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SHORT NOTES

Particle Dynamics Simulation at Atomic Scale: Molecular Dynamics

Lukas D. Schuler, xirrus GmbH, Switzerland, lukas.schuler@xirrus.ch

In this introduction we recognize Molecular Dynamics (MD) simulation as an established method. To bridge

the gap between the atomic world of substances and their measurable physical properties in the visible
world, MD has been developed since 50 years [1, 2]. The main challenges of MD simulations are to calculate
— through the means of statistical mechanics — thermodynamic properties of (or within) liquids [3] and give

us insight and explanation of the dynamics. We provide some examples for explanation.

Introduction

In nowadays’ practice, we are able to use Molecular
Dynamics (MD) simulation to

o cxamine the dynamics of individual atoms, sim-
ple molecules, or larger structures in interaction,

e perform structural refinement of experimentally
measured data,

e investigate changes in structure, e.g. protein fold-
ing.

Most often, we apply MD to molecules in solution.
Some experimental data has been measured, but this
did not explain all the details. MD provides then
insight into the invisible, i.e. not measurable situa-
tions and processes.

1 Molecular model

A molecular model is based on the choice of
* atomic particles,
e interactions between particles,

e propagation dynamics,

boundary conditions.

1.1  Atomic Particles

The elementary particles defined in classical Molecu-
lar Dynamics are atoms. An MD atom corresponds to
a chemical element of the periodic table, consisting of
its mass, a partial charge (if any), its current position
and its velocity in 3D-space.

1.2  Interactions between particles

Non-bonded terms

Figure 1 shows that atoms interact strongly repulsive
if they overlap. At intermediate separation, the inter-
action is attractive, and at larger separation, atoms

lose contact and cannot notice each other. The pa-
rameter o can be thought of as the size of an atom,
and & as the fluffiness of the electron cloud. These
parameters are not determined a priori by some
physical facts and have to be derived and optimized
specifically for the simulation model.

For charged particles, an electrostatic potential is
added to the potential energy function. They sum up
to the non-bonded potential ¥ as a function of the
distance 7; between particle / and j, the respective
parameters for 0, and &; and their individual partial
charges ¢, and ¢; (eq. 1). g, is the electric field con-
stant.
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Electrostatic Potential

Lennard-Jones Potential (Figure 1)

Bonded terms

If atoms are connected by chemical bonds, the non-
bonded interaction is replaced by bonded interactions.
Dynamics of chemical bonds (vibrations), however,
are usually not of interest. So bonded atoms are con-
strained at a fixed bond length.
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Figure 1. Example of a potential energy function for
oxygen atoms of water molecules [4].
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In analogy to the chemical bonds, additional interac-
tions are introduced, that keep molecules in geometri-
cal shape, e.g. for bond angles or torsions. These
potentials are chosen to fulfill basic chemical charac-
teristics, and convenient numerical properties instead
of creating perfect physical representations of mo-
lecular situations.

The underlying parameter set determines how well
experimental properties are reproduced.

1.3  Propagation dynamics

To advance the system for simulation, its particles are
propagated in discrete time steps. For each time step
in the range of femtoseconds (10™°s) we apply the
integration scheme:

e From the interaction functions, we derive the
forces acting on individual particles according to
their current positions.

e The forces provide us with the changes in veloci-
ties according to Newton’s equation of motion.

e We derive new positions of the particles from
their velocities.

This scheme is looped over the total simulation pe-
riod.

1.4  Boundary conditions

During the simulation some global constraints are
enforced. These are called boundary conditions.

Thermodynamic constraints. To obtain correct ther-
modynamic properties of the system, the propagation
scheme must obey some restrictions: it shall be en-
ergy-conservative and time-reversible.

Spatial constraints. MD systems are confined in a
small volume (of nanometer scale). Simulation in
vacuum shows finite size effects — think of surface
tension in a droplet, an effect we usually do not want
to investigate.

To eliminate surface effects at all, we apply periodic
boundary conditions. For example, a cubic box is
virtually replicated in every dimension, so that the
total system size is virtually infinite and boundary-
less. For this to work properly, the box shall be large
enough to separate any particle from its own effects
in another replication.

Experimental restraints. Experimental methods
such as X-Ray crystallography or nuclear magnetic
resonance (NMR) are a means of obtaining structural

data such as interatomic distances. Often, these data

are not sufficient to derive full molecular structures.
However, such data can be introduced into simulation
as non-physical forces that drive simulated molecules
to obey the experimental data.

Virtual restraints. We may also introduce any
virtual potential that drives our molecule into a posi-
tion or conformation we like to investigate. Virtual
restraints can be subtracted after the simulation with-
out affecting the results. This is a main advantage
over experiment.

1.5  Time saving approximations

The expense to represent a system in simulation in-
creases with the number of particles in it. Although
increasing, computational power is the limiting factor
for system size and simulated time. To make MD
simulation more computationally efficient, we em-
ploy some tricks without negatively affecting the
results, e.g.

Cut-off. The potential energy function is calculated
below a certain distance only (i.e. 1.4 nm in Figure 1)
without loosing much accuracy. This saves the need
to calculate many interactions of negligible energy
contribution.

Longer time steps advance the system further at the
same computational expense. Still, the parts of inter-
est moving fastest must be sampled smoothly.

United atoms are ball-shaped parts of molecules like
hydrocarbons, e.g. CH; and CH, that are modeled as
one atom instead of several [5]. This reduces the
number of particles in the system.

2 Determination and validation of
parameters

2.1 Parametrisation

Parameters like £, o and ¢ in (1) need to be deter-
mined to yield simulation results in agreement with
experiment. To do so, we used many linear, cyclic
and branched hydrocarbon molecules to yield ex-
perimental densities. Think again of ¢ as the size of a
particle. If we grow the particles confined in a box at
constant volume, the pressure will rise. By adjusting
the o parameter of equation (1) for the correspond-
ing united atoms [5], we are able to set the correct
experimental density.

