the same data set used in the training process are marked in bold. F(60, nH,O) are the forces on the six oxygen atoms
closest to the zinc ion for the cluster with n water molecules. F(12H, nH,O) are the forces on the 12 hydrogen atoms closest to the zinc ion for the
cluster with n water molecules.

Table S. Mean Absolute Errors (kJ/mol for the Energies, E, and kJ/(mol nm) for the Forces, F) in the Prediction of the Quantities
Indicated in the First Column, Using as Training Set the Data Indicated in the First Row and the 12b-1 Model”

test set
E(6H,0)
E(16H,0)
E(32H,0)
E(64H,0)
E(128H,0)
F(Zn, 6H,0)
F(Zn, 16H,0)
F(Zn, 32H,0)
F(Zn, 64H,0)
F(Zn, 128H,0)
F(60, 6H,0)
F(60, 16H,0)
F(60, 32H,0)
F(60, 64H,0)
F(60, 128H,0)
F(12H, 6H,0)
F(12H, 16H,0)
F(12H, 32H,0)
F(12H, 64H,0)
F(12H, 128H,0)
optimized charge

training set

2-0(6H,0)
23.39
49.05
88.38
120.15
159.29
191.19
211.04
209.46
205.33
203.45
980.81
1060.42
1084.55
1077.10
1075.69
480.17
527.06
535.97
533.35
532.67
2.385

2-0(16H,0)
32.42
40.46
55.27
76.97
108.18
185.30
206.28
201.74
198.76
198.02
963.04
1042.81
1066.84
1059.38
1058.00
462.79
509.90
518.37
515.96
515.32
2.335

2-0(32H,0)
55.39
53.40
41.09
44.57
61.61
179.20
202.59
196.89
194.40
193.99
921.68
1001.63
1025.49
1018.04
1016.69
447.00
494.26
502.29
500.16
499.51
2288

2-0(64H,0)

72.37

67.63

45.45

42.50

49.0S
176.33
200.78
195.42
192.81
192.08
891.74
971.78
995.56
988.11
986.76
443.84
491.13
499.07
497.00
496.35

2279

2-0(128H,0)

96.84

92.18

60.94

50.37

43.38
173.07
198.25
192.96
190.19
189.89
855.18
935.36
959.06
951.59
950.18
439.29
486.62
494.43
492.44
491.78

2.266

Li et al.

116.71
68.36
74.38
69.96
77.10

627.34

604.13

603.82

605.57

604.22

1650.26
1727.30
1752.40
1745.70
1744.27

356.05

403.66

408.32

407.67

407.36

HF

153.47
146.89
136.58
129.74
113.38

65.13

71.97

74.96

73.59

73.81
767.28
808.86
807.00
808.01
808.02
527.17
617.26
630.00
629.47
629.30

“The values of the errors for the same data set used in the training process are marked in bold. The notation 2-0o(nH,O) indicates that a two-
objective optimization has been performed, using as references the energies and the forces for the cluster with n water molecules. F(60, nH,0) are
the forces on the six oxygen atoms closest to the zinc ion for the cluster with n water molecules. F(12H, nH,O) are the forces on the 12 hydrogen
atoms closest to the zinc ion for the cluster with n water molecules.

where V,.,(0) is the repulsive part of the potential, gy is the

rep

formal charge of the ion, f(r)dump is a dumping function which
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goes to zero beyond the first coordination shell of the ion, and
g(r)gex Is a function that provides the necessary flexibility to meet
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Table 6. Mean Absolute Errors (kJ/mol for the Energies, E, and kJ/(mol nm) for the Forces, F) in the Prediction of the Quantities
Indicated in the First Column, Using as Training Set the Data Indicated in the First Row and the 12b-1 Model”

test set
E(6H,0)
E(16H,0)
E(32H,0)
E(64H,0)
E(128H,0)
F(Zn, 6H,0)
F(Zn, 16H,0)
F(Zn, 32H,0)
F(Zn, 64H,0)
F(Zn, 128H,0)
F(60, 6H,0)
F(60, 16H,0)
F(60, 32H,0)
F(60, 64H,0)
F(60, 128H,0)
F(12H, 6H,0)
F(12H, 16H,0)
F(12H, 32H,0)
F(12H, 64H,0)
F(12H, 128H,0)

optimized charge

training set

4-0(6H,0/
16H,0)
25.61
41.35
58.82
78.20
107.01
185.57
208.47
203.07
199.92
199.22
993.07
1072.67
1096.83
1089.38
1087.95
450.33
497.57
505.69
503.49
502.86
2.298

4-0(6H,0/
32H,0)
28.53
44.18
42.31
47.29
61.87
186.28
210.93
203.76
200.09
200.70
1006.81
1086.38
1110.57
1103.12
1101.68
420.78
468.27
475.54
473.78
473.12
2210

4-0(6H,0/
64H,0)
29.24
46.61
41.40
44.14
53.79
188.44
21295
205.45
202.17
202.97
1012.74
1092.28
1116.51
1109.05
1107.61
412.58
460.14
467.16
465.48
464.85
2.185

4-0(6H,0/

128H,0)
30.89
52.51
43.98
44.39
45.98
192.61
216.36
208.34
205.84
206.32
1023.06
1102.56
1126.82
1119.37
1117.93
400.61
44828
454.89
453.39
452.82

2.148

4-0(16H,0/
32H,0)
35.95
44.60
42.66
50.92
71.39
181.84
205.24
198.47
196.22
196.13
967.19
1046.95
1070.99
1063.54
1062.14
439.72
487.0S
494.87
492.87
49222
2.267

Li et al.

116.71
68.36
74.38
69.96
77.10

627.34

604.13

603.82

605.57

604.22

1650.26
1727.30
1752.40
1745.70
1744.27

356.05

403.66

408.32

407.67

407.36

HF

153.47
146.89
136.58
129.74
113.38

65.13

71.97

74.96

73.59

73.81
767.28
808.86
807.00
808.01
808.02
527.17
617.26
630.00
629.47
629.30

“The values of the errors for the same data set used in the training process are marked in bold. The notation 4-0(nH,0/mH,0) indicates that a four-
objective optimization has been performed, using the energies and the forces for the clusters with # and m water molecules. F(60, nH,O) are the
forces on the six oxygen atoms closest to the zinc ion for the cluster with n water molecules. F(12H, nH,O) are the forces on the 12 hydrogen atoms

closest to the zinc ion for the cluster with n water molecules.

Table 7. Mean Absolute Errors (kJ/mol for the Energies, E, and kJ/(mol nm) for the Forces, F) in the Prediction of the Quantities
Indicated in the First Column, Using as Training Set the Data Indicated in the First Row and the 12b-1 Model”

test set
E(6H,0)
E(16H,0)
E(32H,0)
E(64H,0)
E(128H,0)
F(Zn, 6H,0)
F(Zn, 16H,0)
F(Zn, 32H,0)
F(Zn, 64H,0)
F(Zn, 128H,0)
F(60, 6H,0)
F(60, 16H,0)
F(60, 32H,0)
F(60, 64H,0)
F(60, 128H,0)
F(12H, 6H,0)
F(12H, 16H,0)
F(12H, 32H,0)
F(12H, 64H,0)
F(12H, 128H,0)
optimized charge

training set

4-0(16H,0/
64H,0)
33.15
46.97
41.29
44.95
57.99
183.09
207.22
199.97
197.27
197.39
987.41
1067.08
1091.20
1083.75
1082.31
424.58
472,03
479.41
477.62
47695
2221

4-0(16H,0/

128H,0)

32.69
S1.79
42.82
43.36
47.83
187.52
210.86
202.71
200.33
200.87
1007.83
1087.40
1111.59
1104.14
1102.69
409.41
457.00
463.91
462.27
461.66
2.175

4-0(32H,0/
64H,0)
56.33
58.16
42.31
42.59
53.13
177.81
202.25
195.81
193.65
193.18
922.47
1002.41
1026.27
1018.82
1017.48
438.89
486.22
494.02
492.03
491.38
2.264

4-0(32H,0/

128H,0)
S51.59
63.37
46.23
43.80
45.43
178.21
203.36
195.77
193.69
193.63
942.65
1022.52
1046.45
1039.01
1037.63
422.85
470.31
477.65
475.87
475.21

2216

4-0(64H,0/

128H,0)
7572
75.96
5119
45.09
44.09
174.69
200.09
193.75
191.55
191.03
890.63
970.67
994.44
986.99
985.64
435.14
482.50
49020
48827
487.61

2.253

Li et al.

