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3.1. INTRODUCTION 47

3.1 Introduction

When molecules are near each other, they can influence one another. Therefore, the bal-
ance between the forces of attraction and repulsion needs to be understood. Such forces
must exist in reality otherwise there would be nothing to bring molecules together to form
liquid and solid states. People have speculated about these intermolecular forces since the
concept of atoms and molecules first existed. The present theory is that molecules attract
at long range but repel strongly at short range.

3.2 Molecular Force Fields

Actual interactions between atoms is in the realm of physical chemistry. For computa-
tional simulations, these interactions are too complex to simulate systems larger than a
couple of molecules on the current computers available. Therefore, it is common practise
to represent these real interactions as a computational force field. The choice of compu-
tational method is dependent on the size of the system and the time scales of calculations.
For systems with up to several hundred to several thousand atoms, the molecules can be
represented as individual atoms with each atom represented by a sphere. There are many
types of force field, but they all follow a similar pattern:

e Nuclei and electrons are combined in an atom, represented by a ball.

e A ball has a radius and a constant charge. The ball can vary in softness.
e Bonds are represented by springs.

e Springs have an equilibrium length and can vary in stiffness.

The interactions between these spheres form the molecular force field. The interac-
tions are described by pre-assigned parameters, that are system dependent. These param-
eters can be obtained from experiment and/or higher level computational calculations,
such as ab-initio. The force field is the set of parameters used in classical mechanical
calculations. The potential energy of the system is described by the sum of all the interac-
tions within the system, equation 3.2.1, where FE,, is the energy function for stretching a
bond between two atoms, ., 1s the energy required for bending an angle between three
atoms, Fy,, 1s the torsional energy for rotation around a bond, Ey 4y is the Van der Waals
energy, I is the electrostatic energy, and Fxe,ms represents any coupling between the
above terms.

EFF = Estr + Ebend + Etors + EVdW + Eel + EXterms (321)

The first three terms represent the bonded interactions. The electrostatic and Van der
Waals energies are non bonded interactions between atoms. To be able to calculate the
force field energy it is necessary to know atomic coordinates, geometries, and the relative
energies of the atoms in the system.

The calculation of the total potential energy is dominated by the number of non-
bonded interactions. The time for calculation of the bonded interactions increase on the

order of ~ NN, while the time for calculation of the non-bonded interactions increase on
the order of ~ N2.
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3.2.1 Stretching energy

The stretching energy of a bond is the energy of the extension of the spring, bonding
two atoms, Figure 3.1. The shape of the energy curve is well described by a Taylor
expansion, equation 3.2.2, where ry is an equilibrium bond length for the given system
and so corresponds to the minimal energy.

Egy (r'? —ri!®) = E (ro) + (jli_f (r4P —rgt?)

3
(P2 )t L as sy 6 (9) 322)

At r = rg, FE(rg) is zero and is used
as the zero point on the energy scale, the
second term is a first order derivative that
is also close to zero. The cubic term will
drive the energy of the bond to negative
value at infinity, so the formulation is of-
ten simplified to an harmonic interaction, Fjgure 3.1: Model of diatomic molecule
equation 3.2.3, where k47 is the force with bond length 7.
constant for stretching the bond between
atoms A and B and will change depending on the system.

1
Bur = 5k (17 — riB)? (3.2.3)

Approximation to harmonic form is sufficient for most molecular dynamics calcula-
tions. For calculations of bond length dependent parameters, such as vibrational frequen-
cies, or when the starting configuration is much different from equilibrium, terms up to
the forth order may be included. The other common choice is the Morse potential [1],
equation 3.2.4, where a = +/k/2D45 and D“P is the bond dissociation energy, i.e. the
depth of the well.

Eyr = D (1= exp (—a (r = 1/%)*)) (3.2.4)

The Morse potential reproduces stretching well over a wide range of distances, at long
distances tends to zero. Hence the Morse potential is slow in bringing atoms to equilib-
rium bond lengths, when the initial geometry has a large bond length. The comparison
between harmonic and Morse potentials is shown in Figure 3.2.

The stretching energy has the highest contribution to overall energy of the system,
followed by the bending energy.

