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ABSTRACT

Molecular self-assembly is frequently found to generate higher order, functional struc-
tures in biochemical systems. One such example is the self-assembly of lipids in aqueous
solution forming membranes, micelles and vesicles, another is the-dynamic formation
and rearrangement of the cytoskeleton. These processes are often driven by local, short
range forces and, therefore, the dynamics is solely based on local interactions.

In this paper, we introduce a cellular automata based simulation, the Lattice Molecu-
lar Automaton, in which data structures, representing different molecular entities like
water, hydrophilic and hydrophobic monomers, share locally propagated force infor-
mation on a hexagonal, 2D lattice.

The purpose of this level of description is the simulation of entropic and enthalpic flows
in a microcanonical, molecular ensemble to gain insight about entropy-driven processes
in molecular many-particle systems. Three applications are shown, i.e. modeling struc-
tural features of a polar solvent, cluster-formation of hydrophobic monomers in a polar
environment, and the self-assembly of polymers. Processes leading to phase-separation
on a molecular level are discussed.

A thorough discussion of the computational details, advantages, and limitations of the

Lattice Molecular Automaton approach can be found in reference [1].
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1 Introduction

1.1 Biological motivation

Many processes in biomolecular systems lack global, interfering control. The system
dynamicsis solely based on local-interactions, providi'ng., based on immediate reactions
on environmental changes, the necessary flexibility and mean stability of the whole sys-
tem. Considering the prokaryotic cell as a hierarchically structured, dynamical system,
it is possible to characterize specific, functionally linked, mesoscopic complexes. One
of these compounds is the semipermeable membrane separating space into an inside
and an outside [2]. These membranes consist of a certain type of amphiphilic polymers

(hydrophilic head, hydrophobic tail) acting in the highly polar environment of water.

A basic component as a membrane 18, from the theoretical viewpoint, characteriz-
able as a higher order, emergent structure [3, 4], dynamically formed by interactions
between lipids due to an entropy gradient arising from the structured polar (water)
environment. Phase-separation of e.g. lipids in water and a concomitant ordering to

vesicles and micelles is a spontaneous process lasting from seconds to minutes [5,6,7,8].

The resulting higher order structures have themselves rich dynamics, e.g. turn-over
(flip-flop-mechanism) of single lipids within membrane-like structures. This Hexibility
is of major importance to maintain functionality in a cell membrane, which hosts 8ys-

tems at higher hierarchical levels as e.g. the complex for photosynthesis [9].

The Hydrophobic Effect (HE), describing mainly an entropic effect, seems to be of
fundamental importance in the self-organization of such biological systems [10]. Various
circumstances lead to the formulation of a hydrophobic effect rather than a hydrophobic
force: The most reliable indication that it is indeed a hydrophobic effect comes from

thermodynamics, considering free energy, enthalpy and entropy of solvation processes:
AG=AH-TAS (1)

A G...change of free energy
A ... change of enthalpy

T...temperature



A S...change of entropy

It is experimentally known that the free energy change of dissolution of hydropho-
bic molecules in a polar solvent is positive, although the change in enthalpy (at room
temperature) is often zero or even negative [11]. Considering that liquid water has to
some extend quasicrystalline features with highly ordered regions [12, 13], the HE is
believed to be based on a change of the water structure in the vicinity of hydrophobic
surfaces and a concomitant decrease of entropy. Following this model, the solvent is
forced to form a “cave around” the hydrophobic surface. This reaction, often referred
as hydrophobic solvation, is accomplished by a different dynamics of the solvent in the
vicinity of hydrophobic surfaces compared to the bulk solvent phase: The accessibility
of microstates decreases and thus the entropy decreases. Due to the high siurface ten-
sion of such a molecular cave, the solvent tends to “minimize” its contact surface to
hydrophobic molecules which leads eventually to the phase-separation between water

and hydrophobic molecules.

Entropy gradients and resulting phase separation are, therefore, based on effects gen-
erated by the system dynamics. They are not observable as explicit interaction forces,
but are the result of basic molecular interactions between hydrophobic particles and

the polar solvent. They are emergent properties.

1.2 Simulation of molecular systems
1.2.1 Molecular Dynamics and Monte Carlo methods

Recently various new methods are applied to simulate structural and dynamic prop-
erties of macromolecular systems. One such example is genetic algorithms [14], im-
plementing formal criteria of Darwinian evolution through a fitness function (which is
in analogy to an energy function). With such a method it is for instance possible to
determine secondary structure motifs of polymers as proteins. However, the classical
tools to simulate large molecular systems are deterministic routines like molecular dy-
namics, solving Newton’s equations of motion [15], or stochastic algorithms like the
Dynamic Monte Carlo method [16]. These tools are based on force field calculations-

considering the following terms:



. ik o, ; j : ;
Vo= DV 4 X VL Sy T g Sy
bonds bondangle torsion electrostatic VdWaals

V ...potential energy

2,7, k,1 .. atoms, atom groups

The total potential energy Vo, of a system with n atoms is calculated as a sum of indi-
vidual contributions arising from pairwise intra- and intermolecular interactions. Other
types of force fields using different intra- and intermolecular potentials, as knowledge
based potentials, or mean field minimization methods, are discussed in reference [17].
Recent investigations have proven the importance of weak intermolecular interactions
of the Van der Waals type including a polar- solvent for general molecular recognition
processes [18, 19]. A total potential energy of a molecular system in solution, Viesa,

has to be calculated as a sum of conformational and solvation energies:

Vtota.! = T/con._fo:v'mationa,l + qulvation (3)

Potential energies arising from solvation are calculated as pairwise interactions based
on electrostatic and Van der Waals terms represented as Coulomb and Lennard Jones
potentials [20] or as changes in free energy in a continuum approximation [19]. The
pair-potentials used in a representation of a solvent do not reproduce cooperative ef-

fects as they occur in the hydrogen bonded network of water.

