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ABSTRACT

Molecular Dynamics is a powerful computational tool that enables simulations of large
systems, such as biochemical, bringing a deeper knowledge about system’s behavior in time.
Nevertheless, this method meets certain restrictions regarding simulations of large systems
beyond the nanosecond time scale. This consequently disables the study of various biochemical
processes. One way to overcome such a constraint is to use coarse grained Molecular Dynamics
methods, in which atoms are gathered in groups, and represented as virtual sites. Such approach
reduces the number of molecular degrees of freedom (DOFs), hence allowing the use of larger
time steps, as well as longer simulations. However, a disadvantage of coarse graining methods is
the loss of important structural details, arising from the reduction of molecular DOFs, and
disabling its application to various systems. Multiscale Molecular Dynamics can be used to avoid
this limitation, since it enables the partition of a system in two or more different scales. This
method is advantageous, due to the combination of the accuracy of fully atomistic methods with
the speed of coarse grained methods. Moreover, such system partitioning allows faster and longer
simulations. The Adaptive Resolution Scheme — AdResS- is a multiscaling method that unifies

different scales in a specific manner, since it allows a resolution change on-the-fly.

The main purpose of this work was to unite AdResS with Quantum Mechanics methods. Here,
the system would be partitioned in three different layers, namely, a MARTINI coarse grained
layer, a fully atomistic layer, and a quantum mechanics layer. The area of interest would be treated
with a guantum mechanics method, while the surrounding would be simulated within AdResS.
This QM/AA/CG method would be primarily applied to measure the kinetics of a Diels Alder
reaction. Following this, three solvents — water, ethanol, and toluene- were chosen and simulated
within AdResS, in which the coarse grained part was treated using the MARTINI force field,
while the fine grained region treated with GROMOS and OPLS force fields. The main advantage
of using the MARTINI force field is related with its high transferability. However, the

combination of MARTINI with classical force fields within AdResS is not a trivial procedure.

The present work describes the main difficulties of performing Adaptive Resolution
simulations, in which the MARTINI force field and classical force fields (OPLS/GROMOS) were

combined.
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1. INTRODUCTION

Molecular Dynamics appeared in the late 1950s with Rahman, as a powerful
computational tool to simulate fluid dynamics. With the evolution of computational resources this
technique expanded to a wide range of applications becoming suitable to calculate dynamical and
thermodynamic properties of large molecular systems. [1-5] In classical Molecular Dynamics, the
smallest unity of the system is the atom, in contrast of quantum mechanics, where nuclei and
electrons are treated explicitly. The time evolution of the system is calculated by numerical
integration of Newton's laws of motion [6]. However this technique presents some limitation,
regarding simulations of large systems, like proteins, with long time scales. Therefore other
methods, like coarse grained and multiscale Molecular Dynamics, were developed to allow longer
simulations for large systems. In this chapter it will be given an overview of the general features

of Molecular Dynamics, as well as of the different methods of molecular modelling.

1.1.CLASSICAL MOLECULAR DYNAMICS

Molecular Dynamics method involves a stepwise integration of Newton's laws of motion in
order to generate the trajectory of the atomic system composed by N interacting atoms. [7-8].
Thus, given a system with N molecules where r; = (x;(t), y; (t), z;(t)) is the position vector of
i" particle, the total force acting on i atom is given by F;

dzl‘i
Fi(ryr ..ry) = 5 my 1)

The total potential energy V; , from which the force is derived, is a function of atomic positions.
Fi(r,ry...ry) = =V, Vi(r, 1y ..ry) 2

Velocities and coordinates on a finite time interval are calculated by discrete
integration of this second order derivative. Forces resulting from atomic interactions are
calculated for each atom of the system, from which new positions and velocities are
obtained .



1.1.1. Integration of equations of motion

Integration of Newton’s equations of motion is made by integration algorithms which
compute all forces of the system, [9] however this is done for finite time intervals, which is an
approximation of the time evolution of the system. Therefore an integration algorithm should be
accurate, giving the best approximation of the true trajectory; stable, conserving the overall energy
of the system; as well as robust, allowing large time steps. There are many algorithms which use
the finite difference method, but they all assume that the positions and dynamics of the system

can be approximated by the Taylor series expansion [10].

1.1.1.1.  Verlet — Stromer integrators

Verlet integrators, from the class of Expansion Based Integrators, are the most used
algorithms in Molecular Dynamics simulations [11-12]. Assuming a smooth X3\ (t) trajectory,

the Taylor expansion for an atomic coordinate is given by:

r(t + At) = r(t) + v(t)At + ’;(—;l)Atz + A3—t!3%'(t) + 0(At?) (3)
r(t — At) = r(t) — v(t)At + ’;(—;l)Atz - A3—t!3%'(t) + 0(At?) (4)

where r is the position vector, and v is the velocity.
Summing these two equations
r(t+A0) +7(t — A0 = 2r(t) +L2ae% + 0(at*) (5)
By neglecting the term 0(At*) we arrive at:
r(t+At) = 2r(t) — r(t — At + L2 A2 (6)

The term 0(At*) is called the Local Truncation Term -LTE — which is the intrinsic error of the
algorithm. It has an order of At#, where At is the time step [2]. When At — 0, for smaller time
steps, LTE converges to zero, as well as the global errorl. When the LTE for a position is
(At?)**1 the global error is (At?)¥, and it is called an k-th order method. Thus, Verlet integration

is a 3 order method [3].

1 Global error is given by the sum of the local truncation error and of the round off error ROE
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Velocity is not needed to calculate a new position, but it is necessary for property

calculations. This can be derived from the trajectory, as follows:
r(t + At) + r(t — At) = 2v(t)At + 0(At3) (7)
Therefore:

r(t+At)+r(t—At)
2At

v(t) = + 0(At?) (8)

The kinetic energy of the system and the instantaneous temperature, are obtained through the

values of velocity [2]. On its turn, the potential energy can be found by the force.

1.1.1.2.  The Leap Frog Algorithm

One alternative to Verlet algorithm is the Leap Frog, and it is a simple algorithm [6]. Here,
velocities are computed at half integer time steps [3]. Thus, considering the Taylor expansion for

small time steps :

At (O)-r(t—-At
v(t-5) =" ©)
And:
v (t n %) _ r(t+AAtz—r(t) (10)

This algorithm uses positions r at time t, and velocities at time t + %. As a result, kinetic and

potential energies are not defined at the same time. [2].

1.1.2. Force calculation

The total force acting on one atom is given by minus the gradient of the potential energy,
equation (2), and one of the most important issues in Molecular Dynamics is how the potential
energy is described. It is based on the following four main assumptions. The first assumption is
the Born Oppenheimer approximation, which states that the electronic velocities are larger than
the nuclei ones allowing a decoupling of both motions. The second principle is that every atom
has typical bond lengths and angles, consequently the valence energy of a molecule is given by
the sum of these terms. The third principle is that the potential energy functions include a set of
parameters that define atomic interactions. The forth assumption is that all atoms are classified
according to their hybridization, and electronic characteristics [13]. It is important to mention that

each force field has its own parameters and atom type definitions.
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The equations and the set of parameters that are used to describe atomic interactions are called as
force field equations. A general example of the force field equations is demonstrated below [6-
13].

Uur) =X Upondea + % Unon bonded (11)

The first term includes the valence energy resulting from the bond stretching, angle bending, and
dihedral torsion while the second term includes the energy arising from long and short non-
bonded interaction, such as Van der Waals and electrostatic [11].

Bond stretching can be described in two ways, either by a Morse function or by harmonic
oscillator. These two forms are valid to represent the stretch of a chemical bond [12]. The Morse
function, equation (12), describes more accurately a wide range of the bond stretching behavior.
Nonetheless it is not frequently used in computation since three specific parameters are required

for each bond.

Epong = De[e™ ¢ lo — 1] (12)

where D, is the depth of the potential energy; and a = w /% where [ is the reduced mass,
where o is the frequency; and [, is the equilibrium bond length [12-14].

The harmonic oscillator, equation (33) describes the bond stretching in a simpler way.

This is why it is widely used in computation.
Epona = 5 ki(l — 1,)? (13)

The equilibrium bond length, [,, is the value of the bond when the system is at the minimum of
energy, while k;is the force constant of the bond. The values for these parameters are obtained

through parameterization [10-15].
Angular bending is also described by a Hooke’s law, equation (14).
Epona = 5ko(8 — 8,)? (14)
where 6,is the equilibrium angle, and kyis the angular force constant.

Torsional terms describe the energetic barriers of bond rotation, which is crucial to
understand molecular properties. As a matter of fact the rotational energetic barrier arises from
antibonding interactions between bonded atoms. Torsional potential is given by, equation (15), a

cosine series expansion, but this form can change between force fields. [9]

Vn
Erorsion = gzO? [1 + cos(nw — V)] (15)
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where V,, rotation barrier height, w tortional angle, and y phase factor.

Molecules interact through space via hon-bonded interactions, such as Van der Waals and
electrostatic interactions, and are modeled as an inverse function of distance [3]. Several
mathematical models are used to describe these interactions, namely the Lennard Jones, figure

1.1, or Buckinham potential.

The Lennard-Jones potential, figure 1.1 , is an unbounded function which is used to
describe the interactions between a pair of uncharged atoms or molecules, and it has the form

given in equation (16).

V() Lodoiis

r
Figure 1.1 Lennard Jones Potential. In shaded blue the repulsive and attractive terms are represented. The red color curve represents
the curve of a Lennard Jones potential. []

The r~12 is the repulsive term, and describes Pauli repulsion at small distances; while the

r~° term represents molecular attraction at long distances. [3-10]

vy =2¢[(8) - (9)] ()

The parameters sigma and epsilon have the following physical meaning: ¢ is the distance
at which the potential is zero, and ¢ is the depth of the potential well Therefore, at a distance r <
o the potential should be repulsive, and the minimum of the potential is a 7;,, = 2/®¢. For values
of r > r,, the potential is attractive, and between rm and . As r — oo the potential is attractive and
decays as r~¢ , which is a correct asymptote for London dispersion forces[7]. On the contrary, as
r — 0 the potential is repulsive, and decays as 2. In fact, this fast decay implies that molecules
cannot approximate at distances for r < 0.90. Therefore the Lennard Jones potential may be
unsuitable to model some materials. However, the repulsive term can be replaced by a functional
form that smooth the decay, a so called soft core potential. However the Lennard Jones potential
is suitable to model most of the interactions in many systems, and it has several advantages when

compared with other types of potentials [3,4].
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The calculation of all these interactions is a time consuming procedure. Accordingly, for
a system of N particles the time needed for evaluation of the forces is N?[2]. Thus, there are
several methods to compute long range interactions in order to reduce the time scale from N?to
N. One way is to truncate the potentials to a cutoff distance, figure 1.2, beyond which interactions

are not taken into account.