116.71
68.36
74.38
69.96
77.10

627.34

604.13

603.82

605.57

604.22

1650.26
1727.30
1752.40
1745.70
1744.27

356.05

403.66

408.32

407.67

407.36

HF

153.47
146.89
136.58
129.74
113.38

65.13

71.97

74.96

73.59

73.81
767.28
808.86
807.00
808.01
808.02
527.17
617.26
630.00
629.47
629.30

“The values of the errors for the same data set used in the training process are marked in bold. The notation 4-0(nH,0/mH,0) indicates that a four-
objective optimization has been performed, using the energies and the forces for the clusters with n and m water molecules. F(60, nH,0) are the
forces on the six oxygen atoms closest to the zinc ion for the cluster with n water molecules. F(12H, nH,O) are the forces on the 12 hydrogen atoms

closest to the zinc ion for the cluster with n water molecules.
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Figure 7. Graphical comparison of the prediction of 12b-1 model (blue
points) and Li (red points) predictions of the forces on the zinc ion in
the [Zn(H,0),5)*" cluster with respect to the B3LYP/cc-pVDZ
reference for a test set of 40 configurations.

simultaneously the points (i), (ii), and (iii). An explicit form for
the potential of eq 27 is

=0, — _63(’_94)2
Kot:%+ﬁ+c2e (1 ‘ )

(r—26) r r (28)

The third term of this FF, here labeled as 12b-1p-E1Gr, recalls

the physical meaning pursued by the model proposed by Wu

et al.” to describe zinc charge interactions in metalloenzymes

catalytic sites. In this context, the employment of such functional

form has only illustrative purposes to highlight the potentiality of

the LRR-DE method in the optimization of models of general
functional forms. Therefore, the 12b-1;-E1Gr FF has been tested
and compared to the 12-6-1 (Lennard-Jones combined with
Coulomb potential, optimizing the charge value) and 12-6-1;
(Lennard-Jones combined with Coulomb potential, with the
charge of the ion set equal to the formal charge) FFs only in
terms of structural properties.

4.2. Parameters Optimization and Molecular Dynamics
Simulations. The 12-6-1, 12-6-1, and 12b-1—1EGr force fields
have been trained using the 4-0(32H,0/128H,0) fitting for the
cases of the Zn** ion in water and tested in MD simulations.
Properties derivable from MD have been also compared with
Babu and Lim parameters,*® as well as the already cited Li: per-
formances of these two sets of parameters have been re-evaluated
in this paper by applying the same computational protocol
reported in the corresponding original work (see Figure 8).
Uniform values have been assigned to the weights of the
objective functions, and they have been optimized according to
the procedure explained in subsection 2.4.1 only if unsatisfactory
errors for a QM reference have been observed. Table 9 reports
the mean absolute errors of the three-terms models with respect
to QM references of the zinc-water clusters. The larger flexibility
of the 12b-1-E1Gr force field allows for reducing the errors, in
particular in the reproduction of the forces. The accuracy of the
12-6-1 forces is significantly higher than the 12-6-1; ones. This
behavior is a consequence of the fact that the LRR-DE optimiza-
tion provides a negative parameter for the r ¢ term when the
charge is a free parameter. Thus, the r¢ term contributes in
describing the repulsion, and as a consequence, the QM forces
are reproduced with the 6-1 quality (Table 8). Both 12-6-1; and
12-6-1 FFs overcome the performance provided by Li. The same
trend is observed in the results of the MD simulations. In fact, the
radial distribution function (g(r)) between zinc ion and water
oxygen obtained with the 12-6-1; model presents a slightly better
agreement with the EXAFS data®* than the Li prediction (see
Figure 10). A more consistent improvement is achieved with
the 12-6-1 and 12b-1p-E1Gr potentials, as can be appreciated

Table 8. Mean Absolute Errors (kJ/mol for the Energies, E, and kJ/(mol nm) for the Forces, F) in the Prediction of the Quantities
Indicated in the First Column, for the Model Indicated in the First Row Trained Using the Four-Objective Fitting 4-0(32H,0/

128H,0)
test set 14-1 12-1 10-1 8-1 6-1
E(6H,0) 62.93 47.92 3147 46.79 150.95
E(16H,0) 48.96 47.97 49.55 61.90 105.31
E(32H,0) 47.78 46.17 45.04 46.24 57.78
E(64H,0) 50.95 49.08 46.69 44.29 43.61
E(128H,0) 50.35 48.36 46.45 45.72 $3.72
F(Zn, 6H,0) 327.64 274.35 223.32 185.69 198.66
F(Zn, 16H,0) 327.38 282.93 241.33 20837  212.90
F(Zn, 32H,0) 321.08 274.73 231.99 200.83 206.63
F(Zn, 64H,0) 32222 27533 231.20 198.14  202.86
F(Zn, 128H,0) 321.93 274.64 230.37 198.69 201.52
F(60, 6H,0) 1326.13 123141 1117.21 984.41 876.50
F(60, 16H,0) 1404.42 1309.95 1196.19 1064.08 956.60
F(60, 32H,0) 1429.27 1334.73 1220.76 1088.18 980.36
F(60, 64H,0) 1422.20 1327.51 1213.41 1080.74  972.86
F(60, 128H,0) 1420.76 1326.11 1211.99 1079.30 971.52
F(12H, 6H,0) 351.11 362.23 381.43 419.41 51229
F(12H, 16H,0) 398.68 409.88 429.15 466.91 558.59
F(12H, 32H,0) 403.08 414.87 435.00 474.14 568.32
F(12H, 64H,0) 402.56 414.09 433.86 472.39 565.41
F(12H, 128H,0) 40228 413.73 433.40 47174 56475

14b-1 12b-1 10b-1 8b-1 6b-1 Exp-1 Exp2-1
49.85 51.59 53.88 57.08 61.65 38.96 34.45
62.61 63.37 64.39 65.81 67.84 57.77 55.63
46.00 46.23 46.56 47.03 47.80 44.67 44.12
43.77 43.80 43.85 43.94 44.12 43.61 43.59
45.28 45.43 45.63 45.95 46.51 44.52 44.26
177.43 178.21 179.42 181.62 186.26 174.29 174.07
203.20 203.36 203.76 204.68 206.98 203.66 204.60
195.50 195.77 196.27 197.44 199.95 196.09 197.21
193.49 193.69 194.08 194.84 197.11 194.02 195.35
193.50 193.63 193.96 194.89 197.42 194.27 195.60
938.52 942.65 94891 959.33 979.15 920.07 916.11
1018.41 1022.52 1028.76 1039.13 1058.86 1000.02 996.08
1042.32 1046.45 1052.71 1063.12 1082.94 1023.88 1019.93
1034.88 1039.01 1045.27 1055.68 1075.50 1016.42 1012.47
1033.51 1037.63 1043.89 1054.28 1074.06 1015.08 1011.13
42122 422.85 425.12 428.55 434.59 411.19 406.56
468.70 470.31 472.56 475.96 481.95 458.77 454.18
475.99 477.65 479.96 483.47 489.63 465.74 461.00
474.23 475.87 478.17 481.63 487.71 464.08 459.40
473.57 475.21 477.50 480.97 487.05 463.45 458.80
265 DOI: 10.1021/acs.jctc.7b00779