There are three major problems associated with the formulation of molecular dynamics
as noted above. (i) Using an atomic level of description instead of a molecular (at
the monomer) level of description makes a simulation of molecular self-assembly more
complicated than it need to be. With such a low-level description it is not possible
to simulate, for instance, processes ranging in a time scale up to minutes like the
self-assembly of lipid membranes. The second problem with these descriptors on the
atomar level is the higH complexity of the simulator iiself as for instance shown in
the protein folding problem [21]. (ii) Using a (pure) mechanistic in stead of Cellular
Automata modeling technique makes the updating of the system too cumbersome and
slower than necessary, since one in principle needs to make ~ n? calculations (every

pairwise interaction) in a system with n paricles instead of ~ n calculations. (iii) Using
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real (continuous) variables in stead of integers or bit operations also slows down the
computation when using digital computers. For a further discussion of these issues we
refer to [22].

An excellent overview describing lattice models to simulate macromolecular systems is
given in reference [23]. Such Ising spin based models are capable of generating generic

phenomena of e.g. phase separation.

1.2.2 Lattice Molecular Automaton

The Lattice Molecular Automaton (LMA} is an extention of the Lattice Polymer Au-
tomata (LPA) [22] and they are both made in the spirit of the Lattice Gas Automata
(LGA) [24]. Both the LGA and the LPA have proven to be capable of generating
macroscopic effects based on a microscopic, discrete system representation. In the
LMA-approach, molecules also interact on a hexagonal lattice with toroidal boundary
conditions. This lattice type has proven to be suitable to avoid anisotropic effects [24].
The molecular entities and vacuum are encoded in data structures on each lattice site
to ensure optimal parallel processing. Kinetic and potential energy terms are imple-
mented in the LMA via information particles describing an artificial physics within a
. microcanonical ensemble; constant volume, constant number of molecules, and con-
stant energy. The inner structure of molecules is not considered, only intermolecular
interactions model the dynamics of the system. The forces in the system are deter-
mined by a propagation of information - or “force”-particles between neighboring data
structures. Due to the explicit discrete character of these information particles, dis-
crete state functions of the data structures can be evaluated (counted) to calculate

thermodynamic properties as entropy and enthalpy.



2 The Lattice Molecular Automaton Concept

2.1 Artificial physics in the LMA

The dynamics of a molecular system depends on kinetic energy terms and on the relative
molecular position on -:-a"potentia;l"energy.hypersufface. In a non-dissipative system, the
basic conservation laws have to be fulfilled. That is keeping mass, M, momentum, P,
and the total energy, Fyoq, constant. What is “optimized” in the equilibrium of such
a system is the relative position of molecules, leading, depending on the thermal state,

to a cerfain minimum of the sum potential energy.

n k N
Viotal = Z Z Vi (4)

i=1 j=1
Vi ... local potential energy situation
n ...number of molecules

k ...number of potential energy terms

In the LMA, as we shall see, a Boltzmann distribution of kinetic energies drives the

many particle system into locally stable, sum energy configurations.

2.1.1 Implementation of kinetic energy

Each molecule on the hexagonal lattice has six directions of translation. Fach direction
is, per definition, independent and occupied by a Boltzmann distribution of kinetic
energies. For all particles, directions and times, the kinetic energy for each direction of
a translation is larger than zero. In the case of a collision process, the kinetic energies
are distributed between the respective molecules following a collision model for hard
spheres 2.

The only way to distribute kinetic energies is via collision processes. During a free
translation of a molecule, all currently occupied kinetic energy levels are conserved

and the molecule is characterized as an isolated particle. The overall (global) thermal

state of the system, as the sum kinetic energy, stays constant in time. This mmplies

*This formulation describes pairwise collision processes correctly (comservation of momentum
and energy), but only approximates more complicated collision sitnations including more than two

molecules or molecules in polymers. See also section 4.4.3 for more details.



also an overall conservation of momentum in time for each of the six independently
treated, principle directions on the hexagonal lattice. The kinetic energy distribution
is identical for all considered molecular types, further assuming equal mass for water,

hydrophobic and hydrophilic monomers.

2.1.2 Implementation of potential energy

The implementation of a potential energy term is neceséa.ry to characterize special

physico-chemical features of the different molecular types:

Let us consider a model-system for a lipid/water mixture consisting of the follow-

ing molecules (see also the schematic drawings Bl and C1 in figure 1):

solvent: water, HyO
polymer: fatty acid, CHs — CHy - CHy — CHy, — COOH

The most important term for calculating potential energies between uncharged model-
polymers are electrostatic and Van der Waals terms (see also equation 2) [25]. In the
present LMA, three forces of this type are included to characterize hydrophilic and
hydrophobic properties of monomers in the polymer and water: (i) Dipole-dipole in-
teractions as well as hydrogen bonds for water-water and water-hydrophilic monomer
interactions, (ii} dipole — induced dipole for water-hydrophobic monomer as well as
hydrophilic-hydrophobic monomer interactions and (iii) induced dipole — induced dipole
for hydrophobic monomer-hydrophobic monomer interactions. One important aspect
for the following considerations is the comparable distance-dependence of all three
forces: They are short-ranged in aqueous solution. The relative strength of the three
different interactions is, however, different, as the potential energy gain from a typical
II-bond is around -2 kcal/mol, the other interactions contribute with energies in the
range of -0.5 kcal/mol.

The important features of a water model are the highly polar character of water and
the ability to form stable hydrogen bonds (H-bonds), i.e. to have three defined inter-
action directions (two hydrogens and one oxygen). The high degree of order within
liquid water is mainly based on these comparably strong H-bonds [12]. Hydrophilic

monormers are either charged, or, too, have the capability to form H-bonds, as e.g. the



carboxyl-group in our model polymer. The interactions between hydrophobic and hy-
drophilic molecules are weaker and mainly based on the polarizability of the hydropho-
bic molecules. Interactions between hydrophobic moieties are comparably strong, since
electrostatic forces are not shielded by a water shell. The dielectric constant e, decreases

from 80 in bulk water phase to < 10 between two neighboring hydrophobic surfaces.