3.2.2 Bending Energy

Similarly to the stretching energy, bending energy can also be expressed by a Taylor
expansion, that can then be approximated to a harmonic potential, equation 3.2.5, where
94BC is an angle between three atoms A, B and C, as shown in Figure 3.3, and k45¢ is
the force constant for the bending between three given atoms.

1
Epond = §k:ABC (645€ — 95C)* (3.2.5)
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Figure 3.2: Bond stretching energy. Harmonic potential compared to the Morse potential.

When a higher accuracy is required for
the calculation, the next highest order term
in the expansion can be included, or a se-
ries of harmonic potentials can be used.

Changes in the bending energy are usu-
ally smaller than the changes in stretch-
ing energy, so less energy is required to
distort bond angles in comparison to bond
length. Hence, force constants for bend-
ing are proportionally smaller than those
for stretching.

Figure 3.4: An illustration of out-of-plane
bending, created by three atoms bonded to

sp2 hybridised central atom.

Figure 3.3: An angle between three bonded
atoms.

When the central atom B is bonded
to more than two other atoms, as shown
on the Figure 3.4, a pyramidal structure is
formed. This angle can no longer be cal-
culated in the manner discussed above. A
high force constant should be used to pe-
nalise out-of-plane bending, this will make
planar structures very inflexible. By intro-
ducing a new term, the flexibility of the
planar structure is maintained while out-
of-plane movement is also taken into ac-
count. This bending is often referred to as
the improper torsional energy. This also

often takes the form of a harmonic potential, equation 3.2.6.

1
Eimproper = 5 kB (Oé) 2

3.2.3 Torsional Energy

(3.2.6)

Four aligned atoms frequently will rotate along the central bond, as shown in Figure 3.5.
Rotation along the bond is continuous, so when the bond rotates by 360° the energy
should return to the initial value, making torsional energy periodic. The potential is well
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Figure 3.5: Torsional / dihedral angle, created by four linearly aligned atoms.

represented by the Fourier series, equation 3.2.7, where n is a periodicity term, depending
on the allowed rotation it can be n = 1 for full 360° rotation, n = 2 for 180° periodicity,
n = 3 for 120° periodicity, etc. V,, is a constant determining the barrier for the rotation,
V,, is not equal to zero for allowed periodic rotations, ¢ is the torsional angle (also called
the dihedral angle) and is shown on the Figure 3.5.

Eiors = Z Vi cos (np — o) (3.2.7)

Figure 3.6 shows a plot of the two torsional potentials with n = 3, V}, = 4 (dashed
line), n = 2, V,, = 3 (solid line) and the corresponding total torsional potential in red if
the two are combined.
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Figure 3.6: Variation of torsional potential for different values of n and V;, and the total
potential (red).

3.2.4 Van der Waals

In addition to the bonded interactions described above, there are non bonded interactions
in the system. These interactions appear between atoms in the same or neighbouring
molecule and are normally described by two potentials, representing the Van der Waals
energy and the electrostatic energy.
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The Van der Waals energy describes the repulsion and attraction between non bonded
atoms. At large interatomic distances the Van der Waals energy goes to zero, whereas at
short distances it is positive and very repulsive. This mimics the overlap of the negatively
charged electronic clouds of atoms. At intermediate distances there is a mild attraction
between electronic clouds, due to electron-electron correlation. The attraction between
two atoms arises because of an induced dipole—dipole moment created by the motion of
electrons through the molecule, which effects the neighbouring molecule. The attraction
between two fragments does not only depend on dipole—dipole interactions, but also on
dipole—quadrupole, quadrupole—quadrupole etc. interactions. These interactions do not
have a high contribution to the overall energy, so for simplicity they are neglected in
calculations.

In 1903, Gustav Mie proposed an intermolecular pair potential [2], comprising two
parts to represent attractive and repulsive forces, equation 3.2.8, where 7 is interatomic
distance, € is the depth of the well at o, the interatomic separation at which repulsive and
attractive terms balance out and m, n can be adjusted.

bt = () ) )] w2

There have been a number of models suggested, where m and n take different values
and show an accurate representation of experimentally known interactions [3, 4]. Nev-
ertheless, the most popular one is the 12—-6 Lennard-Jones potential [5], equation 3.2.9,
where o is the interatomic separation at which repulsive and attractive terms balance out
and € is the depth of the well. The usage of 12 term reduces the amount of calculations
needed, making it the lightest method available.