Figure 1.2 This figure highlights a cut —off radius. Here is shown that molecules inside the cut radius of a reference molecule
are accounted for the non bonded force calculation, in green, while the others, in blue, are not taken into account.

However this procedure can introduce serious artifacts. There are three types of
truncation: simple, shifted, and switched. In a simple truncation the potential is zero beyond for r
>r, thus the energy is not conserved [15]. The shifted and switched truncations allow a smoother

decay of the potential that gradually goes to zero at the cut off distance [3, 15].

Electrostatic interactions are given by a Coulomb potential.
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1.2. MODELLING SYSTEMS

1.2.1. Coarse Grained Models

Indeed Molecular Dynamics is a powerful method to simulate large systems, however
time scales beyond nanosecond are not feasible due to the high computational time and cost.
Therefore modelling methods, like coarse grained, in which atoms are grouped and represented
by point masses, named as beads [16]. Such reduction in the degrees of freedom, enables larger
time steps, and consequently longer simulations. This is represent in figure 1.3, where is shown a
basic coarse grained representation of B12 vitamin [17].

Coarse Graining

Figure 1.3- Representation of coarse graining a protein. The right side shows a Coarse Grained representation, and at the
left a Fine Grained one. This figure highlights the simplicity of a Coarse Grained model when compared to a Fine Grained
one.

These methods are used when the time scale of the phenomena is inaccessible through
full atomistic representation, as well as when global properties of a system are being studied.
However it is important to remember that with the use of these methods important structural

information can be lost due to the crude representation of the system [18-24].
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1.2.1.1. Coarse Graining by force matching

The Coarse Grained sites interact by potentials, V(R), and the configuration distribution
is given by [24]:

—V(R)

Pr(R) x e[ xgT a7

where R represents the Cartesian coordinates of the Coarse Grained beads. In hierarchical models,
or hybrid models that combine different levels of description in one model (see section 1.2.3), the
coordinates of the Coarse Grained sites are determined by mapping functions, M (r) =
{M; (r), M, (r) ... My (1)}, which result from linear combination of the coordinates of the mapped

Fine Grained atoms, as shown in equation (18):

M;(r) = z Crily

i

(18)

where r represents the Cartesian coordinates of the atomistic molecules. Notice that, a Coarse
Grained model is consistent if the canonical distribution is equal to the probability distribution

the atomistic one:

Pr(R) = pr(R) (19)

where Py is the canonical distribution of the Coarse Grained model, and py, is the distribution for

sampling an atomistic configuration.

The potential for a Coarse Grained model is given by equation (20), and the force derived

from that potential is expressed in equation (21):
VO(R) = —kgTLnPx(R) + const (20)
and
FY(R) = (f;(1)r (21)

where f;(r) is the atomistic force acting on site I. Notice that, the potential is a Mean Force
Potential (PMF), and consequently the force is a Mean Force. However there are other ways to
derive Coarse Grained force fields, and the MARTINI force field [25-26] can be given as an

example.
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Thus, the application of this technique depends on the nature of the problem. There are
several approaches to coarse grain a system, such as the Go like model [27], the Elastic Network
Model [28], as well as the MARTINI model [25-26], among others.

1.1.1.2. The MARTINI model

The MARTINI force field was developed by Marrink et al, in which the main goal was
to develop a force field with a wide range of applications defining as few beads as possible. The
Martini force field was parameterized to fit experimental data, such as partition coefficients [25-
26]. Moreover, the main concern was not to build a force field that is reproduces the structural
details of the atomistic model, but to build a simple, and transferable force field. Therefore the
MARTINI force field has the advantage of being highly transferable, simple, and applicable to a

wide range of biochemical systems.

The MARTINI force field comprises four main interaction sites: Polar, Non Polar,
Apolar, and Charged. The beads are divided into subgroups taking into account polarity, and
hydrogen bonding character. This subdivision attempts to represent more accurately the chemical
nature of a fine grained system. In figure 1.4 it is shown a representation of a lipid within the
MARTINI scheme [25].

Figure 1.4 — MARTINI representation of a lipid. The different colors represent the different bead types in which the different groups
of atoms are mapped.

Here, linear molecules have four to one mapping, which means that four heavy atoms are
grouped into an interaction site. However for rings, a two or three to one mapping is used, in order
to maintain geometrical details. It important to note that rings can be modelled with a S type bead,

for which parameters are different [26].

The bonded potentials are described by typical harmonic potentials:

1
Vhona(R) = Ekbond(R - RBond)2 (22)
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where the equilibrium distance is 0.47 nm, and the force constant is 1250 kJ mol™* nm. In turn

the angular potential is a cosine type potential.

Vangle(e) = %kangle(cos(e) - COS(GO))Z (23)

The angular force constant differs for aliphatic chains, and cis/trans unsatured bonds. The
angular force constant for aliphatic chains of 25 kJ/mol with a corresponding equilibrium angle
of 180°. In turn, the angular force constant for cis and trans unsaturated bonds is 45 kJ mol™, while
the equilibrium angles are for cis 120°, and for trans 180°. The different values allow a better fit

with atomistic models [26].

Non bonded interactions are given by a 12-6 Lennard Jones potential, equation (24),
where sigma represents the closest distance between two beads, while epsilon represents the
interaction strength between beads.

Uy, (r) = 4e;; [("”)12 - (&)6] (24)

T r

The value of sigma is the same for almost all beads, 6=0.47 nm. However there are three
exceptions namely rings where 6=0.43 nm, antifreeze particles, and for the interaction between
charged and apolar beads in which 6=0.62 nm. In the same way, the epsilon value corresponds to
0.75 times the corresponding normal bead, which in practical terms means a weaker interaction.
The modification of such parameters for ringlike particles enables a closer packing and avoids

freezing, allowing a better reproduction of experimental densities and partition coefficients.

The interactions between beads are divided in 10 levels, in which level O is the strongest
interaction while level IX is weakest interaction level. [26] Therefore, the interaction level O is
used to model strong polar interactions, level 11 to 111 models volatile liquids, like ethanol, and
level IV is used to model nonpolar interactions. In turn, level V to VIII describes hydrophobic

repulsion between polar and nonpolar beads.

In the current work four different particles to map the solvents were used, namely a P4

type bead for water, a P2 bead for ethanol, and a SC3 and SC4 bead for toluene.

A P4 type bead corresponds to a more polar type bead, for which the level of interaction
with another particle of the same type is I. Notice that, such level is used to model polar
interactions and corresponds to one of the strongest interactions for which the interaction energy
is 5.0 kJ/mol. In turn, the interaction of a P2 type bead with another of the same type has an

interaction level of 11 that is a weaker interaction for which the energy is 4.5 kJ/mol.
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The non bonded interactions in MARTINI force field are modelled by a shifted cutoff
that smoothens the potential decay, for which the cutoff distance is 1.2 nm. However, the Lennard

Jones Potential is shifted at 0.9 nm, while the electrostatic potential is shifted at 0.0 nm. [29]

Coarse graining has proven to be a powerful Molecular Dynamics technique to model
large systems, especially when the phenomena that is being studied is not accessible via fine
grained simulations. However, the loss of important structural details when using such models is
a limiting factor. Multiscaling Molecular Dynamics is a technique that can be used to overcome
such limitations, allowing to gather the accuracy of fine grained simulations with the speed of
Coarse Grained ones.

1.2. HYBRID MOLECULAR DYNAMICS METHODS

Many biochemical processes occur in time lengths beyond the nanoscale scale, thus are
not accessible through full atomistic simulations. On the other hand, the application of coarse
grained methods to study these problems may not be appropriate due to the loss of important
structural information. Multiscaling or Hybrid CG/FG methods combine in the same simulation
both scales. Therefore, by using such techniques it becomes possible, for example, to simulate the
part of interest atomistically, while the surroundings are coarse grained [30-31]. One of the main
advantages of these approaches is a longer time simulation comparing to pure fine grained
methods. This is so, because of the reduction in the degrees of freedom resulting from the coarse

graining of the system.

In the current work Adaptive Resolution Scheme (AdResS) [32] method was used to
simulate different solvents. It is relevant to note, that the Coarse Grained part is treated with the
MARTINI GC model [25], while for the atomistic OPLS-AA[33], in the cases of ethanol and

toluene.

1.2.3. The Adaptive Resolution Scheme — AdResS

The Adaptive Resolution Scheme allows the on-the-fly change in the degrees of freedom
[34]. Therefore molecules change their resolution from fine grained to Coarse Grained, and vice-
versa, according to the region of space they are in. Therefore the space is divided in three different
regions: the coarse grained region, where molecules are represented by virtual sites; the
transition/hybrid region, where molecules are hybrid which means that they are neither CG nor
FG; and the fine grained region, in which molecules are represented fully atomistically [35]. This
is explained in the figure 1.5, where the different regions that compose the AdResS method are
illustrated.
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Figure 1.5 Illustration of a simulation box within Adapative Resolution Scheme. The Coarse Grained part is shown by beads in
opaque representation, while in the atomistic region it was used a full representation of the atoms. The increase in the atomistic
identity is shown by beads that gradually become more transparent.

In so doing the simulation box is divided in three different regions, where, in the center,
is the higher resolution region (the atomistic layer), and in the external part, is the coarse grained
region (low resolution layer). Between these two regions there lays a transition zone, also known
as hybrid region [36-38]. Here molecules become gradually and smoothly coarse grained or
atomistic, depending on the direction of the diffusion. In this manner if a molecule is coming from
the coarse grained region towards the atomistic there is an increase in the atomistic identity, while,
on the contrary, when molecules diffuse to the coarse grained region, there is a decrease in the

atomistic identity.

