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Kurzfassung

Moleküldynamiksimulationen haben in den letzten Jahrzehnten einen immer grösseren Stel¬

lenwert in Biochemie und Biophysik erreicht. Allerdings werden, wenn klassisch simuliert wird,

mehrere Annahmen und Näherungen getroffen. Das Ziel dieser Arbeit ist es, die Auswirkungen

einger dieser Näherungen genauer zu untersuchen, wozu im Speziellen die Umgebung des simu¬

lierten Moleküls und der Einfluss der verschiedenen Simulationsparameter untersucht wurden.

Kapitel 1 enthält ein kurze Einführung in Moleküldynamiksimulationen. Die zugrundelie¬

gende Theorie und das Kraftfeld, welches die Wechselwirkungen zwischen den Atomen be¬

schreibt werden erklärt. Im letzten Abschnitt werden einige häufige Einsatzmöglichkeiten be¬

schrieben.

In Kapitel 2 wird die Konvergenz als Funktion der Zeit verschiedener Moleküleigenschaften
untersucht. Als Testsystem wurde der Kristall des Proteins Ubiquitin für 2ns simuliert. Die

Gesamtenergie, die Abweichungen der simulierten Struktur von der experimentell bestimmten

Kristallstruktur, die Fluktuationen der Atome um ihre mittlere Position und die Fluktuationen der

Diederwinkel wurden untersucht. Die meisten dieser Eigenschaften konvergieren in der kurzen

simulierten Zeit, nur die strukturelle Abweichung von der Kristallstruktur hat nach 2ns noch

keinen Endwert erreicht.

In Kapitel 3 werden die Auswirkungen von Kraftfeldparameteränderungen auf ein simu¬

liertes Protein untersucht. Dazu wurde das Protein hen egg white lysozyme (HEWL) mit dem

GROMOS96 Kraftfeld für 2ns simuliert. Die Konvergenz verschiedener Eigenschaften wurde

beurteilt und die konvergierten Werte dann mit experimentell bestimmten Werten verglichen. Es

wurden Daten von Röntgenstrukturanalyse- und NMR-Experimenten verwendet: NOE Atom-

Atom Distanzgrenzen, 3Jhnu-Kopplungskonstanten und Ordnungsparameter von NH Bindungs¬
vektoren in Haupt- und Seitenketten. Die Werte, die mit dem GROMOS96 Kraftfeld errechnet

wurden, wurden zusätzlich mit Werten aus einer früheren Simulation verglichen. Die Simula¬

tion mit dem GROMOS96 Kraftfeld stimmt besser mit den experimentellen NMR Daten und

auch mit der Kristallstruktur überein als die frühere Simulation, wo eine verbesserte Version des

GROMOS87 Kraftfeldes eingesetzt wurde.

Proteinkristalle haben, verglichen mit Kristallen kleinerer Moleküle, einen hohen Wasserge¬
halt. Darum wird allgemein angenommen, dass sich Proteinmoleküle in Kristall und Lösung sehr

ähnlich verhalten. In Kapitel 4 werden die Auswirkung der zwei verschiedenen Umgebungen
auf das Protein hen egg white lysozyme (HEWL) untersucht. Zwei Simulationen von HEWL,

beide von 2ns Länge, eine davon im Kristall, die andere in wässriger Lösung, werden miteinan¬

der verglichen. Die Resultate aus beiden Simulationen werden experimentell bestimmten Wer¬

ten gegenübergestellt. Es wurden Daten von Röntgenstrukturanalyse- und NMR-Experimenten
verwendet: kristallographische Temperaturfaktoren, NOE Atom-Atom Distanzgrenzen, 3Jhn<x-
Kopplungskonstanten und Ordnungsparamter von NH Bindungsvektoren in Haupt- und Seiten¬

ketten. Die Resultate der beiden Simulationen sind sehr ähnlich. Die Kristallsimulation repro¬

duziert allerdings Kristall- und NMR-Daten etwas besser.