L B oAB 12 oAB 6

The 12—-6 Lennard-Jones potential is shown on the Figure 3.7. Red shows the repulsive
term, blue the attractive term and the overall potential is shown in black. Position of o
and e is also shown on the graph.
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Figure 3.7: The Lennard-Jones Potential (black) is a combination of attractive (blue) and
repulsive (red) terms.



52 CHAPTER 3. MOLECULAR INTERACTIONS

It is possible to mix two Lennard-Jones potentials for single type atoms to obtain
a potential describing interaction between two different atoms. There are three main
approaches:

e Arithmetic or Lorentz-Berthelot rules, equations 3.2.10 and 3.2.11 [6].

oi; = % (3.2.10)

€ij = v/ €ii€jj (3211)
e Geometric rules equation 3.2.12, with ¢;; calculated as given in equation 3.2.11 [7].
045 = £/0ii0jj (3212)

e Fender-Halsey rule, equation 3.2.13 [8].

2€€;

Ei—f—éj

(3.2.13)

Gz'j =

A slightly more accurate potential, but up to 4 times more computationally demand-
ing, is the Buckingham or Hill potential [4]. Repulsive forces take the form of an ex-
ponential, as the repulsion arises due to electron correlation, and the electron density
reduces exponentially with the distance, equation 3.2.14, where A, B, and C' are suitable
constants.

Bl = Aexp (—Brap) — Oy (3.2.14)

3.2.5 Electrostatic Energy

The electrostatic energy calculates non bonded interactions that appear due to an uneven
internal distribution of electrons. This leads to positively and negatively charged parts in
molecule. The simplest way to model this behaviour is to place charges on atoms. The
law of the interaction between two point charges was investigated by Charles Augustin
Coulomb in 1780s and can be expressed by the Coulomb potential, equation 3.2.15, where
€p 1s the dielectric constant, the () values are partial electronic charges on atoms A and B,
and r is a distance between them.

1 Q"

Eel -
4dmey rAB

(3.2.15)

The atomic charges are mainly taken from electrostatic potential calculations carried
out using higher precision methods. Another approach arises from assigning bond dipole
moments. This gives similar results to the partial charge method, but these two methods
will only give identical results for interactions at larger distances.

3.2.6 Cross Terms

There are also cross terms available for some force fields. These can cover the coupling
between the fundamental stretching, bending and torsional interactions.
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3.3 Choice of Force Field

The correct choice of the force field is essential for performing an accurate simulation. A
large number of force fields have been developed through last decades. The force field
consists of a set of parameters that depend on a particular the atom and the interaction.

Ideally force fields are designed to be transferable between a number of molecular sys-
tems. Nevertheless, some are more suitable for particular systems and states, then others.
Comparison of the performance of the force filed should be done with a specific study
in mind. Typical tests include the comparison to the experimental physical properties,
such as density, boiling and melting temperatures, secondary protein structure, as well
as the agreement with vapour-liquid coexistence, and the reproduction of thermodynamic
properties.

Most force fields represent all atom systems, with a few being united atom where
hydrogens are united to the neighbouring heavy atoms. United atom representation has
less interactions, by such speeding up the calculations. Not every system can be accurately
represented as united atom, for example systems having hydrogen bonding, benzene rings,
polar and charged systems.

All atom force fields:

e OPLS-AA(Optimised Potentials for Liquid Simulations) [9]

e CHARMM (Chemistry at HARvard Macromolecular Mechanics) [10]
e AMBER (Assisted Model Building with Energy Refinement) [11]

e UFF (Universal Force Field) [12]

United atom force fields:

e OPLS (Optimised Potentials for Liquid Simulations)[13]

e CHARMM (Chemistry at HARvard Macromolecular Mechanics) [10]
e GROMOS (GROningen MOlecular Simulation) [14]

e TraPPE (Transferable Potentials for Phase Equilibria) [15]

3.3.1 Universal Force Field (UFF)

UFF [12] was developed by Rappe et. al. in 1992. It is an unusual force field, unlike
others it covers the full periodic table, from hydrogen to lawrencium. The parameters are
obtained by estimating from given general rules, that convert individual parameters for
the element into the intermolecular and intramolecular parameters for calculations.