The main idea behind AdResS is that molecules can interchange from a coarse grained
region to an atomistic region by changing their degrees of freedom on the fly. Thus a molecule,
that changes from an atomistic region to a coarse grained region, gradually decreases the
rotational a vibrational degrees of freedom, until a final stage where only translational DOFs are
left. This means that particles change gradually the level of resolution when diffusing between
the different regions of space. Such change in resolution is a remarkable difference when
compared to other methods of multiscaling [37]. In fact, AdResS allows a smooth transition while
other types of methods do not, once the system is strictly divided into layers. Such type of
partitioning becomes very useful when applied to study of polymers in solution, as well as to
model chemical reactions. This is so, not only, because of the gain in computational time, but also

due to combination of regions with different accuracies.

There are two different geometries that can be applied within this methodology, a
spherical geometry, as shown in figure 1.6(a), and an axial geometry, as shown in figure 1.6(b)
[38].
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Figure 1.6 Schematic representation of the different geometries used in AdResS Molecular Dynamics simulations. (a) Shows
a spherical geomtery. (b) Shows a slab geometry.

The distance to the explicit region is given by :

|(Ra —Re) -8 axial splitting
x = (25)
|Ra - Rct| spherical splitting
where ﬁct is the center of the atomistic layer, and ﬁa is the mapping point molecule o and é is

the unit in the splitting direction [38].

At this moment some questions appear namely: how this smooth transition is achieved,
and how the overall system is affected? This transition is achieved by a weighting function which

confers a different atomic identity to molecules according their position in space [39].

As stated, the system is composed by three different regions. In the coarse grained region
molecules are represent through the center of mass with only translational degrees of freedom. In
the fine grained region molecules are explicit, and all degrees of freedom are taken into account
[32]. The hybrid region is more complex, since molecules gradually change DOFs. This smooth
transition is achieved by a weighting function w, which confers to a molecule a different atomistic
character. This function takes its values in the interval [0,1], where O corresponds to a molecule
which is in the coarse grained region; and 1 is the weight of a fine grained molecule. In turn,
molecules in the hybrid region have weights in ]0,1[, since they are neither atomistic nor coarse
grained. Therefore the weighting function is defined as follows [40]:
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( 0 r > dat + dhy
w(r) = { cos? (ﬁ (r — dat)> (dge + dpy > T > dgg (26)
y
1 idgs > 1

where r is the distance between the centers of mass of the molecules, and d;, dj,, are the widths

of the atomistic and hybrid layers[39].

Although other types of weighting functions could be used, the choice of cos? function
was made by taking into account the fact that such function should be monotonic, continuous,

differentiable, and with zero slope in the Coarse Grained and atomistic frontiers, figure 1.7 [42].

) FG Hy CG
1
2
0
r (nm)

Figure 1.7 weighting function used in AdResS. As shown, this function returns O r values beyond dg; + dp,,,, and returns 1 for r
values above d,. For values of r between d, + dp,,, > T > d, the function smoothly increases, which allows the smooth increase
in molecular DOFs.

As a result of the changing in resolution a molecule moving from the coarse grained
region to the fine grained region (only has translational DOFs) increases degrees of freedom to a
fine grained molecule with 3N-3 DOFs . The weighting function represents the basis of all this
method, and the force between molecular pairs is calculated taking into account the weighing
function. These physical principles were implemented in simulation packages, such as EsPreSSo,
GROMACS, and Package Magic. The Espresso package was pioneer, in contrast to GROMACS
in which AdResS method was recently implemented [43]. Even following the same physical
principles, these simulation packages differ in some features, and consequently enable different

applications.

The force resulting from the interactions between molecules is affected by the weighting
function. This is so, because the resulting force arising from hybrid, Coarse Grained, and Fine

Grained interactions are different[40].
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The total intermolecular force acting between different pairs of molecules o and B is
given by:

FIotal = [1— w(Xo) w(Xp)|FSE + w(Xo) w(Xp) Tiep X jea FA (27)

where w is the weighting function, FAA is the sum of all atomistic interactions, FS5 5 is the effective

potential between two centers of mass o and . Thus, explicit molecules (w =1) will interact via
atomistic potential, and coarse grained molecules (w =0) will interact by effective pair potential.
Coarse grained and fine grained molecules will interact through the centers of mass, and the total

intermolecular force is distributed to the explicit atoms of the Fine Grained molecule [39].

As stated before, the number of DOFs increases while a molecule transits from CG to AA
region, in which a molecule orients in space as result of intermolecular potentials. When a
molecule is entering in the Hybrid region from the Coarse Grained side, overlaps between atoms
may occur, as a result of the random orientation of hybrid molecules. Therefore in order to avoid
such artifacts the potential is capped, and the force resulting from these interactions cannot
diverge [32]. Note that, such force capping is only present at the Coarse Grained Hybrid boundary.
The force truncation is not the only possible implementation for restricting a potential at a certain
value. In fact, the implementation of soft core potentials that, similarly, restrict the force at a
certain value is also possible. The main difference between force capping and soft core potentials

is that for SCP the potential truncation is made in function of the atomic distance.

Another particular feature of this method is that there is no Hamiltonian to define the
overall energy of the system, and the system is not conservative. Moreover the total force of
system is given by equation (27), and cannot be derived from a potential function [31]. This force
interpolation causes artifacts in the system, such as density fluctuations along the simulation box.
In practical terms this means that, the density profile is not homogenous throughout the
simulation, as a consequence of a mismatch in chemical potentials of the different regions. On
the contrary, molecules will have a tendency to accumulate in certain regions of space, where the
chemical potentials is lower, resulting in an unrealistic density profile [49]. Therefore, in order to
overcome this artifact it is necessary to derive interaction potentials for hybrid molecules that
match the radial distribution function and the pressure if the atomistic region, (lterative
Boltzmann Inversion), or to apply a density correction by the use of a correction potential, which

eliminates such dissimilarities, and in some cases both methods are needed.

It is relevant to note that the definition of temperature in such method is not
straightforward, due to the change in the degrees of freedom on the fly. Notice that, the increase
or decrease in the DOFs is made by adding or removing latent heat. Therefore, the definition of

temperature in the transition region requires a special approach [41].
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The temperature in the atomistic or coarse grained region can be defined by application
of the equipartition theorem. Notice that in these regions the number of degrees of freedom is

well defined. However in the transition region the number of degrees of freedom is variable [42].

A molecule passing from the coarse grained region to the atomistic region needs latent
heat to reactivate rotational and vibrational degrees of freedom. In turn, a molecule that is
transiting from the atomistic region to the Coarse Grained loses degrees of freedom, and
consequently heat. In AdResS it is necessary to rearrange the equipartition theorem to a fractional
DOFs [18], in order to calculate the temperature in transition region. [42] Hence, the kinetic

energy of molecules in the hybrid region is given by:

(K)q = 222 (28)

where (K),total average of the Kinetic energy, and a Level of resolution. The equipartition
theorem generalizes to equation (28), where the kinetic energy is associated with a fractional
number of degrees of freedom by a parameter a. This equation shows how latent heat can be
provided or taken when a molecule is in the transition region. Notice that it is necessary to use
thermostats locally coupling the particle motion, such as Dissipative Particle Dynamics
Thermostats [43].

Another feature that needs a special approach is the resulting density of liquid simulations
with these methods. In fact, the density inhomogenities need to be corrected in order to enable the

application of these technique to the measurement of biochemical properties of a system [41].

The resulting density of a liquid simulation using AdResS is typically inhomogenous.
Such an artifact is related with the fact that the effective potential arising from hybrid interactions
is not the same as the Coarse Grained or the atomistic one. Moreover, the different pressures
between both FG and CG region results in a drift force that causes migration of molecules to a
region where the pressure is lower, and consequently in an excessive density in one of the regions.
In order to reduce density inhomogenities an external potential is applied [42]. This reduces the
pressure differences between Coarse and Fine Grained regions, which decreases molecular
fluctuations along the simulation box. Such methodology called Thermoforce Correction is
implemented in the VOTCA package, and it is an iterative procedure in which the external
potential is corrected at each step [43]. The density variations are dissipated by the application of
work that compensates the force drift responsible for molecular migration. The force used to

compensate this artifact is given by:

Fon(x) = 22 Vp(x) (29)
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where p(x)is the local pressure of the target density, M, is the mass of a molecule a, and Fyis
the force acting on molecule a, and p, is the target density [50]. This force is applied in the
transition region, and consequently the force acting on the centers of mass of the hybrid molecules
is changed by Fy;. The actual force acting on the COM is given by:

Fy = Zﬁ Faﬁ + Fth(xa) (30)

where x, s the center of mass, Fgp is the resulting force between two molecules. This approach
enables the combination of Coarse Grained and Atomistic system by equilibrating and reducing
unphysical density profiles [50]. The pressure profile cannot be obtained directly, hence has to be
taken from the equilibrium density, and an approximation to estimate the local pressure needs to

be done. Given the overall constant density p, an estimation of the local pressure is taken by:
1
p(x,p()) = pa + == (po = p()) (31)

where ki is the isothermal compressibility, p(x) is the density without the application of an
external force. Combining equations (29) and (30) it is possible to reach to a thermodynamic force
that corrects the system density until a constant profile is achieved [50]. The force is given by
equation (32), and it is an iterative procedure throughout which the density is iteratively refined
until convergence to a target density:

Mg

Fi+1 — Fi _
tn () = Fep(6) =27

Vp'(x) (32)

1
p3kr

where is called prefactor and represents the variation of the chemical potential, as shown in

equation below:

dp " pikr

), @

The thermodynamic force corrects the density profile by reducing the differences between
pressures in the different regions disabling the excessive molecular migrations and, consequently,
enabling a flat density profile [50]. It is important to note that, for AdResS method the
compressibility in both regions should be approximately the same, because it allows a faster and

easier convergence of density.
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1.4. THE SYSTEMS UNDER STUDY

1.4.1. The bundled water model

The Bundled Water model (BW), created by Fuhrmans et al. [], and enables the
simultaneous representation of water at a Coarse Grained and all atom level. Such description is
required for multiscaling Molecular Dynamics simulations, such as AdResS. Here, four water
molecules are connected by a so called restraining potential, figure 1.8, that restricts the

movement of these molecules and confers a tetrahedral shape to the cluster.

Figure 1.8 Representation of a Bundled Water, the bonds between the Oxygen atoms represent the restraining potential
that preserves the water molecules clustered.