In Kapitel 5 werden 5 MD-Simulationen dazu verwendet, die Auswirkung der molekula¬

ren Umgebung auf das Verhalten des Proteins Ubiquitin zu bestimmen. Da Ubiquitin nur leicht

geladen ist, sollte die Gegenwart von Gegenionen keinen grosse Effekt haben. Zwei der Simu¬

lationen wurden mit Gegenionen durchgeführt, drei ohne. Wenn man in Simulationen Ladungen
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verwendet, sollte man darauf achten, dass die Auswirkungen, die dadurch entstehen, dass man

die Wechselwirkungen nur bis zu einem bestimmten Abschneideparameter berechnet, minimiert

werden. In vier der vorliegenden Simulationen wurde dafür der Reaktionsfeldansatz benutzt,

in einer der Kristallsimulationen wurden die Wechselwirkungen einfach abgeschnitten. Da die

Ladungsdichte in Kristallen viel höher ist als in Lösungen, wo auch mehr Wasser vorhanden

ist, welches die Ladungen abschirmt, sollten Kristallsimulationen empfindlicher auf Gegenionen
und auch auf die Gegenwart eines Reaktionsfeldes sein.

In biomolekularen Simulationen werden die verschiedenen erscheinenden Frequenzen von

Kraftfeldtermen bestimmt. Eine Übersicht dieser Frequenzen wird in Kapitel 6 gegeben. Da¬

durch, dass man die höchsten Frequenzen ausschaltet, kann man in Gleichgewichts- und Verfei¬

nerungssimulationen einen längeren Zeitschritt erreichen, muss allerdings eine Einbusse in der

physikalischen Bedeutung in Kauf nehmen. Die verschiedenen Kraftfeldterme, die man in mo¬

lekularen Simulationen einsetzt, können geschwächt oder die korrespondierenden Freiheitsgrade

festgehalten werden. Dadurch kann ein grösstmöglicher Zeitschritt von 5fs für eine Gleichge¬

wichtssimulation erreicht werden, in der statische Gleichgewichtseigenschaften, im Gegensatz

zu dynamischen Eigenschaften, nicht beeinflusst werden. Der längste Zeitschritt, der mit einem

sehr weichen Kraftfeld und erhöhten Wasserstoffmassen erreicht werden kann, ist 14fs. Die¬

ser Parametersatz sollte allerdings nur in Verfeinerungssimulationen eingesetzt werden, wo die

unphysikalischen Auswirkungen des Kraftfelds von untergeordneter Bedeutung sind.

Der Gebrauch anisotroper Druckkopplung erlaubt eine Deformation der simulierten Zelle.

Die Auswirkungen anisotroper Druckkopplung auf ein kleines System mit vielen Ladungen
wird in Kapitel 7 untersucht. Endliche und unendliche periodische Randbedingungen wer¬

den eingesetzt. 27 gleich geladene Partikel (mit verschiedenen Ladungen) wurden in Wasser

und Argon simuliert, um die abschirmenden Effekte der unterschiedlichen dielektrischen Dur¬

chlässigkeiten zu untersuchen. Die Startzellen wurden in den meisten Simulationen deformiert.

In den verdünntesten Systemen, 27 Partikel mit einer Ladung von le und den zwei Simulationen

bei höherer Temperatur, 400K, blieb die Startzelle erhalten. Bei den Simulationen in Argon mit

endlichen periodischen Randbedingungen wurde eine sehr langsame Konvergenz beobachtet, die

Simulationen in Wasser fanden die optimale Form der Simulationszelle schneller. Die Simulation

mit unendlichen periodischen Randbedingungen, wo auch eine andere optimale Form gefunden

wurde, konvergierten noch schneller.
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Summary

Molecular dynamics simulations have become more and more important during the last few

decades. However, within the framework of classical dynamics, several approximations are

made. The studies presented in this thesis aim at a deeper understanding of the effects of some

of the various approximations made. Special emphasis was put on molecular environment and

simulation parameters.

Chapter 1 gives a brief introduction into molecular dynamics. The basic theory is described

together with the functional form of the interaction function used. The last paragraph describes

some common applications of molecular dynamics.

In chapter 2, the degree of convergence of different molecular properties is examined. As a

test system, the protein ubiquitin was simulated for 2ns in crystalline environment. The proper¬

ties examined were energies, deviation from the experimentally derived crystal structure, atom-

positional fluctuations and dihedral angle fluctuations. Most properties turn out to be converged
on the short time-scale, 2ns, simulated. The atom-positional deviation from the X-ray structure,

on the other hand, did not converge within 2ns.