The performance of this force field with respect to the experimental results [16], is not
very consistency, so it is not really suitable for high accuracy condensed state calculations.
This force field is however useful for calculations of exotic molecules, where other force
field have not been created.

3.3.2 Assisted Model Building with Energy Refinement (AMBER)

AMBER is both a molecular dynamics package and a set of force fields [11, 17]. The force
field uses 12-6 Lennard-Jones, equation 3.2.9, with parameters computed by Lorentz-
Berthelot mixing rules, equations 3.2.10 and 3.2.11, 1-4 interactions are scaled by % and
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Columbic interactions are represented by point charges and are scaled by g. Bond and
angle interactions are expressed as harmonic potentials and torsional interactions are rep-
resented as a cosine series.

AMBER force fields are all atom only (though the newest force field, {f12sb, does in-
clude some united atom parameter), parametrised for biomolecular simulations and con-
tains the 20 common amino acids as functional groups. More recently there have been
some work put in to extend the AMBER force field to a wider range of systems through
the development of the general AMBER force field (GAFF)[18].

3.3.3 Chemistry at HARvard Molecular Mechanics (CHARMM)

CHARMM is also molecular dynamics program [10], as well as a set of force fields. There
are all atom CHARMM?22 [19, 20], CHARMM?27 [21], CgenFF [22], and united atom
CHARMMI19 [23] force fields. The potential function is of the same form as AMBER;
however, non-bonded parameters are not scaled.

All of the force fields, apart from more recent CgenFF, were parametrised for biomolec-
ular simulations, similarly to AMBER, containing the 20 common amino acid groups.
CgenFF was created as a general force field for drug-type molecules, to accompany the
rest of the force fields.

3.3.4 Optimised Potentials for Liquid Simulations (OPLS)

OPLS force field was developed by group of William L. Jorgensen and contains several
sets of parameters, for both all atom and united atom calculations that can be mixed
[9, 13]. The potential functions are the same as in AMBER, Lennard-Jones is computed
by geometrical mean mixing rules, equation 3.2.12. Both, Lennard-Jones and Coulombic,
parameters are scaled by a 1/2.

OPLS at the beginning was parametrised not only for biomolecular systems, but also
organic liquids. The parameters were optimized to fit experimental densities and heats
of vaporisation of liquids, as well as gas-phase torsional profiles. The force field has
being updated and many independent modifications to the force field have been developed
[24, 25]. OPLS is, arguably, the most widely parametrised force field available.

3.3.5 GROningen MOlecular Simulation (GROMOS)

GROMOS is also both a molecular dynamics package [14] and the complementary force
field. The first was also the base for GROMACS package [26]. GROMOS is a united atom
force field, with ongoing improvements being done, currently most widely used version
of the force field is GROMOS-96 [27] and its latest update [28]. This force field is also
aimed at biomolecular calculations and is parametrised for proteins.

Unlike AMBER, the Lennard-Jones parameters for heteroatomic interactions are read-
ily provided by the force field and should not be calculated via mixing rules. The force
field uses a quartic expression for the bond length, a harmonic cosine potential for angle
bending and a single cosine series for torsional angle potential.

3.3.6 Transferable Potentials for Phase Equilibria (TraPPE)

TraPPE force field evolved from the previous SKS (Smit-Karaborni-Siepmann) force field
[? ]. SKS was developed in Shell laboratories in the 1990s and is the first force field,
aimed at reproducing properties of n-alkanes, the main components in fuels. The TraPPE
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force field contains parameters for alkanes, aromatics, some oxygen, sulphur and nitrogen
containing compounds.