J. Chem. Theory Comput. 2018, 14, 255-273


http://dx.doi.org/10.1021/acs.jctc.7b00779

Journal of Chemical Theory and Computation

V77 71 T T — T T T
r - Exp.65 r — Exp.(’5 7
251 — 12:6-1; B —- Lietal”® T
L 12-6-1 L e .36 ]
T N Babu and Lim
20k — 12b-1-E1Gr | i\ a
<
= 15 -
10 =
5 -
ol | L \u\ I

L |
1.8 2.0 22 1.8 2.0 22 2.4
r(A) r(A)

Figure 8. Radial distribution functions between zinc ion and water
oxygens, using the 12-6-1p, 12-6-1, 12b-1-E1Gr (left panel) and Li*®
and Babu®® models (right). In both panels, the comparison with the
experimental profile®” is provided.

in Figure 10. Broadly speaking, the ion-oxygen distance is well
reproduced by the employed models, and their performances are
better than polarizable models,"*° which predict lower values
when compared to the experimental ones. As the flexibility of the
FF is improved, the height of the peak diminishes while its width
increases, thus becoming comparable with results provided by
ab initio investigations, %67 as well as with the experimental
EXAFS data. Moreover, it is worth noticing that the g(r) peak
obtained with the 12-6-1 model (where only three parameters -
i.e,, Lennard-Jones parameters and the electrostatic charge - are
optimized) is in line with the one predicted by even more flex-
ible models, such as the one proposed by Chillemi et al,**
where 9 parameters are optimized. As regarding the hydration free
energy (HFE), the prediction provided by the 12-6-1 model is
considerably more accurate than the estimates of 12-6-1 and Li.
In particular, the deviation between the experimental reference
and the 12-6-1 estimate is lower than S kJ/mol, while for 12-6-1;
and Li is larger than 100 kJ/mol. Taking into account the param-
eters generated by Babu for the zinc ion, the LRR-DE 12-6-1p

model offers a slightly worse reproduction (of 0.01 A) of the IOD
value. However, an opposite behavior is observed in the repro-
duction of HFE, where the performance of Babu FF is poor, with
a deviation from the experimental value of roughly 175 kJ/mol.

The whole protocol already used for zinc ion has been
extended to the optimization of the FF models for Ni**, Mg**,
Ca?', and Na* ions in bulk water. In the cases of Ca*" and Na*,
forces on coordinating oxygens have been included in the train-
ing, thus performing a six-objective fitting. Such measure turned
out to be necessary, since errors on these quantities were larger
than expected. Table 10 collects the estimates of the position of
the first peak of the radial distribution function, the HFE, and the
coordination number of the ion for the five considered systems.

The optimized 12-6-1; on nickel divalent cation overcomes
the performances of Li and Babu in terms of HFE estimation.
Compared to the 12-6-1; force field, Babu offers a better agree-
ment with the experimental IOD value (of 0.01 A). As regard-
ing the 12-6-1 model, the experimental HFE is exceeded by
102.72 kJ/mol; however, the prediction of the ion-oxygen
distance (IOD) is improved 0.9 A with respect to the Li’' data.
The experimental IOD is reproduced even better by the 12b-1¢-
E1Gr model, and the experimental ion—water oxygen radial
distribution function® is reproduced with quite good accuracy
(see Figure S2 in the Supporting Information).

For the magnesium ion, the peak of the g(r) provided by the
MD simulation with the 12-6-1; model has a deviation larger
than 0.02 A from the experimental data with respect to the Li
prediction. The g(r) is correctly reproduced by Babu parameters.
On the other hand, 12-6-1y gives a reduction of the error of about
35 and 108 kJ/mol in the HFE estimate with respect to the Liand
Babu force fields, respectively. As for the zinc case, also for the
magnesium ion, the 12-6-1 model produces a large improvement
in the HFE prediction. Among all the considered FFs, the 12b-1-
E1Gr model provides the best agreement with the experimental
data for the g(r) peak position. The 12-6-1 and 12b-1-E1Gr FFs
give estimates in good agreement with the state-of-art pairwise
potentials®® and polarizable models.”® Moreover, a satisfactory

Table 9. Mean Absolute Errors (kJ/mol for the Energies and kJ/(mol nm) for the Forces) in the Prediction of the Quantities
Indicated in the First Column, for the Model Indicated in the First Row

test set 12-6-1¢ 12-6-1
E(6H,0) 49.12 7748
E(16H,0) 49.36 7434
E(32H,0) 47.73 49.84
E(64H,0) 5142 4435
E(128H,0) 49.38 47.92
F(Zn, 6H,0) 280.69 194.72
F(Zn, 16H,0) 287.11 210.88
F(Zn, 32H,0) 279.35 204.67
F(Zn, 64H,0) 280.30 201.49
F(Zn, 128H,0) 279.54 201.66
F(60, 6H,0) 1242.78 1003.25
F(60, 16H,0) 1321.28 1082.85
F(60, 32H,0) 1346.07 1107.02
F(60, 64H,0) 1338.86 1099.57
F(60, 128H,0) 1337.46 1098.12
F(12H, 6H,0) 356.05 451.17
F(12H, 16H,0) 403.66 498.40
F(12H, 32H,0) 408.32 506.54
F(12H, 64H,0) 407.67 504.33
F(12H, 128H,0) 407.36 503.70

12b-1z-E1Gr 12b-1 Liet al. HFE

70.75 S1.589 116.71 153.47

59.45 63.37 68.36 146.89

41.48 46.23 74.38 136.58

43.33 43.80 69.96 129.74

43.81 4543 77.10 113.38
141.48 178.21 627.34 65.13
184.37 203.36 604.13 71.97
180.99 195.77 603.82 74.96
180.38 193.69 605.57 73.59
179.97 193.63 604.22 73.81
611.03 942.68 1650.26 767.28
692.46 1022.52 1727.30 808.86
714.92 1046.45 1752.40 807.00
707.54 1039.01 1745.70 808.01
706.39 1037.63 1744.27 808.02
356.05 422.85 356.05 527.17
403.66 470.31 403.66 617.26
408.32 477.65 408.32 630.00
407.67 475.87 407.67 629.47
407.36 475.20 407.36 629.30
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Table 10. Simulated IOD Peak (A), Free Energy of Hydration (HFE, kJ/mol) and Coordination Number (CN) Values Using the

Developed Parameters for the Considered Force Fields”

10D
Zn** Li et al. 1.93
Babu and Lim 1.98
12-6-1; 197
12-6-1 2.04
12b-1,-E1Gr 2.07
Exp. 2.09 + 0.006
Ni** Liet al. 1.92
Babu and Lim 1.98
12-6-15 197
12-6-1 2.01
12b-14-E1Gr 2.03
Exp. 2.06 + 0.01
*Mg? Li et al. 2.03
Babu and Lim 2.08
12-6-1; 2.01
12-6-1 2.03
12b-1;-E1Gr 2.06
Exp. 2.09 + 0.004
*Ca Li et al. 2.49
Babu and Lim 2.61
12-6-1; 2.46
12-6-1 2.53
12b-1x-E1Gr 2.50
Exp. 2.46
Na* Joung and Cheatham 2.34
12-6-1; 234
12-6-1 2.34
12b-1;-E1Gr 2.35
Exp. 2.35 + 0.06

MAE(IOD) HFE MAE(HFE) CN
0.16 —1849.33 105.85 6
0.11 —1779.53 175.65 6
0.12 —1801.39 153.79 6
0.05 —1960.62 5.44 6
0.02 6

—1955.18 6
0.14 —1874.01 105.86 6
0.08 —1800.74 179.13 6
0.09 —2022.78 4291 6
0.05 —2082.59 102.72 6
0.03 6
—1979.87 6
0.06 —1724.23 105.85 6
0.01 —1651.10 178.98 6
0.08 —1759.79 70.29 6
0.06 —1871.92 41.84 6
0.03 6
—1830.08 6
0.03 —1399.97 105.01 8
0.15 —1328.19 166.79 8.3
0.00 —1431.76 73.22 8
0.07 —1551.43 46.45 8
0.04 8
—1504.98 8
0.01 —374.89 10.05 5.87
0.01 —389.53 24.69 591
0.01 —389.95 25.11 5.95
0.00 S.72
—364.84 5—6

“Results are compared with the ones of Li et al,, Babu and Lim, Joung and Cheatham, and experimental data. The mean absolute errors are with

respect to the experimental references.

comparability with AIMD and QM/MM simulations, which
predict ion-oxygen distance values between 2.08 and 2.13 A, is
observed.