The total potential energy Vi1 of our model system with » molecules is thus described
by:

n 6 n 6 n 6
_ Iy it i
Viotal = 3, 3 Vit o Hbond T D D Vi —indudip. + 2 0 inddip.—inddip.  (9)
i=1 j=1 i=1 j=1 i=1 j=1
; where the sum is over all molecules and over the neighborhood (six directions) for

each molecule.

In the LMA simulation environment, dipole — dipole interactions and H-bonds account
with a (dimensionless) value of -5, all other binding interactions with a value of -1
to the total potential energy. Water molecules can, summing over the six principle
directions, be stabilized by a value of -18 (three H-bonds and three dipole — induced
dipole interactions), hydrophilic monomers by a value of -14 (two hydrogen bonds, four
dipole - induced dipole interactions), and hydrophobic monomers by a value of -6 (six
induced dipole - induced dipole and /or dipole — induced dipole interactions). The rela-
tive strength of these interactions is chosen according to corresponding experimentally
determined values as noted above.

In the LMA approach, these potential energies provide attractive binding or repelling
forces. They influence the occupation time of a given molecule on a particular lat-
tice location with a given kinetic energy distribution. The higher the potential energy
value, the more likely it is for a molecule to stay at that given location. If the kinetic
energy of a molecule exceeds the sum potential energy at a given location, the molecule
will not stay, but continue in the direction where it has its highest kinetic energy. If
for instance a hydrogen bond is formed, the binding energy of this particular bond is
stored as internal energy in the bond molecules. In the case of a collision, the propa-
gated kinetic energy is compared to the internal (binding) energy. If gains from kinetic

energy are larger than contributions from binding, the particular bond breaks up.



3 Information Dynamics: The LMA update cycle

The discrete field automata are based on the assumption that all molecular interactions
can be modeled by mediating particles [22]. Both matter and fields are interpreted as
“information particles” that propagate locally along the edges of a lattice and interact
with one another at nodes, as in a Lattice Gas (LGA) [26]. Thus, the rules that gen-
erate the dynamics are: (i) The rules that propagate the information particles which
depend on the current state of the current site, (ii) The rules that evaluate the newly
propagated information together with local states, (iii) together with the chosen up-
date schedule. Unlike a standard LGA and as in the Lattice Polymer Automata (LPA)
[22] several different types of information particles are used, so the structure of a node
is more complicated than the simple six bit regisfser required for a minimal LGA. The
molecular model to be discussed here is formulated on a 2D hexagonal lattice (see
figure 1.A).

insert figure 1

Scheme B.2 and C.2 in figure 1 depict the abstract LMA representation of water and
monomers in a polymer. All stored information in the data structures is propagated
to a given neighborhood (NH) on the hexagonal latiice: Excluded volume particles,
“Repellons”, are propagated to neighborhood 1. To prevent polymers from breaking
up, “Bondons” are propagated to neighboring monomers in the polymer. The bond
length between two monormers in a polymer is fixed to the length of one lattice site.
The force particles, propagated to neighborhood 1 and 2, represent the Van der Waals
properties of the molecular compounds. They also mimick the H-bonding capabilities

of water and hydrophilic monomers, as indicated by the arrows.

The transmission of the force particles between the molecules enables an update of
each molecule using only local information. After the information particle transport
steps, cach lattice site can be updated independently. The force-communicating parti-
cles propagate locally, that is, between neighboring lattice sites. A variety of molecular
interactions may be formulated by choosing the mediating particles properly. For in-

stance a polymer must obey a connectivity constraint between its monomers and all



molecules must obey an excluded volume constraint. The chemical information hy-
drophobicity and hydrophilicity as well as the structural information on water are
characterized by these force particles. As an example, the propagation of force parti-
cles of two water molecules in position (4,j) and (z,7 + 1) on the lattice is shown in

figure 2.

insert figure 2

In figure 2.A, two data structures representing water are depicted after the propagation
of the excluded volume information particles, the Repellons. These particles mimick
a hard sphere collision between two molecular surfaces in close contact. Their propa-
gation is also the basis for the exchangé of kinetic energies in a collision process. In
figure 2.B, the propagation step of force particles, the “Attractons”, is shown. In a
first step, these force particles are propagated to neighborhood 1, and in a second step
to neighborhood 2 {see 2.C). These Attractons represent the binding sites for hydrogen
bonds as also denoted schematically in B1, B2, C1 and C2 of figure 1. As can be seen
in figure 2.C, the NH2 propagation step of the force particles does not take place in
direction 1 for the monomer on the location (2,7}, and also not in direction 4 for the
monomer on (Z,7 + 1). This mimicks the high dielectric constant in bulk water. Force
particles (representing an electric field) are shielded by water, but not by hydrophobic

monomers (see also section 2.1.2).

In summary, a simulation update consists of the following steps:

(1) Propagation of molecular types and redistribution of kinetic energies.
(2) Construction of type specific force fields.

(3) Calculation of potential energies.

(4) Calculation of the most proper move direction.

(5) Readjustment of bonds in polymers according to the move direction.

(6) Move the molecule and clear the lattice for the new update.