TraPPE force field is mainly united atom [15, 29-34] with two explicit hydrogen
models [35, 36]. Unlike most of united atom force fields, in TraPPE hydrogen atoms
are also united in aromatic interactions.

The functional form is the same as in AMBER, including mixing rules, Coulombic
terms are scaled by a % Since the force field was developed with Monte Carlo calcula-
tions, there is no improper torsional angle term what can lead to incorrect conformations
when performing molecular dynamics. The force field is parametrised to fit the vapour-
liquid coexistence curve for small organic molecules.

3.4 Water Models

Water molecular models have been developed in order to help discover the structure of
water. They are useful given the basis that if the (known but hypothetical) model can
successfully predict the physical properties of liquid water then the (unknown) structure
of liquid water is determined. There are two general forms for these models of water:

Explicit Water, where each water molecule is simulated directly.

Implicit Water, where the general effects of water are taken into account but the molecules
are not directly simulated.

3.4.1 Explicit Water

When simulating water explicitly it is important to use an accurate but efficient model.
This is due to the computational expensiveness of simulating water in a solvated system,
e.g. in simulating a protein in periodic box full of water at aqueous density about 90% of
the computational time is used in simulating water-water interactions.

The original atomic-scale computational model for liquid water was proposed by
Bernal and Fowler in 1933 [37]. This model took into account the position and the charge
on the hydrogens and the position of the negative charge in the molecule. It was a highly
insightful model and similar to the general view in Figure 3.8(c). At the time of the earli-
est developments of protein force fields the ST2 model of Stillinger and Rahman [38] was
in wide use, which lead to the ST2 model being for some of the first protein simulations.

In the early 1980s two new
force fields were developed, the
SPC [39] and TIP3P [40] models.
They involve orienting electro-
static effects and Lennard-Jones
sites.  The Lennard-Jones in-
teraction accounts for the size
of the molecules. It is repul-
sive at short distances, a ensuring
that the structure does not com-
pletely collapse due to the elec-
trostatic interactions. At interme-
diate distances it is significantly
attractive but non-directional and
competes with the directional at-
tractive electrostatic interactions.
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This competition ensures a ten-
sion between an expanded tetra-
hedral network and a collapsed
non-directional network (for ex-
ample, similar to that found in
liquid noble gases).

Since then many models for
water have been created around
these general principles, although
the charge and Lennard-Jones
sites don’t always coincide. The

four main general model types are shown in Figure 3.8. Generally each model is de-
veloped to fit well with one particular physical structure or parameter (for example, the
density anomaly, radial distribution function or the critical parameters) and it comes as
no surprise when a model developed to fit certain parameters it gives good compliance
with these same parameters [41]. In spite of the heavy computational investment in the
calculations, the final agreement with experimental data is often ‘by eye’ and not statis-
tically tested or checked for parametric sensitivity. Also, tests for ‘quality’ often use the
radial distribution fit with diffraction data in spite of the major fitted peaks being derived
from the tetrahedral nature of water that is built into every model and overpowers any
disagreement in the fine detail. In particular, the O—O radial distribution function seems
to be a poor discriminator between widely differently performing models [42]. Table 3.1
shows the values predicted for some key water properties by some of the most popular
water force fields.

3.4.2 Implicit Water

There are many circumstances in molecular modeling studies in which a simplified de-
scription of solvent effects has advantages over the explicit modelling of each solvent
molecule. Most of these are where the saving of computer time are needed over using
explicit water. Most of the simulation techniques have models in which the solute de-
grees of freedom are treated explicitly but the solvent degrees of freedom are not. This
requires that the energy surface used for the protein degrees of freedom be a potential
of mean force (PMF) in which the solvent degrees of freedom are implicitly averaged
over [66]. Assuming that the full potential energy function consists of a term, Uy, for
the interactions within the protein, depending only on the protein degrees of freedom, r,
and an additional term for the protein-solvent and solvent-solvent interactions, the PMF
is ideally equation 3.4.1, where DeltaGy, (r) is the free energy of transferring the protein
from vacuum to the solvent with its internal degrees of freedom fixed at r.