The 12-6-1; model for the calcium ion trained with the LRR-DE
procedure offers better performances than Li and Babu in the
prediction of the peak position as well as in the HFE estimation.
Again, the 12-6-1 force field produces a further increase in
accuracy for the HFE, at the expense of a slightly worse result in
the g(r) peak position. Also the performance of the 12b-1p-E1Gr
model is less satisfactory than in the previous cases. However,
such measures are in line with those coming from a recent AIMD
simulation which provides a metal-ion distance in the first
coordination shell of 2.51 + 0.07.%

In the case of the sodium ion, LRR-DE performances are com-
pared to the ones offered by Joung and Cheatham parameters.®”
The LRR-DE models give an excellent agreement with the
experimental data in the prediction of the peak position of the
radial distribution function. QM/MM simulations conducted on
the hydrated ion present a certain variability in the computed
metal—oxygen distance, ranging from 2.33 to 2.42.”°”7" The
HFE calculated with the 12-6-1 and 12-6-1; models produce a
decrease of accuracy of 15 kJ/mol with respect to the Cheatham
estimate. However, it is worth noting that sodium Lennard-Jones
parameters were specifically optimized by Joung and Cheatham
in order to reproduce the HFE value.””

All the computed g(r) profiles for Ni**, Mg**, Ca**, and
Na' are reported in the Supporting Information (Figure S2).
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The second hydration shell (ie., the second peak in the IOD
profile) is highlighted in Figure S3. No notable difference can be
appreciated in the peak position for the FFs tested. However, on
average, the height of the peak predicted by Babu appears to
be lower. In all cases the coordination numbers of the ions are
consistent with those experimentally observed. Properties
computed with Babu and Li parameters coincide with previous
investigations.38

All the experimental quantities explored in this investigation
are reproduced with good accuracy by all the tested LRR-DE
optimized models even if not directly considered during the
parameter fitting procedure. Therefore, the discussed optimiza-
tion method has been proved to be general, since the considered
structural and thermodynamic properties are reproduced with
comparable accuracy with respect to standard FFs, directly
optimized in order to reproduce such quantities. Since the
presented method is designed to refine only the FF of the metal
ion, the optimized parameters are specific for the description of
the surrounding environment, and the general performances are
affected by the implicit approximations included in this model.
The obtained FFs have not been tested in environments not
considered in the training, and the quality of the performances
are not guaranteed in such cases. Transferable FFs can be gen-
erated using this methodology, if an appropriate sampling which
considers interactions with a wide range of atom types is executed.

4.3. Computational Details. Classical simulations were
performed either under periodic boundary conditions (PBC),
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using GROMACS 4.6.5,”> or under spherical nonperiodic
boundary conditions (NPBC), using a locally modified version
of the Gaussian code.”* PBC were used for parallel tempering
runs and for simulations using the 12-6-1g and 12-6-1 force fields,
while NPBC were employed for testing the 12b-1z-E1Gr force
field; the latter choice was made to avoid any PBC-induced
spurious effect due to a nonzero system charge’>~*' and hence
assess with more precision the outcome of the 12b-1;-E1Gr
model.

Under PBC, the systems were composed of one metal ion,
surrounded by 2178 water molecules, leading to a cubic box of
size 40 A. The rigid TIP3P model®” has been used to describe the
water molecules. Fastest degrees of freedom were constrained
with the LINCS algorithm.*” In the sampling step, the metal ions
have been modeled using parameters designed by Aqvist™
(Mg?*, Na*), Merz" (Zn*"), and Li*® (Ni**, Ca?*). Each system
was minimized using the steepest descent algorithm implemented
in GROMACS using a convergence threshold on the root-mean-
square forces of 1kJ-mol™'-cm™". Systems were slowly heated from
00298 Kin NVT ensemble for 1 ns and then equilibrated in NPT
conditions for 1 ns to reach uniform density. The final structure
for each system was considered as the starting point for the
parallel tempering simulations. A number of 25 replicas were
employed, covering a temperature range of 100 K, from 298 to
398 K. Temperature distribution of single replicas in the chosen
range was established so as to attempt an exchange rate of 0.25.%*
Each replica was equilibrated in the NPT ensemble for 500 ps,
using the stochastic velocity rescale algorithm.” The time step
was set equal to 2 fs. Production runs were conducted in the
NVT ensemble for S ns, for a total simulation time of (5 ns X
25 replicas) 125 ns. Electrostatic interactions were described
through the PME method, whereas van der Waals interactions
were considered applying a cutoff of 10 A. Instead, no PME was
employed in the simulations of Babu and Lim parameters:
following their original simulation protocol,®® a large cutoff value
of 2 A was applied to compute nonbonded interactions. The FFs
generated with the LRR-DE procedure were tested by initially
equilibrating the systems in the NPT ensemble for 500 ps. After
that, production run time was set to 5 ns in the NVT ensemble.
Cutoff values of 19 A for both L] and real-space PME were used.

Under NPBC, the systems were composed of a spherical water
box with a radius of 20 A, including 1111 H,0 molecules and a
metal ion at the center of the box; systems were embedded in a
PCM®® spherical cavity of 21.8 A. Tons were positioned at the
center of the cavity and kept frozen during the simulations. As for
PBC, systems were slowly heated from 0 to 298.15 Kin a NVT
ensemble using four discrete steps and the stochastic velocity
rescale algorithm. The time step was increased from 0.25 to 2.0 fs,
and the thermostat coupling constant was set to 1 ps; in produc-
tion runs, configurations were saved every 500 steps. Solvent
density across the spherical box was controlled by means of the
GLOB method”” as implemented in a locally modified version of
Gaussian.™

Radial distribution functions were computed either using
standard tools available in GROMACS (PBC) software or using
an in-house written code (NPBC) on the last 1.5 ns of simula-
tion. Free energy of hydration values was computed using the
Bennett acceptance ratio (BAR)*” implemented in GROMACS.
A number of 21 windows were used. Corresponding A values
were chosen ranging from 0 to 1, in steps of 0.0S. Each window
was run for 500 ps. The first 100 ps was considered to equilibrate
the systems and therefore not included in the final HFE com-
putation. All the QM calculations were performed using the
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Gaussian 09 package” at the B3LYP/cc-pVDZ level. Singlet spin-
state has been considered for all the ions except Ni**, for which the
triplet has been found to be more stable than the singlet spin state
in the QM model systems. All the parameters optimized with LRR-
DE are provided in the Supporting Information (Tables S1—S3).