A detailed description of a full LMA update is presented in reference [1].
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4 LMA Dynamics: Molecular Dynamics and Molec-
ular Self-Assembly

4.1 Representation of the polar solvent

A radial distribution function (RDF) g, is a quantity that checks basic “geometri-
cal” features of the solvent in a system. . This function gives a probability P to find
a molecule in a certain neighborhood distance r. For liquid water, experimentally
determined RDF (by x-ray scattering) show a peak at 0.25 nm (H-bond distance)
and smaller peaks for the next theoretical H-bond distances (temperature-dependent).
This function reflects the ordered structure of the neighborhood of a particular water

molecule in the liquid phase, mainly based on the formation of hydrogen bonds.

insert figure 3

Figure 3 shows a RDI" obtained by a LMA simulation of a polar solvent like water
(see figure 1, B.1, C.1) after 10° simulation steps. 50% of the lattice sites are occupied
with water. The probability g, in the range [0,1] is plotted versus the ﬁeighborhood
distance (VH) on the hexagonal lattice. There is an increased probability to find an-
other water molecule for neighborhood 1, 2, and 3 (e.g. the lattice positions (2,7 + 1),
(¢,7 +2), (4,7 + 3) in direction 1), since g. > 0.5. This RDF shows the comparably
higher local clustering of water molecules based on the H-bond binding energies. With-
out implementation of these stabilizing energy contributions, the RDF shows no peaks
characterizing an ordered neighborhood and the molecules are randomly distributed
throughout the lattice (g, = 0.5 with a 50 % lattice occupation). The turn-over rate
(change of molecule position per time sfep) is in the range of 30 %, but the general

shape of the RDF remains unchanged in time.

insert figure 4

Figure 4 shows two snapshots (time-difference of 10 simulation steps between A and B)
of a water simulation generating the RDF given in figure 3, where 50% of the lattice sites
are occupied with water (denoted by unfilled circles). The formation of local, irregular

clusters is shown, but within the next 10 time steps a global rearrangement of cluster
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structures takes Place. The crucial point to obtain this behavior in the simulation

system is an appropriate balance of kinetic and binding (potential) energies.

4.2 Balance between kinetic and potential energies

The summed binding energy Vj sotar and the summed kinetic energy Kiou are given by:

n 6
bevwml = ZZ | %iiﬁding I (6)

k=11=1

n 6

Kol = Z Z Kb . (7)

k=1 I=1
] ...index over the 6 principle lattice directions

k ...index over n molecules

In a non-dissipative system, the total inner energy is constant. In the LMA, Ko
is by definition constant. The sumimed binding energy is in the mean constant in the
equilibrium situation. The value of Vo1 will in general decrease over time until a
(local) minimum value has been obtained which corresponds to equilibrium. The yield

of potential energy is implicitly stored in the system (see also section 5).

The mean value of V}, ;010 is proportional to the fixed value of the thermal state, Koz,

of the whole system:
I{tota.l = Qgiobal I/b,i}otal (8)

Gglobat - - - global proportionality factor

The global proportionality factor, ayppar, is proportional to the temperature of the Sys-
tem (high kinetic energy corresponds to high temperature) and defines intrinsically the
dynamics of the'system: Ggiobal < 1 fixes the system in a local minimum where the
variation of particle position in time tends towards zero (in analogy to a spin glass at
low temperature). To obtain the formation of unstable, but locally ordered clusters, as
shown in figure 4, agobu has to be in a range of 3-4 (3.7 for the system shown in figure
4). The mean binding energy per lattice site for this water simulation is around 5,
summed over the six principle directions. This indicates, that in the mean one H-bond

is formed per water molecule. The respective value for the mean kinetic energy, again
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summed over the six directions, is 21. High values of @400 > 6 enhance the disorder in
the system: The structured radial distribution function, as shown in figure 3, vanishes
and a random distribution with values near 0.5 is obtained for all neighborhoods. This
finding is equivalent to the experimentally determined change of RDF of liquid water

at high temperature.

While ayo5q; On average is constant in time in equilibrium, the local proportlonallty

a,,;;"j; between V( %) and K049 at the site (z,7) exhibits strong fluctuations.

insert figure 5

)

The values a;_/,

of the time series in figure 5, thin line, show the local change of kinetic
and binding energy in time (given in simulation steps). They are summed over the six
principle directions on the lattice and recorded during 500 time steps in the equilibrated
system for one of the water molecules in figure 4. These local characteristics of the
molecular dynamics differ completely from the global behavior: Fluctuations between
binding and kinetic energies characterize the local situation, whereas the relation be-
tween these two terms is on average constant in time for the global system (thick line,
figure 5), showing the global proportionality factor of 3.7, as discussed above. This pic-
ture represents the local flow of binding (ordering) and kinetic (disordering) energies
on a particular water molecule in the global equilibrium situation. In the case a,(o';},

is larger than agsai, excess kinetic energy drives the molecule into free translation, if
a§o’£, < @gylobal, the molecule is in the mean fixed on a cluster position in the hydrogen
bonded water network. This relationship of the local instability is the cause for the

formation of local, unstable clusters in the model for a polar solvent like water.

In this way the system is tunable between a “quasi-crystal” phase and a “gas” ]__:>ha.se

by altering agiobai-

4.3 Dynamics of hydrophobic monomers in a polar environ-

ment

The main type specific feature of hydrophobic monomers in the LMA is the interaction
with other hydrophobic monomers according to the induced dipole — induced dipole

type (see section 2.1.2). The relative strength of this force in the present LMA setup

13



is set equal to the dipole — induced dipole interaction between water and hydrophobic
monomers. Hydrophobic monomers have, therefore, no binding preference for water or

other hydrophobic monomers.

insert figure 6

Figure 6 shows snapshots of a water-hydrophobic monomer system, 10° simulation
steps after the initial random mixing of both molecular types. 50 % of the lattice sites
are occupied by molecules. The fraction of hydrophobic monomers (black filled circles)
is 16% in (6.A) and 25% in (6.B). The remaining fraction (34% and 25%) is filled
with water (unfilled circles). In (6.A), the mean binding energy (see equation 6) of a
hydrophobic monomer, again summed over all six directions, is 2.5 and the value for
water is 5.5. The respective values for (6.B) are 4.2 and 5.7. The mean kinetic energy
for both molecular types is again 21 for both simulations. The global proportionality
Ggiobal I8, after 10° updates, 4.4 for {6.A) and 4.2 for (6.B). The increase of the global
proportionality factor (compared to pure water) is mainly due to the loss of hydrogen
bonds between water molecules, whose energy contributions are in this system only
partly counteracted by the binding energy based on water-hydrophobic monomer and
hydrophobic monomer-hydrophobic monomer interactions.