In chapter 3, the effect of parameter changes in a molecular force field is examined. First,

the degree of convergence of different molecular properties is investigated using a simulation

trajectory of a 2ns simulation. The protein hen egg white lysozyme (HEWL) was simulated

using the GROMOS96 force field. Converged properties were compared to values of quantities
derived from X-ray and NMR experiments: NOE atom-atom distance bounds, 3Jhno.-coupling
constants and backbone and side-chain order parameters. In addition, quantities calculated from

the GROMOS96 trajectory were compared to values obtained from an earlier simulation. The

GROMOS96 simulation shows better agreement with the NMR data and also with the X-ray

crystal structure of HEWL than a previous simulation, which was based on an earlier version of

the GROMOS force field.

As protein crystals generally possess a high water content, it is assumed that the behaviour

of a protein in solution and in crystal environment is very similar. In chapter 4, the effects of the

different molecular environments on the protein hen egg white lysozyme (HEWL) is examined.

Two 2ns simulations of HEWL, one in crystalline form and the other in solution, are compared
to one another and to experimental data derived from both, X-ray and NMR experiments, such as

crystallographic B-factors, NOE atom-atom distance bounds, 3Jhno.-coupling constants, and 1H-

15N bond vector order parameters. Both MD simulations give very similar results. The crystal
simulation reproduces X-ray and NMR data slightly better than the solution simulation.

In chapter 5, five MD simulations of the protein ubiquitin are analysed to determine the

effects of the molecular environment on the behaviour of a protein. Since the protein is only

slightly charged, the presence of counterions is not expected to have a big effect. Two of the

simulations were carried out with counterions, the other three without. Using charged species,
one should pay attention to effects induced by the use of a cut-off radius when evaluating non-

bonded interactions. In four of the simulations, the reaction field approach was used, one of the

crystals was simulated without reaction field, truncating interactions at the cut-off radius. Since

in a crystal, the charge density is much higher than in solution and there is less solvent present to

screen these charges, simulations in crystal are expected to be more sensitive to the presence of

counterions and to inclusion of reaction-field forces than simulations in aqueous solution.
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In biomolecular simulation, the different force field terms determine the frequencies found

in a particular simulation. The spread of frequencies is reviewed in chapter 6. By eliminating

the high frequencies, longer time steps can be achieved in equilibrium and refinement (non-

equilibrium) simulations at the expense of decreasing physical correctness of the simulated sys¬

tem. The different force field terms used in molecular simulations can be softened or the cor¬

responding degrees of freedom can be rigidified leading to a maximum time step of 5fs for a

simulation in which static equilibrium properties are not affected by the changes in the force

field parameters introduced, but dynamical quantities are. Using a very smoothed, soft interac¬

tion function and increased hydrogen masses, a time step of 14fs can be reached. However, it

should only be used in refinement simulations, in which the unphysical properties of the force

field and dynamics are of minor importance.
Use of anisotropic pressure coupling allows for a deformation of the simulated system. The

effect of anisotropic pressure coupling on small systems containing highly charged particles is

analysed in chapter 7. Finite and infinite periodic boundary conditions were used. 27 identically

charged particles were simulated in water and argon using various charges per particle to inves¬

tigate the dampening effect of the different dielectric permittivities. A deformation of the initial

box is observed in almost all the simulations. Only the most dilute systems, 27 particles with

charges of +le in water, and the two simulations at 400K did not deform. The simulations in

argon using finite periodic boundary conditions, converge very slowly. The simulations in water

need shorter time to find the optimal box shape. The simulations using infinite periodic boundary
conditions again converge quicker and lead to a different box shape than the simulations using
finite periodic boundary conditions.
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Chapter 1

Introduction

1.1 Computational chemistry

"Every attempt to employ mathematical methods in the study

of chemical questions must be considered profoundly irrational

and contrary to the spirit of chemistry. If mathematical analysis
should ever hold a prominent place in chemistry - an aberration

which is happily almost impossible - it would occasion a rapid
and widespread degeneration ofthat science.

"

A. Comte, 1830, in "Philosophie Positive"

Although, like Comte feared already 170 years ago, mathematics and with it computation
have become more and more important in almost all the fields of chemistry, one cannot say that

this development did induce the decline of chemistry. Actually, the opposite is true. Theory and

computation have been and are still a perfect complement to experiments and both techniques
benefit from each other pushing chemistry to an ever increasing importance in everybody's life.