5. CONCLUSIONS

A novel statistical procedure (called LRR-DE) has been devel-
oped to optimize the parameters of a model so as to reproduce
the general behavior of a system, given a representative data set.
The fundamental feature of the method is the combination of the
linear ridge regression and cross-validation techniques with the
metaheuristic algorithm differential evolution. This machinery
allows for optimizing both linear and nonlinear parameters of a
model of generic functional form. The application of the reg-
ularization and the cross-validation avoids the problem of over-
fitting, if the training set is chosen properly. This aim is achieved
applying the GRASP sampling, a combinatorial technique capa-
ble of maximizing the dissimilarity of the elements of the data
set. A methodology based on LRR-DE has been derived to
parametrize the nonbonded force fields of metal ions, using
ab initio quantities as references. From the calibration phase,
performed on the case of the zinc ion in water, a general protocol
for the fitting has been identified. This involves the use of both
the forces and the energies computed on clusters of different
sizes as references. The application of the multiobjective opti-
mization is optionally activated, and further reference data can be
considered if unsatisfactory errors for a certain type of data have
been obtained. The validation of the methodology has been
performed exploiting the cases of five ions in water, for which
several quantitative results of comparison, both experimental and
computational, are available. The performances of the force fields
trained with LRR-DE have proved to be of comparable or better
quality with respect to standard FFs, as the summary Table 11
attests. The possibility of the LRR-DE procedure to use as refer-
ence QM forces and energies of different systems simultaneously
offers great margins of applicability to the method. In particular,
the method is suitable for the optimization of FF of metal ions in
a heterogeneous environment, such as in the case of protein
cofactors, for which experimental thermodynamic data are
usually unavailable. The procedure can be applied to generate
transferable FFs, if an appropriate sampling which considers
interactions with a wide range of atom types is executed. More-
over, the capacity of the method to tune generic models makes it
the ideal tool for optimizing FF with more sophisticated func-
tional forms than those commonly used in molecular dynamics
programs.

B APPENDIX

A. GRASP Sampling

A.1. Generation of the Candidate Configurations. In this
work, the generations of the candidate conﬁgurations have been
performed with the parallel tempering” ~”* technique using a
pre-existing FF. It is suitable for this purpose, because it explores
a large portion of the free-energy landscape of a molecular
system. The configurations are drawn for each replica at regular
intervals of extension comparable to the time scale of the
significant events of the system considered and proceeds up to
obtain a sufficiently large pool of candidates (tens of thousands).
Alternative approaches aimed to the generation of the candidate
configurations can be considered, such as the extraction from a
MD trajectory or a metadynamics sampling, as well as from
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Table 11. Mean Absolute Deviations from the Experimental
References for the Position of the First IOD Peak (MAE(IOD
Peak)) and the Hydration Free Energy (MAE(HFE)) for the
Considered Divalent Ions”

force field MAE(IOD peak) MAE(HFE)
Li et al. 0.10 105.64
Babu and Lim 0.09 177.64
12-6-1p 0.07 85.05
12-6-1 0.06 49.11
12b-1:-E1Gr 0.03

“MAE(IOD peak) is expressed in A, and MAE(HFE) is expressed in
kJ/mol.

0.7 T T T T T

Figure 9. Absolute value of the derivatives of the Gaussian function for
three values of the parameter: ¢ = 1 (blue line), 6 = 2 (red line), 6= 3
(green line).

pre-existent databases. Moreover, procedures which iteratively
improve the FF through subsequent sampling and fitting steps
can be used in order to correctly reproduce the ph?fsics of the
investigated system, as proposed by previous works.'***

A.2. The Metal-Centric Dissimilarity Score. Since the aim of
the present work is the optimization of the FF of a specific atom,

the evaluation of the fitness of a possible training set should be
focused on the environment of that atom. More specifically, the
configurations included in the training set should maximize the
representativeness of the situations in proximity of the metal ion.
In order to achieve this goal, a dissimilarity score of a set of con-
figurations focused on the neighborhood of the metal is proposed.

As descriptor of the [-th configuration, the vector d, is used,
whose elements are the Euclidean distances between the metal
and all other atoms. Each i-th component of the vector d; is
transformed applying a Gaussian kernel as follows

2
ky; = exp[— dli2:|
20 (29)

where the parameter ¢ is a measure of the distance from the metal
which identifies the most significant region to sample.

The Euclidean distance between the I-th and j-th config-
urations in the k-space is

5y = Ilky — k| (30)

0y is invariant with respect to the translations or rotations of the
system, moreover it satisfies the coincidence axiom (§; = 0
if and only if I = j) and the symmetry condition (§; = &;).
As consequence of the transformation of eq 29, k; — k; is
amplified with respect to d; — d; where the derivative of the
Gaussian function is larger. This occurs in correspondence to
d = 0 as shown in Figure 9. For d — 0 and d >> ¢, conversely the
differences in the k-space vanish; therefore, in those zones the
information is compressed.

The metal-centric dissimilarity score of the set {k}, constituted
by N configurations selected among Npy candidates, is defined
as the mean value of the N, distances from the Nj . nearest
configurations weighed for an exponential factor, 2Ne<7:

1 N; 1 NOC NOC_ j
N_TS ITSEZJ‘I 2 }51]'

Nloc Nloc_j
22 (31)

In this formula, the j-th configuration is the j-th nearest one to
the I-th configuration. The exponential weight has two roles:
(i) it assigns more importance to the nearest configuration in the
score, and (ii) it makes the score near independent from the Ny,

DS({k}; Nrg, NPT) =
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Figure 10. Radial distribution of the sixth closest atom of oxygen to the zinc ion in the parallel tempering sample (a) for the Zn**/H,0 system and in a
subset of the first one obtained by the combinatorial optimization of a selection of the first one that maximizes eq 31 (b). For the parallel tempering

sample the elements are 20000; in the subset they are 100.
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(a) Parallel Tempering Sampling

(b) Random Sampling

(e) Random Sampling

(h) Random Sampling

(¢) GRASP Sampling

(f) GRASP Sampling

(i) GRASP Sampling

Figure 11. Distribution of 20000 configurations obtained by parallel tempering (PT) sampling for the Zn**/H,O system in two-dimensional projections
(a), (d), (g) and 100 instances selected from the first set by random sampling (b), (e), (h) and combinatorial optimization of the dissimilarity score (c),
(f), (i), respectively. The configurations are described by the distances of atom types from the zinc ion. The couple coordinates in the rows are dO6-
dO12, dO7-dH13, and dO8-H14, respectively. The nomenclature dXn means the distance between the n-th nearest X atom to the zinc ion.

value. The dissimilarity score is related to the inverse of the local
density of the points in the k-space. If the configurations are
selected in order to maximize the score, for a given value of Nrg, a
stratified sampling of the environment of the metal is obtained.
That is, the distributions of the distances between the metal ion
and the atoms included in the spherical shell centered in d = o are
flatter than the distributions generated by the parallel tempering
simulations. This aspect can be appreciated by observing the
histograms in Figure 10. The stratification of the sampling
obtained by the combinatorial optimization that maximizes eq 31
is even more evident considering the distribution of the config-
urations in two dimensions. Figure 11 compares three combina-
tions of coordinates describing the configurations in the d-space,
namely the parallel tempering set, a random set extracted by the
first one, and the GRASP sampling.
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The maximization of the coverage offered by a stratified
sampling increases the probability of performing the fitting in
interpolation regime instead of extrapolation regime.

A.2.1. The Dimensionality Reduction and Permutational
Symmetry. The number of the atoms of the system of interest is
generally in the order of thousands, nevertheless the dimen-
sionality of the k vector can be reduced without loss of informa-
tion because only a few components have a value different from
zero. This measure assures that the calculation of the dissimilarity
score is affordable in the combinatorial optimization step.

To ensure the permutational invariance of the dissimilarity
score, a further arrangement of the k vector is necessary, namely
all the equivalent atoms are placed in ordered positions with
respect to the distance from the metal ion. In this context, two
atoms of the same element are considered equivalent if they can
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exchange their positions through a move compatible with the
dynamics of the system generating indistinguishable config-
urations.

A.3. The Combinatorial Optimization of the Training Set.
The maximization of the dissimilarity score (eq 31) with respect
to the candidate configurations is performed exploiting an
adapted form of the greedy randomized adaptive search proce-
dure® (GRASP). GRASP is a combinatorial optimization method
consisting of two main phases repeated iteratively: construction
and local search. In the first one a greedy randomized adaptive
strategy is employed to build a feasible solution that is refined by
a subsequent local search. The operation is repeated saving the
best solution found.