Such clustering avoids the diffusion of water molecules too far from each other, and
consequently reduces problems regarding the mapping. More precisely, within when molecules
that are mapped in the same CG bead diffuse too far from each other it does not make sense to
remapped them in the same bead. Thus such clustering avoids this problem.

One important characteristic of this model is that it can be used to combine the Simple
Point Charge water model with the MARTINI Coarse Grained model. However this combination
is not restricted to MARTINI force field, and can be combined with other Coarse Grained models

that use a four to one mapping [25].

The restraining potential, that cluster 4 water molecules, is semiharmonic, and only the

attractive part is considered, as shown in equation (34):

1 2
Ekdr(rij - 03) , rij > 0.3 nm

(34)
0 , 1 < 0.3 nm

where r;; is the distance between oxygen atoms, kg, is the force constant, and 0.3 nm is the
distance from which the potential starts to be attractive. In order to reproduce the experimental
density the force constant, as well as the repulsive C12 parameter of the Lennard-Jones potential
had to be adjusted. Therefore, two bundled water models were derived. The differences between

both models are the C12 term of the Lennard Jones potential, and the bundling force constants.
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However, both models reproduce the density of SPC water. Within the several applications of
such models namely, in biomolecular systems, as well as the use in AdResS Molecular Dynamics
simulations. In the present work, model 1 from Fuhrmans et al. was used within AdResS. The
Bundled Water model was mapped in a MARTINI bead type P4, the same which is used to
represent MARTINI water.

The bundled water molecules will diffuse throughout the simulation box with different
levels of resolution. Hence, a full atomistic molecule will decrease in DOFs when moving towards
the Coarse Grained Region, and vice versa. This is highlighted in figure 1.9, where it is
demonstrated the increase or decrease of atomistic identity when a molecules are diffusing from
different regions. Once in the atomistic region the four water molecules will diffuse together as

result of the bundling potential.

CG Hy AA

Figure 1.9 lllustration of the diffusion of a Bundled Water Cluster throughout the different regions of space within AdResS.
As a cluster moves toward the coarse grained region the atomic identity decreases and the molecule is represented by a center
of mass.

AdResS Molecular Dynamics simulations of the Bundled Water modell were made using
GROMACS, for the spherical setup was chosen. The widths of explicit and hybrid regions were
1.0 nm. The results of this model within Adaptive Resolution Scheme simulations are shown in

section 3.1.

1.4.2. Ethanol

Ethanol was chosen as a solvent due to the easier mapping compared to the bundled water.
Contrary to the bundled water model, where the mapping is four to one, ethanol molecules is
mapped in one to one, which, in principle, simplifies the simulations within AdResS. To describe
the fine grained molecules OPLS-AA force field was used, because it is a popular choice. In turn,
the Coarse Graining was made using MARTINI force field. Here, ethanol molecules are mapped

into P2 type MARTINI beads, which interact with an interaction level 1.
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1.4.3. Toluene

The selection of toluene as a solvent was made one the basis of its challenging mapping.
Here, the scenario is more complex due to the fact that toluene cannot be mapped onto one bead.
Moreover the fact that in toluene molecule groups are not equivalent requires that the atoms need
to be mapped in several different beads. Notice that, the representation of toluene in a single bead
would give rise to a bead with a size significantly different when compared to a fine grained
molecule. Moreover, in this case the geometrical details of ringlike molecules are lost resulting
in a very crude representation of the Coarse Grained part. With this in mind, the toluene molecule

was mapped using three beads, as represented in figure 1.10.

Figure 1.10 Scheme of the mapping used for the Toluene molecule. The different colors for the beads represent the different
bead types that were used to map the toluene molecule.

The Coarse Grained representation of Toluene is made by using SC3 and SC4 MARTINI
type beads. As stated above S type beads were introduced in MARTINI with the purpose of
modelling ringlike structures more realistically [25]. Here the interaction strength between beads
is lowered 25% regarding the original value, as well as sigma that 0.04 nm smaller than for other
bead types. As seen in figure 1.10, the SC3 bead includes the methyl group, and maps four heavy
atoms. In turn, the other carbons are mapped into SC4 MARTINI type beads. The virtual sites are
kept together by constraints, of 0.27 nm. This representation enables a better description of

toluene geometry.

As fine grained toluene molecules diffuse towards the Coarse Grained region the
atomistic details will be lost, and the molecule will be mapped into the three beads mentioned

above.

All solvents were simulated using AdResS implementation in GROMACS package,
within a spherical setup in which the size of the hybrid and explicit regions was 1.0 nm. The
multibead mapping is allowed in the GROMACS package, since the bonded interactions are
always present in the simulation box. This feature of GROMACS is unique, and advantageous

for such type of mapping. The computation of bonded interactions in the Coarse Grained region
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allows the multibead mapping, because the centers of mass are kept together as a consequence of
these interactions. In the case of the original implementation, in which bonded interactions are
not calculated in the Coarse Grained region, such mapping is not possible. This is so, because the

destruction of bonds in this region makes beads to move further apart from each other.
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2. METHODOLOGY

2.1. BUNDLED WATER MODEL

2.1.1. Fine Grained simulations

Molecular Dynamics simulations of 4000 bundled water molecules were carried out in a
cubic box with initial dimensions of approximately 5.0 x 5.0 x 5.0 nm, at constant pressure of 1
bar and temperature of 300K. The system was equilibrated during 1 ns. For thermostatting a
Berendsen thermostat with a time constant of 7= 0.2 ps "t was used. In turn, a Berendsen barostat
with a time constant of 7= 0.2 ps * was used. The interaction parameters were taken from
Fuhrmans et al. The van der Waals interactions were treated with a shifted cut off of 1.4 nm, as
well as the electrostatic interactions. After equilibration the final volume and density of the system
were determined. This volume was applied to a constant volume simulation, which was carried

out during 1 ns using the same parameters described above.

2.1.2. Coarse Grained simulations

Coarse Grained Molecular Dynamics simulation of 1000 P4 type MARTINI beads were
made during 1 ns at constant volume of 125 nm3, corresponding to the atomistic equilibrium
volume, and at a temperature of 300 K. The note that the value derived from the NPT fine grained
simulation. As a thermostat a Berendsen with a time constant of 7= 0.2 ps * was used. The
interaction parameters were taken from the MARTINI force field. The electrostatic interactions
are treated using a shifted a cut off of 1.2 nm. In turn, a shifted cut off of 1.2 hm was used for van

der Walls interactions.

2.1.3. Adaptive Resolution Simulations

AdResS simulation of 4000 bundled water molecules were carried out, in a spherical step
up, at a constant volume of 125 nm?®, corresponding to the atomistic equilibrium volume,
temperature of 300 K, and during 1ns. The radius of both explicit and hybrid layers was 1.0 nm.
Here, the fine grained region was represented with GROMOS 53a6, while the for the Coarse
Grained region MARTINI FF was used.
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2.2. ETHANOL

2.2.1. Fine Grained simulations

All atom simulations of 1000 ethanol molecules were carried out a in a cubic box with
initial dimensions of approximately 4.7x4.7x4.7 nm, at a constant pressure of 1 bar, and
temperature of 300 K. Both Berendsen thermostat and barostat were used with a corresponding
time constant of 7= 0.5 ps . The interaction parameters were taken from the OPLS force field, in
which van der Waals and electrostatic interactions are treated with a shifted cut off of 1.2 nm.
The equilibrium density and volume was taken from this simulation, and posteriorly employed in
a NVT simulation. Constant volume simulation was done at 300 K, and using the same parameters

for the non bonded interactions.

2.2.2. Coarse Grained simulations

Coarse Grained simulations of 1000 P2 type MARTINI beads were carried out during 20
ns at constant pressure in a cubic box with initial dimensions of 4.6x4.6 x 4.6 nm, and temperature
of 300K. The equilibrium volume, and density was analyzed and compared with the all atom
simulation. Posteriorly constant volume simulations at 300 K and during 20 ns were done at the

fine grained equilibrium volume.

2.2.3. Parameterization of the P2 type MARTINI beads

A parameterization of values of sigma and epsilon of the P2 type MARTINI beads was
made in order to find the best combination that yields liquid ethanol at the pressure of 1 bar at the
fine grained volume. Therefore a set Molecular Dynamics simulations were carried out during 20
ns for values of sigma and epsilon within a range of [0.31-0.45] nm, and [2.0-6.0] kJ/mol,

respectively. The best combination was posteriorly applied to AdResS simulations.

2.2.4. AdResS simulations

Constant pressure AdResS simulations of 1000 ethanol molecules were carried in a cubic
box with initial dimensions of 4.6x4.6x4.6 nm out at 300 K, in which the radius of both explicit
and coarse grained region was 1.0 nm. In order to evaluate the influence of the width of the hybrid
layer in the resulting density profile, a set of simulations was made using the following values for

the radius of the hybrid region 0.5 nm, 0.7 nm, 1.0 nm.
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The attempts to correct the density resulting from AdResS simulation was made using
VOTCA package. Here a set of Molecular Dynamics simulations in which an external force is
applied to correct the density mismatch was performed. At first the correction was applied to a
box radius from 0.8 to 2.2 nm. However, in an attempt to correct the density mismatch in the

atomistic region the correcting force was extended to a range of 0.5 t0 2.2 nm.

2.3. TOLUENE

2.3.1. Fine Grained simulations

Molecular Dynamics simulations of 1000 toluene molecules in a cubic box of dimensions
5.6x5.6x5.6 nm were made during 2 ns at constant pressure of 1 bar, and temperature of 300 K.
For thermostatting as for barostatting a Berendsen thermostat and barostat were chosen. The
interaction parameters were taken from [46], in which van der Waals and electrostatic interactions
were treated with a shifted cut off of 1.2 nm. The equilibrium density and volume were analyzed,
and posteriorly the equilibrium volume was implemented to fine grained and coarse grained
constant volume simulations. The constant volume simulations of 1000 toluene molecules were
carried out during 2ns at a temperature of 300 K, in which the same interaction parameters were

used.

2.3.2. Coarse Grained simulations

Coarse Grained Molecular Dynamics simulations of 3000 SC4/SC3 MARTINI type
beads were made during 2 ns at a constant volume of nm?, and temperature of 300 K. The
parameters were taken from the MARTINI force field, in which van der Walls and electrostatic
interactions were treated with a shifted cut off of 1.2 nm. The final pressure was evaluated and

compared with the one obtained from the fine grained simulation.