Computational chemistry knows different levels of theory or abstraction which all have their

particular advantages and limitations. Quantum-chemical calculation, describing the highest

(most fundamental) level of theory includes explicit treatment of (valence) electrons. Quantum-
chemical calculations can be used to describe spectral properties of atoms and molecules, or

chemical reactions. As chemistry is the science of matter, its properties, and transformation of

matter, quantum chemistry theoretically describes "real" chemistry. Unfortunately its predic¬
tions are computationally very demanding. With increasing number of atoms, and thus electrons

considered, the computational effort required increases much faster than the number of parti¬
cles considered, in a range of N3 to N7 (where N is the number of particles), depending on the

level of theory used. So, only properties of very small systems can be calculated accurately and

even with the fast increase of computational power, large systems will always be out of reach

of high-level quantum-chemical calculations. So, in order to be able to treat large systems, one

has to make further approximations. In molecular dynamics (MD) [1] one does not treat elec¬

trons separately, but together with the corresponding nuclei. This leads to point charges moving
in the field of the rest of the simulated system. This neglect of electronic degrees of freedom

renders it impossible to follow chemical reactions, but allows for much larger systems to be ex¬

amined. Due to the slower motions of nuclei compared to electrons, the time-scales accessible

to these classical simulations is orders of magnitude longer. Within the time scales accessible to

17



18 Chapter 1. Introduction

molecular dynamics, some system properties reach a dynamical equilibrium and can be related

to macroscopic properties using the laws of statistical mechanics.

1.2 Theory of molecular dynamics

1.2.1 Equations of motion

In classical molecular dynamics, atoms are basically treated as point charges having a mass.

These atoms move in the field originating from all the other atoms in the system according to

Newton's equations of motion.

fi = m^- (i-l)
dt

with

fi = -^V(r), (1.2)

where f is the force acting on particle i with mass m,, velocity v(- and position r,-. Vif) is the

potential energy of the system which depends on the coordinates r of all particles of the system

and on the force field used.

1.2.2 The force field

The empirical force field used in molecular dynamics can be split into two parts. In the follow¬

ing equations, the dependence of the potential energy on the coordinates r and the force field

parameters s is included.

VPhys(r,s) = Vb(r,s)+Vn(r;s) (1.3)

where Vphys is the physical interaction function used and the bonded, Vb, and the non-bonded,

Vn, parts of it can be further subdivided.

Vb (r; s) = Vbonds (r; s) + Vangles (r; s) + VimP (r; s) + Vtors (r; s). (1.4)

In the GROMOS96 [2] force field used during this study, the different bonded terms have the

following functional forms.

Vbond{r,s)=JJX-Khn[bl-blf (1.5)

with Kbn the force constant of bond n, bn and bon the actual and ideal bond length, respectively,
of all Nb bonds of the simulated system.

We -,

Vangles(7.s) = £ K%[cos% _ cosQ%f (L6)
n=\

Z

where Kqu is the force constant of angle n, 8n and 6o„ are the actual and ideal bond angle, respec¬

tively, of all JVe angles of the system.

Vimp(r,s)=^-K^n~^n}2 (1.7)
n=\

l
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with K^n the force constant of improper dihedral n, "%n and ^o„ the actual and ideal value for

improper dihedral n, respectively, of all A^ improper dihedrals of the simulated system. Improper
dihedrals are used in molecular dynamics to restrain planar groups to planarity, since the other

forces do not fulfill this task sufficiently. In addition, improper dihedrals are used to impose the

correct chirality and tetrahedral geometry of centers consisting of a united CH atom with three

ligands in the simulation.

Mp

Vtor\f;s) = £ K^n[l+cos{hn)cos{mn^n)} (1.8)
n=\

in which ô„ is a phase shift (0 or 180°) and mn the multiplicity of the selected torsion (or proper

dihedral) angle n with force constant Kyn and value cp„.

The non-bonded interaction consists of different terms as well. The electrostatic part is

treated as follows.
N N 1 a-a-

The summation runs over all pairs of atoms, qi and qj are the charges of atoms i and j respec¬

tively, and rtj is the distance between the two atoms. The Lennard-Jones interaction part is treated

as follows.

N N

i=ly<«
—1 C6(i,j)

ra

1
(1.10)

r6-
iJ

The summation runs again over all pairs of atoms, Cn and C% are the repulsive and attractive

parts of the Lennard-Jones potential energy term which depend on the selected atom pair and on

the type (purely van der Waals or partly electrostatic) of the selected interaction.