The construction phase starts selecting randomly one con-
figuration from the candidate set. In order to extract the second
configuration, the Euclidean distances from the first one are
calculated for all the remaining candidates, and a configuration is
selected randomly from the subset of the instances further than
the 99-th percentile. In an analogous way the following Nj,. — 2
configurations are chosen. From this point on the construction
phase proceeds iteratively by cumulative addition of a new
element that maximizes the dissimilarity score. The new element
is selected from a list of ordered candidates, {s;}, composed
evaluating the dissimilarity score of the set {{S,_,} + s;}, where
{S;_1} is the partial solution composed by i — 1 elements. The
selection of the subsequent element is performed according to an
exponential probability distribution that attributes the maximum
value to the first element of the ordered list.

In the local search phase, the solution is modified one element
at a time, and the trial solution is accepted if the dissimilarity
score increases. This operation is performed using three different
strategies: random substitution, proposal of new elements sorted
by distance from the centroids of the partial solution, and local
refinement.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acs.jctc.7b00779.
Details of the optimized FFs (PDF)
Complete data related to the systematic comparative study
of binary potentials (XLSX)

B AUTHOR INFORMATION

Corresponding Author

*E-mail: francesco.fracchia@sns.it.

ORCID

Francesco Fracchia: 0000-0002-7049-7097

Walter Rocchia: 0000-0003-2480-7151

Author Contributions

TF.F. and G.D.F. contributed equally to this work.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work has received funding from the European Union’s
Horizon 2020 research and innovation program under the grant
agreement No. 676531 (project E-CAM) and has been sup-
ported by European Research Council under the European
Union’s Seventh Framework Programme (FP/2007-2013)/ERC
Grant Agreement no. [320951]. The authors thank the SMART

271

Lab technical staff for managing the computing facilities at SN'S.
The authors acknowledge N. Tasinato from SN, S. Decherchi of
BiKi Technologies s.rl, and Alexey Nikitin of Engelhardt Institute
of Molecular Biology for useful discussions.

B REFERENCES

(1) Leach, A. R. Molecular modelling: principles and applications;
Pearson Education: 2001.

(2) Rappé, A. K; Casewit, C. J.; Colwell, K. S.; Goddard, W. A,, III;
Skiff, W. UFF, a full periodic table force field for molecular mechanics
and molecular dynamics simulations. J. Am. Chem. Soc. 1992, 114,
10024—1003S.

(3) Maier, J. A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser,
K. E.; Simmerling, C. ff14SB: Improving the Accuracy of Protein Side
Chain and Backbone Parameters from ff99SB. J. Chem. Theory Comput.
2015, 11, 3696—3713.

(4) Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kunduy, S.; Zhong,
S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I.; Mackerell,
A.D. CHARMM general force field: A force field for drug-like molecules
compatible with the CHARMM all-atom additive biological force fields.
J. Comput. Chem. 2009, 31, 671—690.

(5) Schmid, N.; Eichenberger, A. P.; Choutko, A.; Riniker, S.; Winger,
M.,; Mark, A. E; van Gunsteren, W. F. Definition and testing of the
GROMOS force-field versions 54A7 and 54B7. Eur. Biophys. ]. 2011, 40,
843—856.

(6) Kaminski, G. A.; Friesner, R. A.; Tirado-Rives, J.; Jorgensen, W. L.
Evaluation and Reparametrization of the OPLS-AA Force Field for
Proteins via Comparison with Accurate Quantum Chemical Calcu-
lations on Peptides. J. Phys. Chem. B 2001, 105, 6474—6487.

(7) Harder, E.; Damm, W.; Maple, J.; Wy, C.; Reboul, M; Xiang, J. Y.;
Wang, L.; Lupyan, D.; Dahlgren, M. K,; Knight, J. L.; Kaus, J. W,;
Cerutti, D. S.; Krilov, G.; Jorgensen, W. L.; Abel, R.; Friesner, R. A.
OPLS3: a force field providing broad coverage of drug-like small
molecules and proteins. J. Chem. Theory Comput. 2016, 12, 281—296.

(8) Barone, V; Cacelli, I; De Mitri, N.; Licari, D.; Monti, S.;
Prampolini, G. Joyce and Ulysses: integrated and user-friendly tools for
the parameterization of intramolecular force fields from quantum
mechanical data. Phys. Chem. Chem. Phys. 2013, 185, 3736.

(9) Mayne, C. G; Saam, J.; Schulten, K.; Tajkhorshid, E.; Gumbart, J.
C. Rapid parameterization of small molecules using the force field
toolkit. J. Comput. Chem. 2013, 34, 2757—2770.

(10) Betz, R. M.; Walker, R. C. Paramfit: Automated optimization of
force field parameters for molecular dynamics simulations. J. Comput.
Chem. 2015, 36, 79—87.

(11) Huang, L.; Roux, B. Automated force field parameterization for
nonpolarizable and polarizable atomic models based on ab initio target
data. J. Chem. Theory Comput. 2013, 9, 3543—3556.

(12) Wang, L.-P.; Chen, J.; Van Voorhis, T. Systematic Parametrization
of Polarizable Force Fields from Quantum Chemistry Data. J. Chem.
Theory Comput. 2013, 9, 452—460.

(13) Cole, D. J; Vilseck, J. Z.; Tirado-Rives, J.; Payne, M. C,;
Jorgensen, W. L. Biomolecular force field parameterization via atoms-in-
molecule electron density partitioning. J. Chem. Theory Comput. 2016,
12,2312-2323.

(14) Macchiagodena, M.; Mancini, G.; Pagliai, M.; Del Frate, G.;
Barone, V. Fine-tuning of atomic point charges: Classical simulations of
pyridine in different environments. Chem. Phys. Lett. 2017, 677, 120—
126.

(15) Macchiagodena, M.; Mancini, G.; Pagliai, M.; Barone, V. Accurate
prediction of bulk properties in hydrogen bonded liquids: amides as case
studies. Phys. Chem. Chem. Phys. 2016, 18, 25342—25354.

(16) Stote, R. H.; Karplus, M. Zinc binding in proteins and solution: a
simple but accurate nonbonded representation. Proteins: Struct,, Funct,
Genet. 1995, 23, 12—31.

(17) Jensen, K. P.; Jorgensen, W. L. Halide, Ammonium, and Alkali
Metal Ion Parameters for Modeling Aqueous Solutions. J. Chem. Theory
Comput. 2006, 2, 1499—1509.

DOI: 10.1021/acs.jctc.7b00779
J. Chem. Theory Comput. 2018, 14, 255-273


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jctc.7b00779
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00779/suppl_file/ct7b00779_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00779/suppl_file/ct7b00779_si_002.xlsx
mailto:francesco.fracchia@sns.it
http://orcid.org/0000-0002-7049-7097
http://orcid.org/0000-0003-2480-7151
http://dx.doi.org/10.1021/acs.jctc.7b00779

Journal of Chemical Theory and Computation

(18) Wambo, T. O.; Chen, L. Y.; McHardy, S. F.; Tsin, A. T. Molecular
dynamics study of human carbonic anhydrase II in complex with Zn 2+
and acetazolamide on the basis of all-atom force field simulations.
Biophys. Chem. 2016, 214-215, 54—60.

(19) Deeth, R. J.; Anastasi, A,; Diedrich, C.; Randell, K. Molecular
modelling for transition metal complexes: Dealing with d-electron
effects. Coord. Chem. Rev. 2009, 253, 795—816.

(20) Duarte, F.; Bauer, P.; Barrozo, A.; Amrein, B. A.; Purg, M,; Aqvist,
J.; Kamerlin, S. C. L. Force field independent metal parameters using a
nonbonded dummy model. J. Phys. Chem. B 2014, 118, 4351—4362.

(21) Li, P,; Merz, K. M. Taking into account the ion-induced dipole
interaction in the nonbonded model of ions. J. Chem. Theory Comput.
2014, 10, 289—297.

(22) Wy, R;; Ly, Z; Cao, Z.; Zhang, Y. A Transferable Nonbonded
Pairwise Force Field to Model Zinc Interactions in Metalloproteins. J.
Chem. Theory Comput. 2011, 7, 433—443.