2.3.3.  AdResS simulations

AdResS simulations of 1000 all atom toluene molecules were made at constant volume,
and at 300 K. The radius for both explicit and hybrid layers was of 1.0 nm. In attempt to correct
the resulting density a set of Molecular Dynamics simulations, in which an external correcting
potential is applied, were made. The correction of the density mismatch was applied from 0.75 to
2.2 nm.
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3. RESULTS

3.1. THE BUNDLED WATER MODEL

Fine grained (FG) MD simulations of 4000 Bundled Water (BW) [REF] molecules using
Gromos 53a6 were carried out during 1ns, at 300 K, and at constant pressure of 1 Bar. In turn,
Coarse grained (CG) MD simulations of 1000 P4 type MARTINI beads [REF] were made during
10 ns at constant pressure of 1 Bar, and at a temperature of 300 K. The density values from both
FG and CG simulations were 951.33 +0.04 kg/m?, and 981.69+0.07 kg/m?, respectively. The fact
that density differs 3% enables the combination of these two models in adaptive resolution
simulations (AdResS?).

The radial distribution function of COM-COM? of both simulations is shown in figure

3.1, where orange represents the atomistic rdf and green the coarse grained.
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Figure 3.1-- Radial distribution functions of Atomistic (AA), in red, and Coarse Grained (CG), in blue, simulations.

In the atomistic rdf two broad peaks are visible at 0.6 nm and 0.9 nm, respectively, that
level off to g(r) = 1 for a distance beyond 1.2 nm. In turn, the CG rdf has four peaks, and the most
prominent appear at 0.5 nm and 0.9 nm. When comparing both rdfs there are notable differences,
not only in the number of peaks, but also in the shapes. Such that in the fine grained rdf peaks are
broader, when compared to the coarse grained. Thus, the large number of peaks in the CG rdf
indicates a more organized structure. Notice that, radial distribution functions of liquids, usually,

comprises two main peaks at short distances, that go to g(r) =1 as the distance increases. This is

2 AdResS — Adaptive Resolution Scheme
3 COM —Center Of Mass
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s0, because in first solvation shell particles tend to be more organized, which gives rise to peaks
at short distances. Nevertheless, as the distance increases molecular organization decreases, and
so molecules have random distributions in relation to the reference particles, and consequently
g(r) goes to unity. However, the type of potentials used to describe non bonded interactions, such
as Lennard Jones, can introduce higher order in a system since particles cannot reach distances
less than 0.9c, and as result the system becomes over structured. This is the case in MARTINI,
where beads interact by (modified) Lennard Jones potentials, and consequently are more
structured when compared to the COM of fine grained models. Such is shown by the differences

between AA and CG rdfs, and is the underlying reason of such dissimilarities.

Constant volume atomistic simulations of 4000 BW molecules were made during 1 ns at
300 K, using Gromos53a6 FF. Coarse grained simulations of 2000 P4 type MARTINI beads were
made during 1 ns at constant volume of 125 nm?®, and temperature of 300K. The atomistic
equilibrium volume was chosen for all simulations, because the final density is closer to the
experimental value, which is important for solvation effects. Note that, it is possible to perform
the same simulations at the coarse grained equilibrium volume. However, for cases in which the
CG equilibrium volume is differs substantially from the fine grained one, would give raise in a

liquid with low density.

Both COM- COM* radial distribution function are shown in figure 3.2, and is similar to
the NPT rdf. Thus, is possible to conclude that the system is well equilibrated and suitable for

AdResS simulation at this volume.
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Figure 3.2 Bundled water center of mass rdf of fine grained (FG), orange curve, and coarse grained (CG), green curve, simulations
at constant volume.

4 COM - Center Of Mass
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Adaptive Resolution simulations of 4000 bundled water molecules were made using
GROMACS v4.6.0, in a spherical setup [45], at 300 K and 1 bar. The size of the explicit and
hybrid regions was 1.0 nm. The simulation crashed at approximatly 10 ps due to atomic intrabead
collisions when molecules were close to the frontier of the atomistic region. In fact, Oxygen atoms
from the same bead (intrabead) started to overlap. This artifact is exemplified in figure 3.3, where
it is possible to see that the initial distances between oxygen atoms is 2.92 A, and decreases to
1.01 A right before the collision.

() (b)

Figure 3.3- Example of such Intrabead collisions in AdResS simulation with the bundled water model(a) Highlights the bond
length ,in A, at the beginning of the simulation, and (b) shows the bond length , in A, before the collision.

In the oxygen- oxygen radial distribution function, figure 3.4, it is possible to see the presence of
a peak at r =0.0 nm, with a corresponding g(r) of almost 2.5. This is consistent with the atomic
collisions once the oxygen oxygen interatomic distance is 0.0 nm.
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AdResS Simulation
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Figure 3.4 Radial distribution function of oxygen oxygen of AdResS simulations. The inset highlights the short interatomic
distances between oxygen atoms. This figure shows the short distances between oxygen atoms, and reinforces the problems
that lead to crashes of such simulations.
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Note that, molecular overlapping can occur during AdResS simulations, however it
should happen near the frontiers of the hybrid-Coarse Grained region. Nevertheless, when
molecules are moving towards the fine grained region the atomic identity increases and molecules
orient in space avoiding each other, as result of repulsive potentials. Thus, the artifacts described

above were completely unexpected.

Above all, the short oxygen distances, figure 3.4, are due to collisions inside of the beads,
and are an indication of system instability. However this could be related with many factors, such

as the time step, or the non bonded repulsive terms.

In order to avoid this artifact the first measure was to decrease the time step from 2fs to
1fs, which proved to be ineffective because the same problem was identified. Such interatomic
distances suggested that the repulsive potentials were not being correctly taken into account. In
order to add non bonded interactions between specific pairs of atoms, a pairs section was added
in the topology. This option enables the definition of non bonded interaction between specific
pairs of molecules, and it was used to infer if there was a problem regarding non bonded repulsive
interactions. With this, a new setback occurred. This time, collisions between molecules were not
intrabead but interbead, as shown in figure 3.5. In fact, when molecules were passing from the
hybrid to the atomistic region water molecules from different beads started to collide.

Figure 3.5 Oxygen collisions AdResS simulation. (a) Shows the initial distance between oxygen atoms of different beads. (b)
Shows the distance that near the moment of simulation crash.

This confirmed the previous suspicion that intrabead non bonded interactions were not being
taken into account, since with the use of non bonded interactions between specific pairs of atoms
intrabead collisions did not occur. However, this did not explain the interbead collisions. Notice
that within AdResS molecular overlaps occur when molecules are passing from the Coarse
Grained to the hybrid region. However, when hybrid molecules move towards the fine grained
region they gradually increase in atomic identity, and avoid each other as consequence of

repulsive interactions. This means that molecular overlaps should not occur in proximity of the
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atomistic region, because molecules are almost fine grained and repulsive interactions would

prevent such artifacts.

Such problems could be related either with the weighting function which was not
correctly taken into account; or with an incorrect implementation of the non bonded interactions
within the AdResS. Therefore, in order to discard the possibility of a source code error, this
artifact was communicated to the package developers, which released a new version of the code
— GROMACS v4.6.1.

AdResS Molecular Dynamics simulations of bundled water model were made using
GROMACS -v.4.6.1. Although the previous issues were not observed verified during the
simulation, another phenomena occurred. As shown in figure 3.6, there is a very high density of
molecules in the atomistic region, caused by an excessive molecular migration. This is also

highlighted by a substantial lack of molecules in the left corner of the simulation box.

FaY

Figure 3.6 -AdResS simulation box after simulation with GROMACS version 4.6.1. In center of the simulation box it is possible so
see an excess of water molecules in the center of the simulation box, which is accompanied by a substantial lack of water molecules in
the left corner.
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The radial distribution function of oxygen-oxygen, figure 3.7, also corroborates this fact. Here is

visible a very sharp peak at 0.001 nm corresponding to a g(r) of approximately 40.
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Figure 3.7 O-O radial distribution function of BW within AdResS, in which the short Oxygen Oxygen interatomic distances can
be seen for distances comprised between 0.0 to 0.5 nm.

The overall structure of the radial distribution function is not characteristic of any state
of matter. On the contrary, it appears to be chaotic without any representative patterns of a liquid
structure. Such close contacts between oxygen atoms were seen before, however this time the
simulation runs until the end, while before it crashed when oxygens were overlapping. These
results confirm a problem with the non bonded interactions within AdResS, since the interatomic

distance suggests that repulsive potentials are not being taken into account.

In order to evaluate the non bonded interactions for hybrid molecules, bundled water
simulations were carried out with a constant weight, w, throughout the box. The chosen weights
values were in a range of 0.25 to 0.95. The Ox-Ox radial distribution functions, figure 3.8, are
characterized by the presence of sharp peaks with a very high intensity for distances within [0.0-

0.2] nm. Also, the overall rdfs do not show a structure representative of a liquid.
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Figure 3.8 Radial distribution functions of Oxygen — Oxygen of AdRes simulations at constant weight of 0.25, orange,

0.50 blue, 0.75, green, and 0.95, purple. The inset highlights the proximity of oxygen atoms for the different weights.

The results show, again, an overlap of oxygen atoms for different weights (w). The short
interatomic distances of oxygen atoms for w between [0.25-0.50] is something that could be
expected. For such values the atomistic character is not very high and overlaps could occur. On
the contrary, for w in a range of [0.75-0.95] such distances were not expected. Notice that, within
such range molecules are more atomistic, and consequently should avoid each other as a result of
repulsive interactions. This result confirms that non bonded interactions are not correctly taken
into account within AdResS, and consequently water molecules are able to pack very close to

each other.

No further AdResS simulations were attempted with bundled water. Instead, the code was
analyzed in order to perceive whether such problems arose due to implementation errors. This
caused changes in the original AdResS implementation. More precisely, soft core potentials were
used as an alternative to the force capping. Such change solved the problem of the interbead and
intrabead atomic collisions. The reason for this due to the fact that since with the of soft core
potentials the force truncation is function of the atomic distance, which enables to maintain a
better charge equilibrium between the SPC water molecules. This is so, because with the original

force capping the force was truncated at certain value, and was equal for all atoms.

Here, the soft core potentials were computed as a function of the weighting function, and
consequently fade out as w tends to one. Such implementation proved to be advantageous since
after several tests simulations ran normally, and the previously mentioned problems were not

encountered.