The parameters used in the force field, force constants, ideal values for the various quantities,

charges, and van der Waals parameters are either derived from theoretical (quantum-chemically

computed) and experimental values, or fitted such that macroscopic quantities of a simulated

system agree with experimentally measured values for these quantities, such as the heat of va¬

porization, mixing enthalpy, or density. All the summations in the presented terms in principle
run over all of the selected quantities. However, for theoretical or practical reasons, parts of the

summations are generally excluded.

Bonds are usually constrained to their ideal values using the SHAKE [3] algorithm. This has

two major advantages: (i) at room temperature, bonds are in their quantum-mechanical ground

state, so keeping the bond lengths fixed is probably a better approximation to the real world

than treating them as classical harmonic oscillators [4]. Besides, bond vibrations would be the

fastest motions in a simulated system. Removing these high frequencies leads to an increase

of the simulation time step At one is able to use by a factor of four, allowing for much longer
simulation times at a comparable computational effort.

Atoms connected to each other through a bond (1-2 interactions) or through two bonds (1-3

interactions), and 1-4 interactions between atoms in or attached to aromatic rings are excluded

from the non-bonded interactions since at these short distances, the concept of Lennard-Jones

interactions and point charges for atoms is no longer valid. 1-4 van der Waals interactions outside

aromatic rings are reduced for the same reasons.

Non-bonded interactions which involve a sum over all pairs of atoms are generally truncated

at a given cut-off radius Rc. In order to compute non-bonded interactions reasonably accurate, a
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large value for this radius (> 1.4nm) has to be chosen. As most of the computational cost of a

classical simulation arises from the non-bonded interactions, in GROMOS96 a twin-range cut¬

off approach is used. Only the interactions between atoms within a short range cut-off radius Rcp
are calculated every step. The interactions between atoms lying between the short-range cut-off

and the longer-range system cut-off are only evaluated every, usually, 5 steps (lOfs) thus taking

them approximately into account without extensively increasing the computational work to be

done. As the potential energy at the long-range cut-off is non-zero, truncating these interactions

brings noise into the system. This is especially true for the very long-ranged, r_1, electrostatic

interactions. In order to reduce this noise, a reaction field correction is usually applied, especially
in systems containing highly charged atoms. The reaction field behaves like an electrostatic

continuum outside the cut-off radius, with an adjustable relative dielectric permittivity.

When simulating small systems, like in molecular dynamics, boundary effects are not negli¬

gible and have to be taken into account. This can be done in three ways:

(i) Using vacuum boundary conditions is the cheapest possibility since only the molecule

of interest is simulated. However, one usually wants to simulate biomolecules in their

natural environment, in solution. The solvent will have an influence on the behaviour of

the molecule of interest, so vacuum boundary conditions are the crudest approximations
and are, with the computer power nowadays available, no longer used for equilibrium
simulations.

(ii) If the simulated biomolecule is extremely large and the system (solute and solvent) gets

too big to be simulated at a reasonable computational cost, only part of the system can be

simulated using full MD. Outside this core region, in the so-called extended wall region,
atoms are restrained to their initial positions to minimize the effect of the vacuum boundary
conditions. Outside the extended wall shell, however, there is still vacuum. The part of

interest, where full MD is performed, should be as far away as possible from the vacuum,

at least as far as the cut-off radius Rc

(iii) The most common treatment of boundaries is applying periodic boundary conditions. A

space filling box (e.g. a cube or a truncated octahedron) represents the whole space. An

atom leaving the box at one side enters it at the opposite side. This way of treating bound¬

aries introduces artificial periodicity into the system, as usually molecules in solution or

liquids are to be simulated. To minimize the effect of this, the box should be large enough
that an atom can never interact directly with its own periodic copy, thus the box should

in every direction be at least twice as large as the cut-off radius Rc. When simulating
real crystals, so when one wants to include interactions with periodic images, infinite peri¬
odic boundary conditions, like Ewald summation [1] or the particle-particle particle-mesh

technique [5] should be used.