(23) Hansen, K; Montavon, G.; Biegler, F.; Fazli, S;; Rupp, M;
Scheffler, M.; Von Lilienfeld, O. A.; Tkatchenko, A.; Miiller, K.-R.
Assessment and validation of machine learning methods for predicting
molecular atomization energies. J. Chem. Theory Comput. 2013, 9,
3404—3419.

(24) Behler, J. Neural network potential-energy surfaces in chemistry: a
tool for large-scale simulations. Phys. Chem. Chem. Phys. 2011, 13,
17930—1795S.

(25) Morawietz, T.; Behler, J. A density-functional theory-based neural
network potential for water clusters including van der Waals corrections.
J. Phys. Chem. A 2013, 117, 7356—7366.

(26) Botu, V.; Batra, R.; Chapman, ].; Ramprasad, R. Machine learning
force fields: Construction, validation, and outlook. J. Phys. Chem. C
2017, 121, 511-522.

(27) De Brabanter, K;; Karsmakers, P.; Ojeda, F.; Alzate, C.; De
Brabanter, ].; Pelckmans, K.; De Moor, B.; Vandewalle, J.; Suykens, J. A.
LS-SVMlab Toolbox User’s Guide: version 1.7; Katholieke Universiteit
Leuven: 2010.

(28) Suykens, J. A; Vandewalle, J. Least squares support vector
machine classifiers. Neural processing letters 1999, 9, 293—300.

(29) Xavier-de Souza, S.; Suykens, J. A,; Vandewalle, J.; Bollé, D.
Coupled simulated annealing. IEEE Trans. Syst. Man Cybern. B Cybern.
2010, 40, 320—335.

(30) Storn, R;; Price, K. Differential evolution-a simple and efficient
heuristic for global optimization over continuous spaces. J. Glob. Optim.
1997, 11, 341-359.

(31) Das, S.; Suganthan, P. N. Differential evolution: a survey of the
state-of-the-art. IEEE Trans. Evolut. Comput. 2011, 1§, 4—31.

(32) Akin-Ojo, O.; Song, Y.; Wang, F. Developing ab initio quality
force fields from condensed phase quantum-mechanics/molecular-
mechanics calculations through the adaptive force matching method. J.
Chem. Phys. 2008, 129, 064108.

(33) Li, P; Merz, K. M, Jr Metal ion modeling using classical
mechanics. Chem. Rev. 2017, 117, 1564—1686.

(34) Aquist, J. Ion-water interaction potentials derived from free
energy perturbation simulations. J. Phys. Chem. 1990, 94, 8021—8024.

(35) Zwanzig, R. W. High-temperature equation of state by a
perturbation method. I. nonpolar gases. . Chem. Phys. 1954, 22,
1420—1426.

(36) Baby, C. S.; Lim, C. Empirical force fields for biologically active
divalent metal cations in water. J. Phys. Chem. A 2006, 110, 691—699.

(37) Joung, I S.; Cheatham, T. E., Il Determination of alkali and
halide monovalent ion parameters for use in explicitly solvated
biomolecular simulations. J. Phys. Chem. B 2008, 112, 9020—9041.

(38) Li, P.; Roberts, B. P.; Chakravorty, D. K.; Merz, K. M., Jr Rational
design of particle mesh Ewald compatible Lennard-Jones parameters for
+ 2 metal cations in explicit solvent. . Chem. Theory Comput. 2013, 9,
2733-2748.

(39) Li, P,; Song, L. F; Merz, K. M,, Jr Parameterization of highly
charged metal jons using the 12—6-4 LJ-type nonbonded model in
explicit water. J. Phys. Chem. B 2015, 119, 883—895.

272

(40) Li, P.; Song, L. F.; Merz, K. M., Jr Systematic parameterization of
monovalent ions employing the nonbonded model. J. Chem. Theory
Comput. 2015, 11, 1645—1657.

(41) Floris, F.; Persico, M.; Tani, A.; Tomasi, J. Ab initio effective pair
potentials for simulations of the liquid state, based on the polarizable
continuum model of the solvent. Chem. Phys. Lett. 1992, 199, 518—524.

(42) Miertus, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a
solute with a continuum. A direct utilization of AB initio molecular
potentials for the prevision of solvent effects. Chem. Phys. 1981, S5,
117-129.

(43) Tikhonov, A. N.; Arsenin, V. Y. Solutions of ill-posed problems;
Winston and Sons: Washington, DC, 1977.

(44) Tikhonov, A. N. On the stability of inverse problems. Dokl. Akad.
Nauk SSSR. 1943, 39, 195—198.

(45) Hoerl, A. E. Application of ridge analysis to regression problems.
Chemical Engineering Progress 1962, 58, 54—59.

(46) Hoerl, A. E.; Kennard, R. W. Ridge regression: Biased estimation
for nonorthogonal problems. Technometrics 1970, 12, 55—67.

(47) Friedman, J.; Hastie, T.; Tibshirani, R. The elements of statistical
learning; Springer series in statistics Springer, Berlin, 2001; Vol. 1.

(48) James, G.; Witten, D.; Hastie, T.; Tibshirani, R. An introduction to
statistical learning; Springer: 2013; Vol. 112.

(49) Vesterstrom, J.; Thomsen, R. A comparative study of differential
evolution, particle swarm optimization, and evolutionary algorithms on
numerical benchmark problems. Evolutionary Computation, 2004.
CEC2004. Congress on; 2004; pp 1980—1987, DOI: 10.1109/
CEC.2004.1331139.

(50) Ursem, R. K; Vadstrup, P. Parameter identification of induction
motors using differential evolution. Evolutionary Computation, 2003.
CEC’03. The 2003 Congress on; 2003; pp 790—796, DOI: 10.1109/
CEC.2003.1299748.

(51) Zhang, J.; Niu, Q;; Li, K; Irwin, G. W. Model Selection in SVMs
using Differential Evolution. IFAC Proceedings Volumes 2011, 44,
14717—-14722.

(52) Unke, O. T,; Devereux, M.; Meuwly, M. Minimal distributed
charges: Multipolar quality at the cost of point charge electrostatics. J.
Chem. Phys. 2017, 147, 161712.

(53) Di Pasquale, N.; Davie, S. J.; Popelier, P. L. Optimization
algorithms in optimal predictions of atomistic properties by kriging. J.
Chem. Theory Comput. 2016, 12, 1499—1513.

(54) Ercolessi, F.; Adams, J. B. Interatomic potentials from first-
principles calculations: the force-matching method. EPL (Europhysics
Letters) 1994, 26, 583.

(55) Izvekov, S.; Parrinello, M.; Burnham, C. J.; Voth, G. A. Effective
force fields for condensed phase systems from ab initio molecular
dynamics simulation: A new method for force-matching. J. Chem. Phys.
2004, 120, 10896—10913.

(56) Marler, R. T.; Arora, J. S. Survey of multi-objective optimization
methods for engineering. Struct. Multidiscip. O. 2004, 26, 369—395.

(57) Zitzler, E.; Thiele, L. Multiobjective evolutionary algorithms: a
comparative case study and the strength Pareto approach. IEEE Trans.
Evolut. Comput. 1999, 3, 257—-271.

(58) Yu, P.-L; Leitmann, G. Compromise solutions, domination
structures, and Salukvadzeas solution. J. Optim. Theory. Appl. 1974, 13,
362—-378.

(59) Rao, S. S.; Freiheit, T. A modified game theory approach to
multiobjective optimization. ASME J. Mech. Des 1991, 113, 286—291.

(60) Kirkpatrick, S.; Gelatt, C. D.; Vecchi, M. P. Optimization by
simulated annealing. Science 1983, 220, 671—680.

(61) Feo, T. A.; Resende, M. G. Greedy randomized adaptive search
procedures. J. Glob. Optim. 1995, 6, 109—133.

(62) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. Comparison of simple potential functions for simulating
liquid water. J. Chem. Phys. 1983, 79, 926—93S.