Upmr (I‘) = Uyac (I‘) + AG(sol (I‘) (341)
Some of the main models are:

COSMO Model [67] treats the solvent as a high dielectric continuum, interacting with
charges that are embedded in solute molecules of lower dielectric. In spite of the
severity of the approximation, this model often gives a good account of equilibrium
solvation energetics.

Poisson-Boltzmann Model [68] describes electrostatic interactions in a multiple-dielectric
environment and are typically solved by finite-difference or boundary element nu-
merical methods. These can be efficiently solved for small molecules but may be-
come expensive for proteins or nucleic acids. Although progress continues to be



3.4. WATER MODELS 57

made in numerical solutions, there is a clear interest in exploring more efficient, if
approximate, approaches to this problem.

Generalized Born Model [69, 70] computes the electrostatic work required to move a
charged sphere from a vacuum environment into a continuous dielectric region. The
result is proportional to the square of the charge and is inversely proportional to the
size of the ion. The basis of generalized Born theory is to extend these ideas to non-
spherical molecules by casting the electrostatic contribution to solvation. The Born
model have not traditionally considered salt effects, but the model has be extended
to low-salt concentrations [71]. The key to making Generalized Born calculations
more accurate (in the sense of agreement with Poisson-Boltzmann calculations) is
improved estimation of the effective Born radii [72].
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Table 3.1: Calculated physical properties of the water models at 25 °C and 1 atm.

Average Con- Density Expansion
Dipole Dielectric Self Diffusion | figurational Maximum .
Model Type 5 9 1 Coefficient,
Moment constant /107°cm*s Energy / Temperature o1
1 o 107%°C
kJ mol /°C
SSD [43] -1 2.35[43] 72 [43] 2.13 [43] -40.2 [43] -13 [43] -
SPC [39] a 2.27 [44] 65 [45] 3.85 [46] -41.0 [45] -45 [47] 7.3748]
SPC/E [49] a 2.35 [49] 71 [49] 2.49 [46] -41.5 [49] -38 [50] 5.14 [51]
SPC/Fw51] a 2.39 [51] 79.63 [51] 2.32[51] - - 4.98 [51]
PPC*[49] b 2.52 [49] 77 [49] 2.6 [49] -43.2 [49] 4 [52] -
TIP3P [40] a 2.35 [53] 82 [49] 5.19 [46] -41.1 [53] 91 [47] 9.2 [53]
TIP3P/Fw*51] a 2.57 [51] 193 [51] 3.53 [51] - - 7.81 [51]
TIP4P [53] c 2.18 [49, 53] 53 [49] 3.29 [46] -41.8 [53] -25 [53] 4.4 [53]
TIP4P-Ew [54] c 2.32 [54] 62.9 [54] 2.4 [54] -46.5 [54] 1 [54] 3.1 [54]
TIP4P-FQ [55] c 2.64 [55] 79 [55] 1.93 [55] -41.4 [56] 7 [55] -
TIP4P/2005 [41] c 2.305 [41] 60 [41] 2.08 [41] - 5[41] 2.8 [41]
TIP4P/2005f [57] c 2.319 [57] 55.3 [57] 1.93 [57] - 71[57] -
SWFLEX-AI56] c 2.69 [56] 116 [56] 3.66 [56] -41.7 [56] - -
COS/G3 [48] c 2.57748] 88748] 2.6748] -41.1748] - 7.0748]
COS/D [58] c 2.43 [58] 69.8 [58] 2.5 58] -41.8 [58] - -
GCPM*59] c 2.723 [59] 84.3 [59] 2.26 [59] -44.8 [59] -13 [59] -
SWM4-NDP60] c 2.461 [60] 79 [60] 2.33[60] -41.5 [60] - -
TIPSP [53] d 2.29 [53] 81.5 [53] 2.62 [46] -41.3 [53] 4 [53] 6.3 [53]
TIP5P-Ew [61] d 2.29 [61] 92 [61] 2.8 [61] - 8 [61] 4.9 [61]
TTM2-F [62] c 2.67 [62] 67.2 [62] 1.4 [62] -45.1 [62] - -
POLS5/TZ63] d 2.712 [63] 98 [63] 1.81 [63] -41.5 [63] 25 [63] -
Six-site [64] c+d 1.89°(64] 337[64] - - 147[64] 2.4°64]
QCT [65] a 1.85765] - 1.5765] -42.7765] 10765] 3.57965]
Experimental - 2.95 78.4 2.30 -41.5 [53] 3.984 2.53