However, the mean stabilization of a water molecule in a mixture is larger than in the
bulk (comparing the values of 5.5 and 5.7 for binding energies denoted above with the

value 3.0 discussed in section 4.2).

The hydrophobic monomers (black filled circles) start to form clusters in the polar
environment and the mean cluster size depends intrinsically on the fraction of water
to hydrophobic monomers. The dynamics to form larger clusters is rather slow after
the first formation of small clusters as found in figure (6.A). This behavior is based
on nonlinear kinetics: First the comparably fast formation of small clusters, then the
slower diffusion dynamics of these clusters to form larger hydrophobic domains.

The energetical basis of the cluster-formation itself is the most interesting part. The
clustering takes place, although the binding energy between two hydrophobic monomers
1s comparably weak - much weaker than the water-water binding (ratio 1:5 in the
current setup} and only as strong as the hydrophobic monomer-water interaction. A

hydrophobic molecule has therefore no binding energy preference for water or another

14



hydrophobic monomer, but still clustering occurs. The reason for the starting phase
separation is, therefore, based on the properties of the polar solvent, as will be shown
in section 5. Complete phase separation can be simulated by increasing the induced
dipole - induced dipole interaction to a value < —2 instead of —1. But already the
equal interaction strength between water and hydrophobic monomers as well as between

different hydrophobic monomers is suficient for the clustering.

4.4 Polymer dynamics in the LMA
4.4.1 Hydrophobic and hydrophilic pentamers in a polar environment

The snapshots of figure 7 (after A: 10%, B: 5.10* and C: 10° updates) of a simulation
of five hydrophobic pentamers in the polar solvent show the progress of cluster forma-
tion. Black filled circles denote hydrophobic monomers, unfilled circles denote water

)

molecules.
insert figure 7

This clustering of hydrophobic polymers is not an artifact based on the update rules
as can be shown easily when simulating the dynamics of hydrophilic pentamers (which
“like” to be in contact with water, based on the formation of strong H-bonds) in the
same setup. Hydrophilic monomers are always completely solvated by water molecules
and take part in the H-bond network. Free hydrophilic monomers and hydrophilic
polymers show no cluster formation in the polar solvent.

The clusters formed by hydrophobic polymers are not ordered, as there is no additional
information for orienting or aligning the polymers in a well defined way, as shown in

the next paragraph.

4.4.2 Lipid-like pentamers in a polar environment

The present LMA setup is already very sensitive to the variation of the molecular
types involved in the dynamics. Figure 8 shows intermediates of simulating lipid-like

polymers (as schematically shown in figure 1.C) in the polar environment.

insert figure 8
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The hydrophilic head-monomers in the pentamer are indicated by the open, large
circles, the hydrophobic tail-monomers by the black filled circles. The small circles
indicate water molecules. The topology of these clusters (A: 103, B: 5.10¢ and C: 10°
updates) as well as their formation dynamics, especially with respect to a long time
scale needed to form clusters (as discussed in section.4.5), differ strongly from the
example shown in figure 7. These clusters (the dimeric associates in 8.A and 8.B as
well as the quatermeric in 8.C) are ordered in such a way, that the hydrophilic head-
monomers always stay in contact with water, whereas the hydrophobic tails try to
cluster. This example shows that even a slight variation of the physico-chemical type

of only one monomer in the pentamer essentia.ﬂy changes the cluster formation process.

Thus, there is a crucial dependency of-the macromolecular aggregation on the chem-
ical type of the molecular entities involved. To ensure proper functionality of higher
order structures composed by supramolecular ensembles, specific information has to be
present on the basic molecular entities. The higher the order is and the more specific a
is task of a biological structure the more information has to be present at the underlying

chemical entities to specify the structure and thus its functionality [4].

4.4.3 Polymer update on a 2D lattice

The treatment of polymers in the present LMA setup is confronted with two basic
problems, on the one hand the dimensionality of the lattice, on the other hand the

paralle] update of an extended object only based on local, discrete rules:

Dimensionality:

A two dimensional lattice is sufficient to simulate monomeric fluid flow in a qualita-
tive and quantitative correct way, as also demonstrated by the results of the Lattice
Gas Automata simulations formulated in two dimensions [24]. Due to the bonds,
polymers reduce the degrees of freedom in their vicinity for other monomers signif-
icantly. A straight forward simulation of polymers and solvent in the LMA yields
typical dimension-based phenomena in the solvent structure around polymers, as e.g.
dense clustering. To avoid these effects and to study solvent properties in “local 3D”, a
second lattice can be introduced to allow solvent molecules to pass positions occupied

by monomers in polymers if they are not bond to any other molecule (or more exact, if
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their thermal state is higher than their yield of binding energy on the present position).
This second lattice corresponds to a solvent reservoir. If a solvent molecule enters the
second lattice, an identical solvent molecule, with respect to relative orientation and
thermal state, is released onto a free work-lattice position in the move direction of
the particular solvent molecule. We used this approximation in the above discussed

simulation of polymers.

Parallel polymer update:

The real time movement of a polymer is an intrinsically parallel process. In a physical
system the translational state of a subpart (monomer) of the polymer in time ¢ is
instantaneously (with the speed of light) known to all other subparts. To realize this
global information flow, at least (I — 1) propagation steps in a polymer of the length

[ have to be performed in the LMA. To resolve possible conflicts requires additional

information propagation steps. For a more detailed discussion of these issues we refer
to [22, 1]. A polymer in the LMA is characterized by an elastic deformability of
the monomers in a collision process. The information about the energetic state of a
monormer is only propagated to the bond neighbors (i.e. monomers in NH 1) in the
chain in one time step, assuming that the propagation of the momentum along the
chain is slow (1 site per time step) due to the time lack based on the deformation of
subunits (libr'ational and vibrational modes of bonds). The same feature also holds for
the LMA solvent molecules, where momenta are also only propagated to neighborhood
1 in one time step. This is because a simultaneous fulfillment of (i) a strict parallel
update, (ii) strict local interaction rules, and (iii) a strict conservation of momentum,
is not possible [27]. For other cellular automata based polymer updating methods we
refer to [28] and [29].