In order to continue with the present work, ethanol was chosen as a solvent. First, because

it influences relevantly the reaction rate of the reaction in study. Second, due the mapping since

39



the ethanol molecule is mapped 1:1, which is in principle simpler when compared to the Bundled

water model.
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3.2.ETHANOL

All atom simulations of 1000 ethanol molecules using the OPLS-AA FF [33] were carried
out during 2 ns at constant pressure of 1 bar, and at 300 K. Coarse grained simulations of 1000
Martini P2 type beads were made during 20 ns at a constant pressure of 1 bar, and temperature of
300 K. The final volumes were 99.03 +0.02 nm?, and 123.88 + 0.04 nm?, respectively, and have
a difference of approximately 25%. Such difference is related with the MARTNI mapping, in
which beads map to four heavy atoms. This means that, the 4:1 mapping will give rise to an
ethanol bead for which the volume has a considerable difference when compared to the fine
grained one. Thus, the overall volume occupied by these beads will differ significantly when
compared to the full atomistic result. Notice that the chosen volume for AdResS simulations is

the fine grained one, hence these differences in volume can complicate such type of simulations.

The COM-COM radial distribution function of all atom simulation is shown in figure 3.9.
The atomistic rdf has two main peaks at 0.4 nm, and 0.9 nm, that go to g(r) = 1 beyond 1.2 nm.
However, in the CG rdf four peaks are visible, figure 3.10, at 0.6 nm, 0.9 nm, 1.25 nm. Such
results were seen in CG bundled water simulation, and is a consequence of the potentials used to
describe the interactions between beads.
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Figure 3.9-Radial distribution function COM -COM of the all atom simulation.
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The first neighbor peak of the CG simulation starts at larger radius than the all atom,
figure 3.10, and the same is found for the second neighbor peak, which is slightly shifted to the
right in the CG simulations. This also occurred in BW simulations, and was previously reported
for hexadecane [30]. However, such differences are due to the fact that the repulsive potential

decays too steeply, and consequently does not model faithfully the repulsion between beads.

3.5

0 0?5 l 115 2 2.5
Figure 3.10 Radial distribution function of CG simulation at constant pressure of 1 Bar.

Both atomistic and coarse grained systems were equilibrated during 2ns and 20 ns,
respectively, at a constant volume of 99.033 nm? and at a temperature of 300 K. The choice of
taking the atomistic equilibrium volume as reference is related with the final application of this
method. Note that, if the Coarse Grained volume was taken as reference this would yield a liquid
in which the density is lower, because CG volumes are usually bigger than FG. A low density
liquid is not appropriated for the QM/MM/CG simulation, since the QM part would not be
correctly solvated. The final pressure was 1 bar, and 4000 bar, respectively. The radial distribution
function of both simulations is shown in figure 3.11, where blue line corresponds to the atomistic,

and red to the fine grained simulation.
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Figure 3.11- Radial distribution function COM -COM of the all atom simulation in red, and coarse grained simulation
in blue. Both simulations were performed at constant volume.

When comparing the radial distribution function of both simulations a difference is
clearly visible. The all atom rdf shows two main peaks, at 0.4 nm, and 0.9 nm. However in the
CG rdf there several periodic peaks are visible, from which the most prominent are at 0.5 nm, and
0.9 nm. Such rfds are characteristic of solids, in which molecules are more structured, and
consequently gives rise to periodic peaks at defined distances. The coarse grained rdf as well as
the pressure suggests that ethanol is in the solid state at the OPLS volume. Such was confirmed
by the trajectory analysis, figure n © 3.12, which shows an ordered array of molecules throughout

the simulation box.

Figure 3.12 Coarse grained simulation of Ethanol at the OPLS volume.
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This result was not completely unexpected. In fact the considerable difference in volume
obtained from NPT simulations indicated that ethanol could freeze at the OPLS volume. Such can
be related with 4:1 mapping in the sense that ethanol has three heavy atoms, hence beads are
larger when compared to all atom molecules, and has consequence occupy a bigger volume. This
means that at the OPLS volume beads are too constrained, which consequently lead to the freezing.
Notice that this need not be true for all combinations of CG and FG models, and in fact CG
MARTINI water NPT simulation shows a close volume to the atomistic BW water. This can be
explained by the mapping, since BW model contains four heavy atoms that are mapped in one
bead, which consequently diminishes the volume mismatch between the CG bead and the
atomistic molecule. So in order to overcome this issue, a reparameterization of the P2 type
MARTINI beads was performed. The main goal of this step was to find a combination of sigma
and epsilon in which ethanol is liquid, with the pressure of approximately 1 bar, at the OPLS
volume. Therefore, several constant volume simulations were made for values of sigma and
epsilon within a range of [0.31-0.45] nm, and [2.0-6.0] kJ/mol, respectively. Pressure and
potential energy, and density were evaluated within these ranges. The variation of the pressure
and energy with sigma is shown in figure 3.13. Here it can be seen that pressure does not change
linearly with sigma, where the most pronounced variations are found within the interval of [0.40-
0.45] nm. This steep variation is related with the fact that for this interval beads are in the repulsive
regime, and therefore a small variation of sigma corresponds to a large variation of pressure. In
turn, for values of sigma and epsilon comprised between [0.30-0.38] nm and [2.4-3.2] kJ/mol,
variations are not so pronounced, and are close to 1 bar. On the contrary potential energy remains
approximately constant within this sigma interval. Notice that, the main goal is to find a value of
sigma and epsilon for which ethanol is liquid with a density and pressure close to the full atomistic
one. Thus, from figure 3.13, the range of sigma and epsilon in which pressure reaches a pressure

close to 1 Bar is [0.32-0.38] nm. Therefore this shows to be the most promising range.
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Figure 3.14 Results of the parametrization of Martini P2 type beads . (a) Shows the variation of the pressure with sigma. (b) Shows the
variation of the potential energy with sigma.

The results of pressure variation with epsilon are shown in figure n © 3.14 (a), where it is

possible to see that pressure changes steeply within a epsilon range of [4.0-5.0] kJ/mol , and with

a corresponding range of sigma [0.41-0.45] nm. In turn, pressure remains approximately constant

for the remaining epsilon values with an associated sigma within a range [0.31-0.39] nm. These

results are consistent with the previous ones, in the sense that the steepest variation is between

values of sigma of [0.41-0.45] nm. The values of epsilon for which pressure is close to 1 bar can

be found in the interval of [3.0-5.0] kJ/mol, with a corresponding sigma of [0.31-0.39] nm.

Concerning potential energy the best values, this means the values that are close to the initial

value can be found between a epsilon range of [5.0-6.0] kJ/mol , with an associated sigma between

45



[0.31-0.45] nm. Thus it is possible to conclude that the best sigma/epsilon combination can be
found within an interval of [0.31-0.39] nm, and [2.0-5.0] kJ/mol, respectively. Therefore another
sigma epsilon scan was made in this interval, from which the best combination was 6=0.376 nm
g= 2.39 kd/mol. The corresponding pressure was nearly 1 bar. The radial distribution function is
shown in figure 3.15. Here a main peak is seen at 0.5 nm with a g(r) of nearly 2.5, which
corresponds to the first neighbor peaks. In turn, a minor and broader peak is found at 0.8 nm,
approximately, with a g(r) of almost 1.2. This rdf is consistent with a liquid since two main peaks
can be found at short distances, as a consequence of the higher order at such radius. Also after for
a longer radius g(r) tends to the unity that is associated to the loss of molecular organization at
long distances. However this radial distribution function has a particular characteristic, since only
two peaks can be found, unlike the previous CG rdfs. This can be related with the bead size, in
the sense that smaller beads can reach closer distances and long order is lost, which justifies the
absence of peaks at long distances. Another important feature is that this rdf is consistent, not
only, with the atomistic rdf but also with the literature rdf [33].
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Figure 3.15- Radial distribution function of the coarse grained simulation for ¢=0.376 nm &= 2.39 kJ/mol.

Thus, this sigma and epsilon combination was chosen for AdResS simulations, from which results

are shown in figure 3.16.

AdResS simulation of 1000 ethanol molecules was carried out during 2ns, at constant
volume and 300K.

46



25

20 F

15 F

glr)

1.0 F

05

0.0

0.0 0.5 1.0 1.5 2.0 25
rinm)

Figure 3.16 Radial distribution function of COM-COM of AdRes simulation for CG sigma and epsilon of 6=0.376
nm &= 2.39 kJ/mol.

The radial distribution function comprises two main peaks at 0.3 nm, and 0.75 nm, and
for a distance beyond 0.9 nm g(r) tends to the unity. This result is in accordance with the full

atomistic one, since the first neighbor peak is at 0.4 nm for both cases, as well as the second peak.
Moreover it is also characteristic of a liquid.

It is important to note that the atomistic region is within a range of 1.0 nm, and the hybrid
region is comprised within [1.0-2.0] nm, and the coarse grained region is [2.0-2.32] nm. In the
radial density profile, where the density is plot along the box radius from the box center, is shown
in figure 3.17. Itis clear that density varies considerably along the simulation box.
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Figure 3.17 Density profile form an AdResS simulation for sigma and epsilon 6=0.376 nm &= 2.39 kJ/mol.
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As a matter of fact, for distances in a range of [0.4-1.0] nm, as well as for [2.0-2.2] nm,
the density reaches almost 500 amu/nm?. In turn, the density decreases from 500 amu/nm? to 250
amu/nm? in the interval of [1.1-1.5] nm, and increases to 470 amu/nm? in the interval [1.5-1.8].
The density gap in the hybrid region was expected, and it is due to the fact that the chemical
potential corresponding to hybrid interactions does not match either the atomistic or the Coarse
Grained. This chemical potential mismatch causes an excessive migration of molecules from one
region to another, and consequently an accumulation of molecules in one region. Notice that there
are methods, like Iterative Boltzmann Inversion, that can reduce such fluctuations, but not
eliminate them [35]. However, such procedures can be difficult to converge, and moreover the
derived potential is only valid for that particular system at a given state point. A common
procedure to suppress these artifacts is to apply an interface correction, which consists in the use
of a thermodynamic force that will make molecules migrate from a region of space in which the
density is high, to another area where the density is low. However such procedures can also
present difficulties in convergence, especially when the density fluctuations are very high. Such
is the case presented here. Notice that, in this case density fluctuates nearly 50%, hence to make
this profile flat many steps would be required, which consequently increases significantly
computational time. Therefore this sigma and epsilon combination was considered unsuitable,
and another scan was performed, this time within a range of ¢ =[0.40-0.45] nm and £=[4.4-4.6]
kJ/mol, respectively. Notice that within these ranges the potential energy does not differ so much
from the original value, which is an advantage in the sense that thermodynamic properties, such
has enthalpy of vaporization, are not so compromised. This scan was refined several times until
a sigma/epsilon combination of 6=0.444652 nm and €=4.5 kJ/mol in which ethanol was liquid,
and at nearly one bar was found. The radial distribution function, shown in figure 3.18 in blue,
comprises three pronounced peaks at a distance of 0.5 nm, 0.9 nm, and 1.2 nm. Such, rdf is
consistent with the atomistic one, since the first and second neighbor peak appear to be at the

same distances.
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Figure 3.18 Radial distribution function for sigma and epsilon 0.444652 nm, 4.5 kJ/mol.