2.2 Validation

The obtained parameters were validated against the
heat of vaporization, the energy necessary to evapo-
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eq. (2)), and the free en-
ergy of hydration, the free energy it takes to solve the
substance in water (F4, eq. (3)). Let me explain how
we can calculate these macroscopic properties by
microscopic simulation.

rate the pure liquid (H

vap ?

Heat of vaporization

Hvap = V(g) _V(l) +RT #)

In equation 2, the average total potential molecular
energy of the liquid phase ¥}, is subtracted from the
average total potential molecular energy in the gas
phase V. ¥V, basically lacks the intermolecular
contacts, whose energy is extracted by the subtrac-
tion. RT, where R is the gas constant and 7 is the
temperature, accounts for the volume expansion at
evaporation according to the ideal gas equation.

We simulated a box of liquid molecules and calcu-
lated their potential energy. After that we expanded
the coordinates of every individual molecule into a
box of 100 times the size to avoid intermolecular
contacts. We obtained the potential energy for the gas.

Free energy of hydration

1
Fyy= [dA(OE/ ), 3)

Let us say a molecule that interacts with surrounding
water is in state A (4 =1). When its interactions with
the water molecules are switched off, it is in state B
(A =0). The thermodynamic coupling parameter A is
used to change state A into state B in small steps.
Individual MD simulations are carried out at a num-
ber of different 4 values and the average of the de-
rivative of the total energy E with respect to A is
calculated. The free energy of hydration is then ob-
tained by numerically integrating from 4 =0 to 1.

Units in Heat of Free energy of
[kJ/mol] vaporization hydration
exp sim exp sim
Pentane 26.4 26.2 9.8 10.2
PN
Cyclopentane 28.5 27.7 5.0 5.1
Isopentane 24.9 25.0 10.0 11.4
/\/

Table 1. Example results for hydrocarbon chains of 5
connected united-atoms. Taken from [5].

Table 1 shows that obtained results are in excellent
agreement with experiment (within the accuracy
reachable by MD simulation) and promising for the
use of this parameter set for mixed hydrocarbons, and
in water solution.

Experimentalists have collected data of similar
branched molecules. The two molecules in Figure 2
differ by one united atom (CHj). In simulation, the
molecule to the left crystallizes, whereas the one to
the right stays liquid at room temperature. This find-
ing is again in agreement with experiment.

So far, we looked at uncharged atoms.

2.3  Polar molecules

Most biological or chemical molecules are built of
additional atoms like oxygen, nitrogen, sulfur or
phosphor. They carry partial charges what makes
these molecules polar. E.g. oxygen atoms (O) are
modeled with partial negative charge, such as in ace-
tic acid (Figure 3).

Note that hydrogens that carry partial charges are
treated explicitly and excluded from united atoms.

3 Lipid aggregate simulation

We performed the parametrisation in [5] with regard
to lipid simulations. Lipids consist of a polar head
group and a non-polar tail. The head group contains
partial charges similar to Figure 3 and is attractive to
water molecules, that do have partial charges as well.
The tail consists of long hydrocarbon chains, similar
to pentane in Table 1, and is uncharged. Fatty acids
and soap are some examples of lipids.

When dissolved in water, lipids tend to aggregate, as

the non-polar tails do not like being exposed to water.
In experiment, lipid aggregation depends on the con-
centration of lipids and salt in aqueous solution, and
on their size. In solution, nearly spherical aggregates
of lipids are known as micelles. We simulated several
lipid aggregates [7] under different conditions.

One micelle consisted of 90 lipids with a tail length
of 12 carbons. Another one consisted of 64 of the

Figure 2. The molecules to the left are solid, the ones to the
right liquid at room temperature.
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Figure 3. Acetic acid. The partial charges sum up to the
total charge of the molecule, which is neutral (zero) here.

The charge numbers shown are taken from glutamic acid in
[6]. CHj; is indicated as united atom.

-0.380 ()

same lipids. The aggregate containing more lipids
was more stable in simulation. This is not the case if
the lipid tail is shorter, containing only 8 carbon at-
oms. With 90 molecules in the micelle, its structure is
not maintained. Some lipids start to diffuse com-
pletely into solution.

This finding was supported by experiment, which
assumes an ideal aggregation for the shorter tails
containing 43+/-5 lipids, way below 90.

Structural dynamics

We have analyzed whether the tail ends prefer to
reside near the center or not, for the stable micelles.
The lipid tail end (united atom type CHs) appears up
to close to the head group (oxygen atoms). This find-
ing illustrates that lipids within these structures are
able to expose their tails to the surface. This is not the
case in simulations of the same lipids in lipid mem-
branes — a more crystalline lipid aggregate structure.

The diffusion coefficient for the lipids was calculated
from our simulation to be 2:10%cm’™. It is in the
expected range for other lipids measured experimen-
tally. For comparison, this is about ten times slower
than self-diffusion of water.

Figure 4: An aggregate of 90 lipid molecules and sodium
ions with surrounding water molecules after 3 ns. Initially,
all 90 lipids have been placed within the aggregate
structure. Three lipids (to the lower left, right and at the
bottom) have visibly left the micelle.

4 Conclusion

We use Molecular Dynamics simulation (MD) to
investigate a vast variety of molecules on atomic
resolution. With the appropriate choice of interaction
parameters, we are able to

e reproduce experimental findings while providing
atomic detail,

e explain phenomena not accessible by experi-
ments,

o better understand the chemical and biological
mechanisms that build our world.
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