4.5 Correlation of LM A-updates to a physical time scale

The representation of a LMA simulation in an absolute time scale can only be roughly
estimated. The overall relaxation times of polar liquids, determined e.g. by ultrafast
fluorescence spectroscopy [30], are in the range of one picosecond. The underlying pro-
cesses in this time regime are the dynamics of fast, mainly librational and rotational,
modes in between 10 and 100 femto seconds, followed by a slower, longitudinal relax-

ation up in the picosecond range.



The longitudinal relaxation in our lattice model is defined by the translation of a par-
ticular water molecule from one lattice site to a site in neighborhood 1. In the mean
three full updates of the lattice are needed to translate one water molecule (at the given
global proportionality factor of 3.7). These three updates could now be assigned to a
one picosecond time step. Following this interpretation, the first two updates corre-
spond to librational and rotational modes of the LMA water molecule (i.e. rotation of
a molecule on a given lattice site) and the third update is in the mean the translational

contribution to the relaxation time.

The update of a hydrophobic monomer in bulk water is comparably faster, in the mean
two updates, which correspond to one translational relaxation. The relaxation time
of a hydrophilic monomer is near to the relaxation time of water in our model. The
exact values for the system with agmm. = 3.7 are 3.3 updates for water, 3.0 updates
for hydrophilic monomers, and 1.9 updates for hydrophobic monomers in bulk water
phase.

However, all calculated monomer systems show a comparable update time in the range
of < 4 updates and, related to a time scale, a longitudinal relaxation time should be

in the range of one picosecond.

The time for updating the model-pentamers is, due to the constraints introduced by
bonds, much longer. A full translational polymer update, and the corresponding trans-
lational relaxation, is defined by at least one translation of each monomer in the poly-
mer by a distance one on the lattice. The translational relaxation of a hydrophilic
pentamer takes in the mean 1.5 x 10* LMA steps, of a hydrophobic pentamer 6 x 103
(see figure 7) and of a lipid-like pentamer, as show in figure 8 , 1.2 x 10* LMA up-
date steps. These numbers of update steps correspond, taking the update of a single
water molecule as reference (where three updates correspond to 1 ps), to 4-5 ns for
the hydrophilic, to 2 ns for the hydrophobic, and to 4 ns for the lipid-like pentamer,
respectively.

Surprisingly, the translational relaxation of a lipid-like pentamer is similar to the time
range of a hydrophilic pentamer, although only one monomer in the pentamer is hy-
drophilic. This decreased flexibility of lipid-like polymers, compared to hydrophobic

polymers, is also reflected by an increased cluster stability (figure 8) compared to hy-
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drophobic clusters (figure 7).

In general, the translational update-times for polymers in the LMA-model seem to be
overestimated. This is probably mainly due to the reduced number of degrees of free-
dom when simulating polymer dynamics on a 2D grid. The simple molecular dynamics
and molecular self-assembly simulation discussed here are thus typically simulated up
to the order of 0.1 micro second real time and they are easily performed on a PC or a

small workstation.
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5 Thermodynamic Characterization of the LMA

The driving force for dynamics within the LMA is, formally, based on two, in the sim-
ulation strictly separated, basins of energy:

(1) The thermal state, consisting of translational energy and energy distributed over
inner degrees of freedom within a molecule as e.g. rotational terms. This thermal state
of a molecule is either stored on inner degrees of freedom during the free translation
or distributed to other molecules in a collision process.

(2) The potential energy between specific sites on the three molecular entities recruit-
ing attracting and repelling forces.

Binding of a molecule influences the occupation time of a molecule on a particular
lattice location. If the highest kinetic energy in a direction exceeds the sum binding
energy of the molecule the intermolecular bond breaks. However, the sum inner energy

on the molecule remains unchanged.

Monomers in the LMA can be interpreted as an ideal gas, if all occupied data structures
(or lattice sites) are separated by at least a neighborhood of three. In this case, the total
energy of the system, Fia1, is given by the sum kinetic energy Kiosa1. Compressing this .
“ideal gas” to the (constant) simulation volume results in a decrease of the potential
energy, — Vs totai, a8 intermolecular interactions are realized and bonds are formed. The
decrease of this potential energy during the simulation, based on the “optimization”
of the intermolecular interactions and depending on the global proportionality factor
Qglobals 18 implicitly stored as inner (inter-molecular) energy. Note that the distribution
of the kinetic energies in each direction as well as Kjuq itself is not changed in time.
Thus all occurring energy losses are not considered explicitly, but the inner energy
provides the necessary energy whenever a bond is broken. Recall that the decrease of
this potential energy during the simulation, due to the bond formation and depending
on the global proportionality factor agepat, is implicitly stored as inner inter-molecular
energy - and that it can always be recovered again as molecular assemblies are broken
up.

The total energy of the system is thus given by:

Eiotat = Kiotar + Vo = constant, (9)

where ¥} is the potential energy or binding energy term when the simulation is started.
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The system has a constant total energy. The total number of grid points on the
lattice, i.e. the volume, and the total number of molecules is also constant during the

simulation. Thus, the LMA confirms to a microcanonical ensemble.

The above interpretation -allows the formal definition of the entropy in the following
way:
S = Rgystem an, (10)

where Esystem 16 a LMA intrinsic constant correspondi;lg to the Boltzmann constant &g
for a physical system, Z is a partition function over the states of the molecules in the
simulation. Since Z is not known explicitly (we would have to derive the Hamiltonian
for the LMA) an approximation of the entropy, Srara, can easily be calculated. S LMA
measures an occupation pointer as an approximation to the partition function of n
molecules on the lattice and does not explicitly take the particular energetical states

of a molecule into consideration:

* Dy
SLMA(t) = ksystem In i_; 3 (].].)

where D; is an occupation pointer of molecule ¢ with the value 0, if the molecule does
not change its location (7,5) on the lattice between time ¢ and ¢ + 1, and 1 if the

molecule changes the position in one update.