Also, the shape of the peaks coincide. The presence of peaks at larger radius is due to the Lennard
Jones potential, as explained before.

AdResS simulation of 1000 ethanol molecules was carried out during 2ns, at constant
volume and 300K. The associated density profile is shown in figure 3.19, where it is possible to
see that the mismatch is not as pronounced as before. Notice that, the atomistic region is
comprised within [0.0-1.0] nm, while the hybrid region is between values of [1.0-2.0] nm.
Through an analysis of the density profile it is possible to see that there is an excess between [0.6-
1.2[ nm, while for a range of ]1.2-1.6] nm there is a gap. This means that there is an accumulation
of molecules in the atomistic region, and on the contrary there is a gap in the hybrid region.
Nevertheless, the overall density fluctuation is of approximately 20%, and in principle is easier
to correct when compared to the previous one. Therefore, this sigma and epsilon combination
seems to be more suitable for AdResS simulations when compared to the prior, once the density

fluctuations are smaller.
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Figure 3.19 Density profile AdResS ethanol for sigma CG sigma epsilon combination of 0.444652 nm, 4.5 kJ/mol.

AdResS simulations using different sizes (0.50 nm and 0.70 nm) for the hybrid layer were

made at constant pressure, and at 300 K. The major goal of this step was to study the influence of

the transition region on density fluctuations. The radial density profiles are shown in figure 3.20,

where the color represents the hybrid layer for 0.5 nm, and the blue color the represents the hybrid

layer for 0.7 nm.
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Figure 3.20 Density profiles of AdResS simulations for different hybrid layer sizes.

When comparing both density profiles it is possible to infer that for a hybrid layer width

of 0.7 nm the density is more flat in the Coarse Grained region. On the contrary for a hybrid layer

size of 0.5 nm density variations are more pronounced. Notice that, the density variations are due

to differences in chemical potentials between different regions, as well as to the fact that hybrid

50



interactions are different when compared to the Coarse Grained and atomistic. Consequently this
is affected by the size of the hybrid region.

The density correction was made using VOTCA package. Results show, figure 3.21, that
the density correction was not successful due to the fact that after 400 iterations it was not possible
to obtain a flat density profile.

Figure 3.21 Density profiles of ethanol resulting from the thermoforce correction. (a) Shows the density profile for the first 30
iteration steps, (b) for the steps between 100-200, (c) for steps 200-300, and (d) for steps between 300 and 400.

It is important to highlight that density fluctuations are more pronounced within an
interval of 0.5 to 0.75 nm, which consequently corresponds to the atomistic region. Another
important factor is the divergence between the density profiles obtained from the several iterations,
which is seen by the pronounced fluctuations in density between the several interaction steps.
This complications in converging the density to a flat profile are due to the pronounced mismatch
in the atomistic region, which consequently are caused by difference between the chemical

potentials of the Coarse Grained and Atomistic regions. Note that, this work is different those
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described from the literature, in the sense that here a combination between MARTINI force field
and classical forces fields in being attempted. A common procedure to derived CG potentials for
AdResS simulations is the IBI. This results in more flat profiles, since the difference between the
CG potential and the AA potential is not so pronounced, and as a consequence molecular
migrations are reduced. However, such method presents several disadvantages, namely, the CG
potentials are only valid for a given system at a given state point, as well as the convergence for
deriving such potentials can be difficult. It is relevant to note that in the present work a
simplification of the overall methodology for AdResS simulations was tried. Here, the main
purpose was to combine a force field that is transferable, and valid for various systems —
MARTINI FF- with a classical force field avoiding difficult procedures, such as the IBI, and
saving computational time. This has proven to be a non trivial process, and many complications
need to be solved.
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3.3. TOLUENE

Toluene has a more complex mapping when compared to the previous cases. Here, the

molecule is mapped in 3 beads in order to give a better approximation to the atomistic geometry.

All atom NPT simulations (OPLS —AA) of 1000 toluene molecules during 1 ns at 1 bar and
absolute temperature of 300 K were made using Gromacs v 4.6.1. The final volume and density
were 243.09+0.03 nm?, and 837.738+0.004 kg/m?. The COM-COM radial distribution function,
figure 3.22, comprises two main peaks at 0.5 nm and 1.0 nm, and for distances beyond 1.25 nm
g(r) tends to the unity. The peaks corresponding to the first and second neighbors seem to be in

agreement with the literature.

2.0 |

1.8 - —

1.6 - —

14 .

1.2 —

a(r)

10} | i
0.8 |- -
0.6 |- i
0.4} -

0.2 - —

0.0 | | | | |
0.0 0.5 1.0 1.5 2.0 25 3.0

r(nm)
Figure 3.22 COM-COM radial distribution function of constant pressure simulations of toluene.

This system was equilibrated at constant volume, 243.09+0.03 nm?, and at temperature of 300K.
The COM-COM rdf is shown in figure 3.23, and appears to be consistent with the previous one.
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Figure 3.23 Radial distribution function of Center of Mass of Constant Volume simulation.

Coarse Grained simulations of 1000 SC and C type MARTINI beads were made at a
constant volume of 243.094+0.03 nm?, and at a temperature of 300K. Notice that toluene was

mapped in three different beads, figure 3.24.

H_H_H =SC3orC4
=SC4
H H
-
/
H H

Figure 3.24 Toluene mapping. The light orange represents a bead that maps 4 heavy atoms, and blue represents a bead that
maps 3 heavy atoms.

The SC3 or C4 type bead represents the 4 carbons, while the other two SC4 beads maps
three carbons. Notice that, toluene is not a symmetric molecule, and therefore it was necessary to
use this type of mapping in order to include the methyl group. The radial distribution function is
shown in figure 3.24, where is possible to see that the first neighbor peaks appears at 0.7 nm,
approximately, while the second neighbor peak appears at nearly 1.2 nm. An important remark
about this rdf is that the second neighbor peak has a different shape when compared to the fine
grained. This is due to the type of potential used to describe interaction between beads, which
consequently confer to the liquid a different structure. Another important fact is the different

pressure obtained for the C4 and SC3 bead types. In fact, the final pressure when using SC4-SC3
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beads was considerably lower, than when using SC4-C4 beads. Such is related with the
interactions between the beads. Notice that S type MARTINI beads have a lower value of sigma

(0.43 nm), as well as a lower value of epsilon, namely 75% of the original value (2.625 kJ/mol).
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Figure 3.25 Radial distribution function of toluene CG simulation using martini type beads SC3_SC4.

AdResS simulations using SC3_SC4 Martini type beads, and OPLS Toluene, were
performed at constant volume 243.094+0.03 nm®. The radial distribution function is shown in
figure 3.25, where is visible the presence of two peaks at 0.6 nm, and 1.1 nm. Such rdf is consistent
with the atomistic, since both neighbor peaks are the same distances. The overall analysis of this
rdf is consistent with a liquid sate, which means that this solvent is appropriated for AdResS

simulations.

The radial distribution function of AdResS simulation is shown in figure 3.26, and shows

to be consistent with the fine grained one.
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Figure 3.26 COM — COM radial distribution function of AdResS simulation.

The resulting density from AdResS simulations was corrected using the VOTCA package.
The results shown in figure 3.27, highlight the same problem described previously for ethanol.
In fact, the density mismatch is more pronounced in the atomistic region, range between [0.0-1.0]
nm, than for the rest of the simulation box. Moreover, figure 3.27 shows a clear divergence

between the density profiles obtained from the iterations, contrarily to what was expected.
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Figure 3.27 Density profiles of ethanol resulting from the thermoforce correction

These results are consistent with the previous ones, and show one the biggest difficulties
of this method.
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4. FINAL REMARKS AND CONCLUSIONS

The main goal of this work was to create a method with three different levels of resolution
related to the following regions: a coarse grained region, a fine grained region, and a quantum
mechanics region. This, would be done by using a special approach, taking into account the fact
that the QM part would be combined with Adaptive Resolution Molecular Dynamics. Moreover,
within AdResS a new strategy was applied, unlike conventional AdResS simulation, in which CG
potentials are derived from the atomistic potentials. Herein, an attempt to combine the MARTINI
force field with classical force fields was made. Such combination would be advantageous once
it allows a simplification of common procedures that can be difficult, time consuming, and
computational demanding. However, the problems encountered during this attempt have shown

that the development of such method with such requirements was not trivial.