58

'Has only a single, center of mass, interaction site with a tetrahedrally coordinated sticky potential that regulates the tetrahedral coordination of
neighboring molecules

2Calculated at 27 °C

3Calculated at 20 °C

“4Polarizable model
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3.5 Coarse-Graining

Even though computational power is rapidly increasing, with hardware performance dou-
bling every two years [73] (technically the number of transistors doubling), coupled to the
development of ever more efficient algorithms to deliver faster and more accurate calcu-
lations; there is a pressing need to simulate chemical systems over timescales that go far
beyond those currently obtainable with atomistic systems.

The basic concept of coarse graining involves a reduction of the number of sites in a
system. This not only allows for smaller computational load, but also leads to a loss of fine
detail in the system. There has to be a delicate balance between these two things, ideally
leading to a considerable speed up of the calculation while still preserving the necessary
chemical and physical information. Decreasing the number of the interaction sites in a
model allows a significant speed up in the calculation. Computer time approximately
scales as N2 (N is a number of interaction sites) for pairwise potentials. Additionally,
some intermolecular movements are lost, allowing the system to explore phase space
faster. A third speed up is due to the increase of time step for the calculation, as the
vibration frequency of larger particles is slower.

In chemistry, a coarse grained system will typically still be represented at the molec-
ular level, as prediction of local properties of the system is dependent on the presence of
molecules. A common type of coarse grained model represents of a group of atoms with
a single interaction centre, a so called “super atom”. These super atoms are then assigned
interaction parameters. The parameters are derived from a smaller scale, higher resolution
model of the system. Additionally, they may be fitted to the experimental values. Results
of the calculation are dependant on them, so care should be taken when parametrizing the
system.

Currently there is only one readily

available coarse grained force field, MAR- Sampling

TINI [74]. The force field is designed to be high;i%‘g:‘mo"

used in biomolecular simulations of lipids, |

proteins and carbohydrates [75-77]. The v v
model uses a shifted Lennard-Jones 12-6 Mapping to Analysis of
potential with parameters fitted to free en- low-resolution trajectory
ergies of vaporisation, hydration and sepa- model — Potentials

ration between water and organic solvents
at room (300 K) temperature only. There '
'elrelcrltlfz?sms of waFer in this 'mo'del due Fo ﬂgative refing\
its inability to remain in the liquid state in of potential _/
membrane pores [78, 79]. Recently a more REEEE
sophisticated, polarizable water model was l
developed by the same group [80]. Water Coarse Grained Model
is proving to be one of the most difficult
systems to coarse grain, as finding poten-
tials capable of exhibiting the correct be-
haviour is difficult; though several efforts
have been made recently [8§1-83].

The main constraint of coarse grained
potentials is the limited transferability between different systems and thermodynamic con-
ditions. Transferability is highly dependent on the system parametrised, and is generally
better for finer grained models; for polymer systems transferability is not greatly affected
by a change in the length of the polymer chain [84].

Figure 3.9: Illustration of the coarse grain-
ing procedure: sampling of a high resolution
model, analysis of the trajectory, mapping to
low resolution, iterative refining of the po-
tential.
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To derive a suitable coarse grain potential, one would normally follow the general pro-
cedure, shown in the Figure 3.9. A smaller scale, higher resolution atomistic (sometimes
united-atom) model is sampled using molecular dynamics or Monte Carlo simulations.
When setting up the initial calculation and then mapping the system, it is important con-
sider which properties are needed and at which time and length scales. The trajectories
from high resolution calculation are then analysed and the starting potentials for the coarse
grain model are obtained. For most of the cases it is necessary to refine the latter to obtain
consistent results with the higher resolution method.