This definition of entropy only considers the location parameter of the generalized coor-
dinates I, but not explicitly the entropic impact of the distribution of energetic states,
as noted for a general partition function in equation (10). But, as we will see below,
this positional or structural entropy is the manifestation of the specific energetic state

of monomers in given neighborhood situations.

In the case of the ideal gas-LMA in an infinite simulation volume (no interaction be-
tween molecules, no excluded volumes), the sum over all D; is equal to n and the
entropy is therefore zero for this reference system. Figure 9 shows the dynamics of en-
tropy as defined in equation (11) for water and water:hydrophobic monomer mixtures.
The corresponding energetic implication for the systems shown in figure 6.B (25%_ wa-

ter, 26% hydrophobic monomer mixture) compared to a water simulation (shown in
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figure 4) is given in figure 10:

insert figure 9,10

The decrease of entropy (Srara), based on the stabilization-of molecules by bond for-
mation, is especially monitored during the first 100 steps of the simulation of a wa-
ter system, curve a, and the two water:hydrophobic monomer mixtures, curve & and
¢, as shown in figure 6A (16 % hydrophobic monomers) and 6B (25 % hydrophobic
monomers). The mean entropy for the water system is -1.55 and remains constant also
after longer simulation times. The entropy is lower for the mixtures, -1.9 for system &
(16 % hydrophobic monomers) and -2.5 for system ¢ (25 % hydrophobic monomers).
These values continue to decrease, e.g. -the respective values for system b are -1.95 after
10® simulation steps and -2.65 after 10° steps. This again reflects the comparably slow
phase separation process for the mixtures.

The entropy, as defined in equation (11), is gencrally lower for the mixtures compared
to pure water and depends on the concentration of hydrophobic monomers in the sys-
tem, since the value of Spas4 is lower for ¢ compared to b. This is especially of interest
when considering the ag'gobag values, 3.7, 4.4 and 4.2, for the three systems (as discussed
in section 4.2 and 4.3). These values indicate the opposite behavior. A general desta-
bilization of molecules in a mixture and a concomitant increase of entropy, since an
increase in Kiotar/ Vi total = Ggiobat 15 observed.

This increase is mainly based on the fact, that the loss of H-bonds between water
molecules is not completely counteracted by dipole - induced dipole and induced dipole
- induced dipole interactions (see section 4.3). The reason for clustering and the de-
crease of entropy is based on the local (and not the global, as indicated by dagopar)
distribution of energetic states, which is not explicitly considered in equation (11) or
figure 9.

Figure 10 denotes the probability Psu. to find a water molecule with a particular
binding energy ranging from -1 to -18 (three H-bonds, 3 dipole — induced dipole inter-
actions). The unfilled circles denote the Py;,.-values for water molecules in bulk water
phase (as in figure 4). Three main peaks are found at -5, -10 and -15, corresponding
to the three possible hydrogen bonds on one particular water molecule. The same

overall distribution is also found for the mixture with 25% hydrophobic and 25% water
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molecules on the lattice (see also figure 6.B). The Pjuee values calculated for water
molecules neighboring at least one hydrophobic monomer are denoted by the black

boxes in figure 10.

The difference in the mixture is the change in the overall probability of water to form
a hydrogen bond: Especially water molecules in the neighborhood of hydrophobic
monomers are in the mean stabilized to a higher extend, mainly at the binding poten-
tial of -5 (Psaze == 0.53 for water neighboring hydrophobic molecules, 0.42 for water

neighboring water).

This inhomogenous, local distribution of binding energies is the reason for the decrease
of entropy for the mixture systems. It is the reason for the entropy-decrease shown in
curve b and c¢ in figure 9. This finding indicates the formation of comparably stable
structures around hydrophobic clusters and therefore, a slower dynamics in the vicinity
of hydrophobic surfaces. This finding corresponds to the experimentally determined
decrease of entropy when solvating hydrophobic molecules at room temperature and is
in accordance with other models describing hydrophobic effects showing slow dynamics

of water molecules in the hydration shell of hydrophobic surfaces [31, 32, 33].

It should be noted, that the phase separation process of hydrophobic monomers in a
polar environment as well as the concomitant decrease of entropy, are not explicitly
implemented properties of the molecular elements in this simulation. They are the
result of the system dynamics. These hydrophobic effects are thus emergent properties

of the molecular dynamics.



6 Conclusion

We have presented a new type of molecular dynamics and self-assembly simulation,
the Lattice Molecular Automaton (LMA), which is able to handle very large molecular
systems over long time (up to the range of seconds). In the LMA all interactions (elec-
trostatic fofces) are decomposed and communicated via propagating force particles or
“photons”. The monomer-monomer bond forces, the molecular excluded volume forces,
the longer range intermolecular forces, the polymer-solvent, and the solvent-solvent in-

teractions are all modeled by propagating information particles.

The concept of lattice data structures, sharing locally propagated information, is the
basis for this kind of molecular dynamics and self-assembly simulation. The data
si;uctures are interpreted as computational nodes, storing type specific characteristics
of molecules as water, hydrophilic and hydrophobic monomers. The update of the state
of the data structures at each lattice site is based on the local information and the re-

ceived (propagated) information from a given neighborhood on the discrete lattice.

The LMA is a tool that enables the study of the principle, physical mechanisms that
generate higher order molecular structures:

(i) A polar solvent like water is characterized by clustering of water molecules in a
hydrogen bonded network with fast rearrangement dynamics. The water structures
generated in the LMA produce the same radial distribution function (RDF) as exper-
imentally measured.