1.2.3 Integration of the equations of motion

In order to integrate Newton's equations of motion, the time is discretized into simulation time

steps At. The forces f acting on the atoms are the negative derivatives of the potential energy

function Vphys (r; s). The most widely used algorithm to integrate the equations of motion in

molecular dynamics is the leap-frog algorithm, although other algorithms are also in use. Using
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the leap-frog scheme, one gets

for the velocities v.- and

At.
_,

At. 1 ->
À

v^+T)=v^--) + —fAt

(r + Af) = rI-(0 + vI-(f+y)Af

(1.11)

(1.12)

for the coordinates. Although, in principle, energy is conserved in such a simulation, the use of

the several approximations such as constraints or a cut-off radius introduces noise, so the system

is usually coupled to a temperature bath using a weak coupling scheme [6].

dT(t)
dt

(1.13)

with T(t) and Jo the actual and the reference temperature, respectively, and %t the temperature
relaxation time. In order to adjust the temperature of the system, the velocities of all atoms are

scaled by a factor X(t)

m i+
2df At

kB %T

To

T{t)
1 (1.14)

where <v is the heat capacity per degree of freedom and kß is Boltzmanns constant. Since the

2
df

1
heat capacity of every degree of freedom is usually not known, the quantity -f-j- is used as an

adjustable parameter to obtain the desired strength of coupling to the temperature bath.

Often one also wants to maintain the pressure using a similar weak coupling approach. For

adapting the pressure, the positions of the particles are scaled by the factor

M(t) = l-KT^[P0-P(t)] (1.15)

with Kj the isothermal compressibility of the system, Po and P(t) the reference and actual pres¬

sure and Xp the pressure relaxation time. Since in a mixed system such as a protein in solution,
the compressibility is usually not known, the quantity ^ is used as an adjustable parameter to

obtain the desired coupling strength to the pressure bath. Since the definition of the pressure de¬

pends on the kinetic energy which again depends on particle velocities, pressure coupling should

be weaker than temperature coupling.

1.3 Applications of molecular dynamics

Provided that the force field used is accurate enough and that the simulation time accessible is

long enough for system or molecular properties to converge, thus that an equilibrium simulation

can be reached, properties calculated from a molecular dynamics trajectory can be compared to

experimentally determined values. In addition, one can then analyse details that are not exper¬

imentally observable. One of the great advantages of simulations is that one can access shorter

time scales and also smaller space resolution than in experiment. A structure determined by
X-ray crystallography or NMR spectroscopy for example represents an average over seconds to

minutes in time and over very many molecules. With molecular dynamics, on the other hand,
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a single or a few protein molecules can be examined for time scales ranging from a few fem¬

toseconds up to, currently, about 10-100ns. Molecular dynamics can also be used to interpret

experimental data, as was done for example in Schiffer et al. [7] where a molecular dynamics

simulation showed that seemingly different results coming from X-ray and NMR experiments

were in fact explainable with the same molecular dynamics trajectory.
In addition to equilibrium simulations, MD is nowadays standardly used in structure refine¬

ment of proteins where an extra potential energy term is added to the physical force field [8]

Vtot(r;s) = VPhys(r;s)+kVspecial(r,s). (1.16)

This special term represents the contribution of experimentally determined properties (e.g. NOE

distances or J-coupling constants from NMR experiments or intensities obtained from X-ray

diffraction experiments). Ideally, if force fields were "perfect", the weight given to the vspecml (r; s)
term could approach zero.

Overall, even if progress is still made in the field of molecular dynamics simulation, one can

say that MD simulation nowadays belongs to the standard repertoire of investigation methods

in biophysics and biological chemistry. Experiment and theory have, especially in this field,

strongly benefited from each other and are expected to do so in the future.



Chapter 2

Molecular Dynamics Simulation of Protein

Crystals: Convergence of Molecular

Properties of Ubiquitin

2.1 Abstract

A unit cell of ubiquitin was simulated for 2ns using molecular dynamics to investigate the degree
of convergence of different molecular properties in crystals. Energies, deviation from the exper¬

imentally derived crystal structure, atomic positional fluctuations and dihedral angle fluctuations

were analysed. Most of the examined properties are converged after 2ns. The atomic positional
deviation from the X-ray structure has not converged within 2ns.

2.2 Introduction

Molecules in crystals are often believed to have very rigid structure due to their ordered packing.