(63) Marcus, Y. Thermodynamics of solvation of ions. Part S. Gibbs
free energy of hydration at 298.15 K. J. Chem. Soc, Faraday Trans. 1991,
87, 2995-2999.

(64) Chillemi, G.; D’Angelo, P.; Pavel, N. V.; Sanna, N.; Barone, V.
Development and validation of an integrated computational approach

DOI: 10.1021/acs.jctc.7b00779
J. Chem. Theory Comput. 2018, 14, 255-273


http://dx.doi.org/10.1109/CEC.2004.1331139
http://dx.doi.org/10.1109/CEC.2004.1331139
http://dx.doi.org/10.1109/CEC.2003.1299748
http://dx.doi.org/10.1109/CEC.2003.1299748
http://dx.doi.org/10.1021/acs.jctc.7b00779

Journal of Chemical Theory and Computation

for the study of ionic species in solution by means of effective two-body
potentials. The case of Zn2+, Ni2+, and Co2+ in aqueous solutions. J.
Am. Chem. Soc. 2002, 124, 1968—1976.

(65) Wu, J. C; Piquemal, J.-P.; Chaudret, R;; Reinhardt, P.; Ren, P.
Polarizable molecular dynamics simulation of Zn (II) in water using the
AMOEBA force field. J. Chem. Theory Comput. 2010, 6, 2059—2070.

(66) Riahi, S.; Roux, B.; Rowley, C. N. QM/MM molecular dynamics
simulations of the hydration of Mg (II) and Zn (II) ions. Can. J. Chem.
2013, 91, 552—-5S8.

(67) Caugt, E.; Bogatko, S.; Weare, J. H.; Fulton, J. L.; Schenter, G. K;
Bylaska, E. J. Structure and dynamics of the hydration shells of the Zn 2+
ion from ab initio molecular dynamics and combined ab initio and
classical molecular dynamics simulations. J. Chem. Phys. 2010, 132,
194502.

(68) Panteva, M. T.; Giambasu, G. M.; York, D. M. Comparison of
structural, thermodynamic, kinetic and mass transport properties of
Mg2+ ion models commonly used in biomolecular simulations. J.
Comput. Chem. 2018, 36, 970—982.

(69) Bogatko, S.; Cauét, E.; Bylaska, E.; Schenter, G.; Fulton, ].; Weare,
J. The aqueous Ca2+ system, in comparison with Zn2+, Fe3+, and Al3+:
an ab initio molecular dynamics study. Chem. - Eur. ]. 2013, 19, 3047—
3060.

(70) Azam, S. S.; Ul-Hagq, Z.; Fatmi, M. Q.; Classical, Q. M. Classical
and QM/MM MD simulations of sodium (I) and potassium (I) ions in
aqueous solution. J. Mol. Lig. 2010, 153, 95—100.

(71) Bankura, A.; Carnevale, V.; Klein, M. L. Hydration structure of salt
solutions from ab initio molecular dynamics. J. Chem. Phys. 2013, 138,
014501.

(72) Bankura, A.; Carnevale, V.; Klein, M. L. Hydration structure of Na
+ and K+ from ab initio molecular dynamics based on modern density
functional theory. Mol. Phys. 2014, 112, 1448—1456.

(73) Hess, B.; Kutzner, C.; Van Der Spoel, D.; Lindahl, E. GROMACS
4: algorithms for highly efficient, load-balanced, and scalable molecular
simulation. J. Chem. Theory Comput. 2008, 4, 435—447.

(74) Mancini, G.; Brancato, G.; Barone, V. Combining the Fluctuating
Charge Method, Non-Periodic Boundary Conditions and Meta-
Dynamics: Aqua Ions as Case Studies. J. Chem. Theory Comput. 2014,
10, 1150—1163.

(75) Pratt, L. R;; Haan, S. W. Effects of periodic boundary conditions
on equilibrium properties of computer simulated fluids. I. Theory. J.
Chem. Phys. 1981, 74, 1864—1872.

(76) Pratt, L. R;; Haan, S. W. Effects of periodic boundary conditions
on equilibrium properties of computer simulated fluids. II. Application
to simple liquids. J. Chem. Phys. 1981, 74, 1873—1876.

(77) Smith, P. E.; Pettitt, B. M. Peptides in ionic solutions: a
comparison of the Ewald and switching function techniques. J. Chem.
Phys. 1991, 95, 8430—8441.

(78) Diinweg, B.; Kremer, K. Microscopic verification of dynamic
scaling in dilute polymer solutions: A molecular-dynamics simulation.
Phys. Rev. Lett. 1991, 66, 2996.

(79) Smith, P. E.; Pettitt, B. M. Ewald artifacts in liquid state molecular
dynamics simulations. J. Chem. Phys. 1996, 10S, 4289—4293.

(80) Hiinenberger, P. H; McCammon, J. A. Ewald artifacts in
computer simulations of ionic solvation and ion-ion interaction: a
continuum electrostatics study. J. Chem. Phys. 1999, 110, 1856—1872.

(81) Kastenholz, M. A.; Hiinenberger, P. H. Influence of artificial
periodicity and ionic strength in molecular dynamics simulations of
charged biomolecules employing lattice-sum methods. J. Phys. Chem. B
2004, 108, 774—788.

(82) Hess, B.; Bekker, H.; Berendsen, H. J. C; Fraaije, J. G. E. M.
LINCS: A linear constraint solver for molecular simulations. J. Comput.
Chem. 1997, 18, 1463—1472.

(83) Hoops, S. C.; Anderson, K. W.; Merz, K. M., Jr Force field design
for metalloproteins. J. Am. Chem. Soc. 1991, 113, 8262—8270.

(84) Patriksson, A.; van der Spoel, D. A temperature predictor for
parallel tempering simulations. Phys. Chem. Chem. Phys. 2008, 10,
2073-2077.

(85) Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling
through velocity rescaling. J. Chem. Phys. 2007, 126, 014101.

273

(86) Tomasi, J; Mennucci, B;; Cammi, R. Quantum mechanical
continuum solvation models. Chem. Rev. 2005, 105, 2999—3094.

(87) Brancato, G.; Di Nola, A.; Barone, V.; Amadei, A. A mean field
approach for molecular simulations of fluid systems. J. Chem. Phys. 2005,
122, 154109.

(88) Mancini, G.; Brancato, G.; Chandramouli, B.; Barone, V. Organic
solvent simulations under non-periodic boundary conditions: A library
of effective potentials for the GLOB model. Chem. Phys. Lett. 2018, 625,
186—192.

(89) Bennett, C. H. Efficient estimation of free energy differences from
Monte Carlo data. J. Comput. Phys. 1976, 22, 245—268.

(90) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A,; Cheeseman, J. R; Scalmani, G.; Barone, V.; Mennucci, B,;
Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X,; Hratchian, H. P,;
Izmaylov, A. F; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M,;
Ehara, M.; Toyota, K,; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y,; Kitao, O.; Nakai, H.; Vreven, T. J. A.; Montgomery, J.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N,; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A.; Burant, J. C,; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N,;
Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K;
Zakrzewski, V. G.; Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Dapprich,
S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.;
Fox, D. J. Gaussian09, Revision A; 2009.

(91) Swendsen, R. H.; Wang, J.-S. Replica Monte Carlo simulation of
spin-glasses. Phys. Rev. Lett. 1986, 57, 2607—2609.

(92) Hansmann, U. H. Parallel tempering algorithm for conforma-
tional studies of biological molecules. Chem. Phys. Lett. 1997, 281, 140—
150.

(93) Sugita, Y.; Okamoto, Y. Replica-exchange molecular dynamics
method for protein folding. Chem. Phys. Lett. 1999, 314, 141—151.

DOI: 10.1021/acs.jctc.7b00779
J. Chem. Theory Comput. 2018, 14, 255-273


http://dx.doi.org/10.1021/acs.jctc.7b00779