3.5.1 Mapping

In the mapping procedure, one represents a group of atoms with a single interaction centre.
This centre is called a super atom and commonly positioned at the centre of mass of the
group of initial atoms. Super atoms, as in atomistic calculations, are interlinked with
springs and follow the same rules of Newtonian mechanics. The choice of atoms to group
into a bead is typically done by geometrical examination of the molecule and leads to a
coarse grained molecule still resembling the general shape of the initial molecule. This
will allow a better agreement of non bonded properties. Additionally, one should consider
which interactions form the simplest, if possible single well or simple shape potentials,
that will be beneficial in refining the system in further iterative steps [85]. The parts of
the molecule that are geometrically mobile (eg. undergoing gauche—trans conformational
changes) will typically lead to potentials with more then one well.

3.5.2 Potentials

When the mapping is chosen, the next step is to evaluate the optimum parameters to de-
scribe the interactions between the coarse grained sites. Over the last few years a number
of approaches have been developed:

Force matching , where a multibody potential of mean force of a high resolution system
is matched by a low resolution one [86]. This approach looks at individual config-
urations, rather than the average properties of the system as encompassed by radial
distribution functions [87, 88].

Inverse Monte Carlo , where the new parameters are fitted by the use of Monte Carlo
calculations [89, 90]. The potentials are derived from distributions, e.g.% bond
length, angle, dihedral angle, and radial distribution functions.

Iterative Boltzmann Inversion , where the new parameters are fitted with the aid of
molecular dynamics calculations [91]. The potentials are derived from distribu-
tions, e.g. bond length, angle, dihedral angle, and radial distribution functions.

3.5.3 Iterative Boltzmann Inversion

Iterative Boltzmann Inversion is a structure based method and is aimed at matching dis-
tribution functions of a new coarse grained model to a higher resolution calculation or ex-
periment. Bonded interactions (bond, angle and dihedral) incorporate neglected degrees
of freedom and temperature effects. Non-bonded are calculated separately, creating phys-
ically sensible interactions between molecules. Generally, bonded potentials are stronger
than non bonded ones. The fitting of the potentials should start with the strongest one



3.6. REFERENCES 61

(deepest potential well), as it will change the least during fitting of the rest, hence the
order:
Pbond — Pangle — Pdihedral — Pnonbonded

Figure 3.10 illustrates the procedure
for deriving an effective potential V'(x) High resolution
from a known probability distribution, sampling
P.ef(x). P(x) is a general term for the

distribution, that could be a radial distri- Y _
bution function, ¢(r); bond length, b(r); R‘*feg'?;ﬁiﬁgﬁﬁ?"’"““
angle, a(f); or dihedral angle, d(¢); distri- Pret
bution. l

For the first step of the iteration, a —
reasonable guess of an effective potential '"giﬁ:jﬁ's
should be obtained. This can be derived Vo

from a reference probability, P,.(x), of a
. . . . L
high resolgtlon simulation of a pure sys- Sampling by
tem, equation 3.5.1. simulation of CG  |4————
model -
Correction to
Vo (x) = —kgTIn P,.r (x 3.5.1 potential
0 (%) B res (%) ( ) v ko T ( Prew/ Prer)

It should be mentioned that 1} is not Converged? no

a potential energy, but rather a free en- Pueu = Prer

ergy, dependant on temperature and pres- lyes

sure. Vj is a reasonable guess for the first

coarse grained potential. A coarse grained DONE

simulation is performed and new probabil-
ity distributions P; (x) evaluated. The new
distribution will differ from P,.;(x) and Figure 3.10: Illustrated procedure for deriv-
so the new potential should include a cor- ing effective potentials by the iterative Boltz-
rection, in order to provide a better repre- mann inversion (IBI) method.

sentation of the system equation 3.5.2 is

used, where \ is a numerical scaling factor and should be A € (0, 1].

P (x)
Preg (x)

The new calculation will again result in a probability distribution, F;, ;. The iterative
procedure should be repeated until P, is sufficiently close to P,..;. It has been tested
by numerous authors and shown that it can take up to 200 iterations to obtain a potential
capable of representing aggregate distributions [92] and over 1000 iterations to recover
correct potential functions [93].

Vig1 (x) = Vi (x) — MkpT In

(3.5.2)
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