(ii) The Hydrophobic Effect, which is not explicitly encoded in the LMA, is cor-
rectly generated by the interactions between the hydrophobic monomers and the water
molecules.

(1i1) Phase separation of hydrophobic monomers in water in the LMA system follows
the same dynamical characteristics as have been experimentally determined. This clus-
tering dynamics is — based on the high binding energies of hydrogen bonds — feasible
from the enthalpic point of view, but not for the entropic staie of the system. The
structural features of liquid water are in a sensitive balance of entropy and enthalpy.
The dissolution of hydrophobic particles exactly influences this balance.

The consequence of this perturbation, the generated Hydrophobic Effect, drives the
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phase separation of hydrophobic molecules in a polar environment.

(iv) LMA lipid polymers form ordered, higher order molecular structures in water.
{(v) The discrete, microscopic system representation, which enables a direct calculation
of thermodynamic properties of a microcanonical ensemble, gives a direct way to com-
pare results from simulation with thermodynamic data from experiments and further
determine how different microscopic effects contribute to the macroscopic thermody-
namic quantities. The change of entropy during solvation processes can for instance
directly be followed in the LMA system.

(vi) The molecular water structures around hydrophobic surfaces can be directly in-

spected and the enfropic changes followed.

Vesicles and micelle-like structures are typical examples of higher order molecular struc-
tures that can be generated by lipids:water mixtures. The driving force for the phase
separation and ordering of lipids in water is the Hydrophobic Effect, which is a result
of the interactions of the hydrophobic and hydrophilic molecules arranged in polymers
and the polar water molecules. Minimal physico-chemical properties of molecular en-
tities represented as information in data structures on the 2D lattice allows the LMA
system to have constructive dynamics and generate higher order molecular structures,

as e.g ordered lipid aggregates.

The data structure concept of the LMA is of course expandable to represent more
details of the Physics ® so that yet higher order interactions and thus structures can be
generated. It should for instance be possible to have “membrane proteins” to assemble
into the vesicles so that a transport of molecules becomes possible, perhaps to fuel a
chemical reaction inside the vesicle that can change the vesicle [8]. Also an assembly
of larger molecular units as e.g. whole micellular entities is possible by appfbpria,te
expansion of the data structure. |

As we in this way may step up into the dynamical hierarchy of molecular structures the
computational resource requirements will eventually explode and we will be forced to
change the level of description if we want to understand the dynamics of these processes.

We would need to go to a higher level of description and now interpret each data

SWe use the term Physics to denote the real world and not our models of the real world which we
denote physics.
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structure as a molecular aggregate itself and change the data structure appropriately.
Science has to a large extend been successful by doing exactly that - chosen appropriate
levels of description. With the LMA we have developed a simulation tool that allows
us to investigate the dynamics of the generation of molecular hierarchies which are

processes that are not well understood.
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Figure captions:

figure 1: (A): Six principle directions on a hexagonal lattice. (B.1) and (C.1):
Schematic representation of water and a polymer in the LMA. (B.2) and {C.2): Prop-
agation of-information particles to maintain excluded volume (Repellons), bonds be-
tween monomers in polymers (Bondons) and force particles, Attractons, generating
type specific force fields, to neighborhood (NH) 1 and 2 on the hexagonal lattice, re-
spectively.

figure 2: Particle propagation for two water molecules in position (4, 7),(¢,7 4+ 1) on
the hexagonal lattice: (A): Propagation of Repellons to NH1, ensuring excluded vol-
ume. (B,C): Propagation of force particles, Attractons, to NH1 and NH2 describing a
type specific force field. '

figure 3: Radial distribution function g, of a LMA water simulation (for definition
see text): 50% of the data structures on the lattice are covered with water, 50% are

empty. The figure is based on a set of 10* molecules after 10° simulation steps

figure 4: Two snapshots of the LMA water representation in equilibrium at time
t = 10° simulation steps, (A), and at time ¢ = 10° + 10 steps, (B). Data structures

representing water are denoted as circles.

figure 5: Evolution of the local proportionality factor a,(ifz,, thin line, and the global
proportionality factor agsper, thick line, (for definition see text) for a LMA water sim-

ulation during 500 time steps in equilibrium.

figure 6: Snapshots of mixtures of water:hydrophobic monomers after 10° updates.
(A): 16% hydrophobic monomers, 34% water, 50% empty; (B): 25% hydrophobic
monomers, 25% water, 50% empty. Water is denoted as unfilled, hydrophobic monomers
as black filled circles. Cluster formation (phase separation) is occurring for both mix-

tures, strongest for the mixture with most hydrophobic monomers.

figure 7: Cluster formation in a LMA polymer simulation: (A): 10° time steps; (B):
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5 - 10* time steps; (C): 10° time steps. Hydrophobic monomers in the pentamers are

denoted as black filled circles, water molecules as unfilled circles.

figure 8: Snapshots of typical polymer clusters in a simulation of lipid-like pentamers
in a polar environment. The details A, B (dimers) and C (quatermer) are taken from
a run simulating five pentamers. Unfilled, large circles denote the hydrophilic head
monomer in the pentamers, black filled circles denote hydrophobic tail monomers, the
small circles denote water molecules (Note that all the molecules have the same “size”

in the simulation - they only differ in this graphical representation).

figure 9: Evolution of entropy, as formulated in equation (11) (see text), for the first
1000 updates of a water simulation, curve (a), and two mixtures of water and hy-
drophobic monomers: curve (b) 16% hydrophobic monomers, 34% water, 50% empty,
and curve (¢) 25% hydrophobic monomers, 25% water, 50% empty.

figure 10: Probability Py, to find a particular water molecule with a certain binding
energy in the range [0,-18]. Piue values below 0.02 are not shown. Unfilled circles
denote Pyze values for molecules in bulk water (as in the system shown in figure 4),
black filled boxes denote Piiq:e values for water molecules in a mixture neighboring at

least one hydrophobic monomer (equal concentration, see also figure 6.B)
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