The AdResS Bundled water simulations were not successful due to implementation errors
encountered in GROMACS. Notwithstanding, such problems were solved by the use of soft core
potentials allowing to maintain a correct equilibrium between the atomic forces of the clustered
water molecules. However, other problems regarding the convergence of the density resulting
from AdResS simulations were found. This shows to be the one of the most problematic issues,
once many unsuccessful steps have been taken in order to solve this issue. In the case of ethanol,
it was necessary to reparameterize the P2 type MARTINI beads in order to perform AdResS
simulations. As it was described in the results section, the difference between the fine grained and
the coarse grained volumes was 25%. Therefore, MARTINI ethanol froze when simulated at the
atomistic equilibrium volume. From the reparametrization of the P2 type MARTINI beads an
optimal combination of sigma and epsilon of 444652 nm, 4.5 kJ/mol was found. For such values
AdResS simulations of ethanol were made and the above mentioned problem was solved.
However, the density profile resulting from this simulation had pronounced variations especially
in the atomistic region. Such, density fluctuations were expected, due to mismatch between
Coarse Grained — Atomistic potentials. Still, the pronounced density excess seen in the atomistic
region resulted in a difficult convergence of the correcting potential. More precisely, the density
correction in the atomistic region was unsuccessful. During this procedure it was noticed that it
is easier to reduce density fluctuation for regions beyond the fine grained region. Moreover, in
several steps of the density correction a nearly flat density profile for both hybrid and coarse
grained regions was achieved. However, the density fluctuations in the atomistic region were not
corrected. This disabled the application of this solvent to QM/MD/CG method, since such density
inhomegenities would cause an incorrect solvation of the QM region. Hence, the solvent effect in

the kinetics of Diels Alder reaction could not be correctly evaluated.
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As stated, toluene was one of the most challenging solvent due to the multibead mapping.
However, no problems were encountered during AdResS simulations. In turn, the convergence of
the resulting density was shown to be a rather complicated process. Similarly to the case of
ethanol, the density variations were more pronounced in the atomistic region, and the attempts to
converge the density failed. This also disable to proceed with the application to this solvent to the
QM/AA/CG method, by the same reason mentioned above.

The problems encountered during this work are not a synonym of a global failure, but give
an overview of the main limitations of AdResS methods. Moreover, by encountering solutions
for such limitations it will be possible to achieve a new type of simulation method with a wide
range of applications. In fact, this new methodology can be useful to model chemical reactions,

proteins in solutions, as well as polymers in solution.

58



5. Bibliography
[1] Balbuena P, Seminario J, Molecular Dynamics: From Classical to Quantum Methods,led,
Elsevier ,1999
[2] Rapaport D.C, The Art of Molecular Dynamics Simulation, 2" Ed, CAMBRIDGE, 2004

[3] Frenkel , Smit ; Understanding Molecular Simulation : From Algorithms to Applications ; 2™
Ed, Elsevier , 2004

[4] Leach A, Molecular Modelling : Principles and Applications, 2™ Ed

[5] Ramachandran, Deepa, Gopakumar, Namboori, Krishnan ; Computational Chemistry and

Molecular Modeling : Principles and Applications;
[6] Hinchliffe A; Molecular Modelling for Beginners; 1Ed, whiley, 2008
[7] Holtje,Sippl, Molecular Modeling,1ED, CRC Press, 2010

[8] Bekker. H; Molecular Dynamics Simulations Methods Revised; PhD thesis; Royal University
of Groningen, 1996

[9] Bulacu. M; Molecular Dynamics Studies of Entagled Polymer Chains; PhD thesis; Royal
University of Groningen, 2008

[10] Sutmann G, Classical Molecular Dynamics, Quantum Simulations of Complex Many-Body
Systems: From Theory to Algorithms, page 211 NIC series, Volume 10, 2002.

[11]Fernandes F, Cinquentendrio da Simulacdo Computacional em Mecénica Estatistica

;Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade de Lisboa,

[12] Namba*, Silva, C. H. Silva; Dindmica molecular: teoria e aplicagdes em planejamento de
farmaco; Ecl. Quim., Sdo Paulo, 33(4): 13-24, 2008

[13] Young D; Computational Chemistry: A Practical Guide for Applying Techniques to Real
World Problems; Wiley, 2001

[14] Allen; Introduction to Molecular Dynamics Simulation; Computational Soft Matter: From
Synthetic Polymers to Proteins; Vol. 23,p 1-28,2004

[15] W.F van Gunsteren and HJC. Berendsen, Computer simulation of molecular dynamics :
Methodology, applications and perspectives in chemistry, Angen.(‘hem.Int.Ed.Engl.29 (1990)
992-1023

59



[16] Tozzini, V.; Coarse-grained models for proteins; Current Opinion in Structural Biology
2005, 15:144-150

[17] Tirion MM: Large amplitude elastic motions in proteins from a single-parameter, atomic
analysis. Phys Rev Lett 1996, 77:1905-1908.

[18] Murtola, T.,Bunker, A.; Vattulainen,l.; Deserno, M.; Karttunen, M;, Physical Chemistry
Chemical Physics 11, 1869 (2009).

[19] Plathe, M.; ChemPhysChem 3, 754 (2002).

[20] Riniker, S.; Allison, J. R.; van Gunsteren, W. F. On developing coarse-grained models for
biomolecular simulation: a review. Phys. Chem. Chem. Phys 2012, 14, 12423-12430

[21] Buehler, J.; Cranford, S.; Coarse-Graining Parameterization and Multiscale Simulation of

Hierarchical Systems. Part I: Theory and Model Formulation; Multiscale Modeling; Chapter 2;

[22] Brini, E.; Algaer, E.A.; Ganguly, P.; Li, C.; Rodriguez-Ropero, F.; van der Vegt, N.F.A.
Systematic coarse-graining methods for soft matter simulations — a review. Soft Matter, 2013,
Vol. 9, 2108-2119.

[23] Chen, Y.; Zimmerman, J.; Krivtsov, A.; McDowell, D.L. Assessments of atomistic coarse-
graining methods. International Journal of Engineering Science, Vol. 49 (2011), 1337-1349.
[24] Ellis, C.R.; Rudzinski, J.F.; Noid, W.G. Generalized Yvon-Born-Green Model of Toluene.
Macromolecular Theory and Simulations, 2011, Vol. 20, 478-495.

[25] S.J. Marrink , A.H de Vries, and A. E. Mark; Coarse Grained Model for semiquantitative
lipid simulations, J.Phys.Chem, B,vol 180, 750,2004

[26] Marrink, S. J.; ; Risselada, H. J.; Ye_mov, S.; Tieleman, D. P.; de Vries, A. H. The MARTINI
Force Field: Coarse Grained Model for Biomolecular Simulations. J. Phys. Chem. B 2007, 111,
7812-7824.

[27] Ueeda Y, Taketomi H, Go N: Studies on protein folding, unfolding and fluctuations by
computer simulation. A three-dimensional lattice model of lysozyme. Biopolymers 1978,
17:1531-1548.

[28] Atilgan AR, Durell SR, Jernigan RL, Demirel MC, Keskin O, Bahar I: Anisotropy of
fluctuations dynamics of proteins with an elastic network model. Biophys J 2001, 80:505-515.

[29] Baron, Comparison of Thermodynamic Properties of Coarse-Grained and Atomic-Level
Simulation Models, ChemPhysChem 2007, 8, 452 — 461

[30] Markvoort,A.; Towards Hybrid Molecular Simulations; IPA dissertation series 2006-09;
Universiteit Eindhoven, Eindhoven

60



[31] Herbert, F.; Introduction to coarse-grained models and multiscale methods;
[32] Junghans, C; Praprotnik ,M; Site, L; “Adaptive Resolution Schemes”; Multiscale Simulation
Methods in Molecular Sciences; .42 ; 359; 2009

[33] Jorgensen, W.L.; Optimized Intermolecular Potential Functions for Liquid Alcohols. Journal
of Physical Chemistry, 1986, Vol. 90, 1276-1284.

[34] Praprotnik M; Site, L : Kremer K; “ Adaptive resolution molecular -dynamics simulation:
Changing the Degrees of freedom on the fly: J.Chem.Phys; 123;224106-; 2005

[35] Praprotnik M; Site, L : Kremer K; ““ Multiscale Simulation of Soft Matter : From Scale
Bridging to Adaptive Resolution” ; Annu. Rev. Phys.Chem; 59;554;2008

[36] M. Praprotnik, L. Delle Site, and K. Kremer,Adaptive Resolution Scheme (AdResS) for
Efficient Hybrid Atomistic/Mesoscale Molecular Dynamics Simulations of Dense Liquids, Phys.
Rev. E 73, 066701, 2006 .

[37] L. Delle Site,The Adaptive Resolution Simulation method (AdResS):Basic principles and
mathematical challenges, 2008 Reports of the Mathematisches Forschungsinsti-tut
Oberwolfach21, 27, 2008

[38] GROMACS Manual

[39] M. Praprotnik, L. Delle Site, and K. Kremer, A macromolecule in a solvent: Adaptive
resolution molecular dynamics simulation , J. Chem. Phys. 126, 134902, 2007

[40] Praprotnik M, Matysiak S, Delle Site, K. Kremer and Clementi C, Adaptive resolution
simulation of liquid water , J. Phys. Cond. Matt. 19 , 292201, 2007.

[41] Wang H, Schutte C, Luigi Delle Site; Adaptive Resolution Simulation (AdResS): A Smooth
Thermodynamic and Structural Transition from Atomistic to Coarse Grained Resolution and Vice
Versa in a Grand Canonical Fashion; J.Chem.Theory Comput., 8, 2878—2887; 2012

[42] Junghans, C.; Poblete, S. A reference implementation of the adaptive resolution scheme in
ESPResSo. Comput. Phys. Commun. 2010, 181, 1449-1459.

[43] Fritsch, S.; Poblete, S.; Junghans, C.; Ciccoti, G.; Site, L. D.; Kremer, K. Adaptive resolution
molecular dynamics simulation through coupling to an internal particle reservoir. Phys. Rev. Lett.
2012, 108, 170602 -5.

[44] Takenaka, N.; Kitamura, Y.; Koyano, Y.; Nagaoka, M. The number-adaptive multiscale
QM/MM molecular dynamics simulation: Application to liquid water. Chemical Physics
Letters vol. 524 February 6, 2012. p. 56-61.

61



[45] Praprotnik, M.; Poblet, S.; Kremer, K. Statistical Physics Problems in Adaptive Resolution
Computer Simulations of Complex Fields. Journal of Statistical Physics, Vol. 145, Ne 4 (2011),
946-966.

[46] Fritsch, S.; Junghans, C.; Kremer, K. Structure Formation of Toluene around
C60:Implementation of the Adaptive Resolution Scheme (AdResS) into GROMACS. J. Chem.
Theory. Comput. 2012, 8, 398-403

[47] M.Furhmans, B.PSanders, S.J Marrink, and A.H de Vries, “Effects of bundling on the
properties of the SPC water model”, Theor.Chem.Acc

[48] Reith, D.; Putz, M.; Muller-Plathe, F. Deriving effective mesoscale potentials from atomistic
simulations. J. Comput. Chem. 2003, 24, 1624-1636.

62