Therefore, investigation of molecular motion of such systems is often considered to be of little

interest. In contrary to small molecule crystals, the solvent concentration in protein crystals is

rather high, usually about half of the crystal consists of water. Thus, one could compare protein

crystals with very concentrated solutions and would expect non-negligible atomic motion. The

atomic mobility in proteins can be investigated by experiment (X-ray diffraction, NMR) or by
molecular simulation.

Although todays experimental techniques are very advanced, they are only able to examine

time- and ensemble averaged structures and properties. With simulations, in contrary, one can

go beyond that and look at the motions of a single molecule in the pico- and nanosecond time

regime. Such simulations however, have only become possible since experiments were able to

produce high resolution data and provide good starting structures of biologically relevant sys¬

tems. Depending on what kind of properties one is interested in, there exist different methods

of simulation. Equilibrium properties can be obtained using Monte Carlo (MC) and molecular

dynamics (MD) simulation techniques, but with the latter motions can be observed too. Current

interest of the simulation community mainly focuses on proteins in their natural environment -

in solution. Thus, the force fields used are parametrized to mimic the behaviour and function of

proteins in solution and not many crystal simulations have yet been performed. Consequently, a

23
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crystal environment provides an excellent occasion to test the force field on a task it should be

able to carry out, but where it is not biased by the parametrization.

Apart from the pure observation of properties, MD simulation is used in structure refinement.

In refinement, be it X-ray crystallographic or NMR, a special term is added to the standard

physical force field to reflect the presence of experimental data.

V (r) = Vphys (r) + Vspecial (r) (2.1)

In NMR, a variety of properties can be measured and each of these can be used in the defini¬

tion of an additional term that restrains the generated structures to reproduce given experimental

values. Refinement procedures exist that use NOE [8] [9], J-value [10] and chemical shift [11]

restraints. In crystallography, X-ray intensities are used to generate the restraining energy con¬

tribution [12] [13]. Combined NMR/X-ray refinement uses both, solution and crystal data [7].

As in experiment averages over time and molecules are measured, instantaneous restraints

can lead to artificial rigidity in the molecular system [14]. This can be circumvented by restrain¬

ing only time or ensemble averages to the value ofthe measured quantity instead of instantaneous

values. Time averaging was applied to NOEs [14] and J-values [10] in NMR structure determina¬

tion and to X-ray intensities in crystallography [15] [16] [17]. Ensemble averaging was applied

in NMR refinement [18] [19]. For a more detailed discussion on restrained MD simulations we

refer to the literature [20] [21].

The very first - unrestrained - MD simulations of a protein in a crystal were carried out in the

early eighties [22] [23]. The protein concerned was bovine pancreatic trypsin inhibitor (BPTI),

a small (58 residue) protein for which high resolution X-ray diffraction data was available. The

initial level of simulation was to neglect solvent, using vacuum boundary conditions. This has

been improved gradually by the inclusion of Lennard-Jones particles at the density of water as

solvent [23], to let the protein feel random forces and friction from the outside as well as a

slightly attractive external field. The next step was to use a simple (simple point charge, SPC)

water model [24]. Further improvement was achieved by incorporating counter ions into the

modeled systems to obtain overall charge neutrality [25].

Despite these early attempts, only few unrestrained crystal simulations have been reported in

the literature up to now and the ones known concern one to four protein molecules, simulating
one unit cell [26] [27]. The time range covered is about lOOps.

In this work, the current state of MD simulation of protein crystals is illustrated. A full

unit cell of ubiquitin containing four ubiquitin and 692 water molecules was simulated for a

period of two nanoseconds. Since the simulation is an order of magnitude longer than crystal
simulations in the literature, it offers the possibility to analyze convergence of different properties
as function of time as well as of the number of protein molecules. Secondly, converged properties
can be compared to experimental values to test the GROMOS96 force field [28]. Finally, the

obtained motions can be analyzed to obtain a picture of the molecular behaviour of ubiquitin in

a crystalline environment.

2.3 Methods

Ubiquitin consists of 76 amino acids with 602 non-hydrogen atoms. Hydrogen atoms attached

to carbon atoms are incorporated into these and the remaining 159 hydrogen atoms which are

able to form hydrogen bonds are treated explicitly. Ubiquitin crystallises in the orthorhombic
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space group P2\2\2\ with a=5.084nm, b=4.277nm and c=2.895nm. There is 1 molecule in the

asymmetric unit. The protein was crystallised at pH 5.6, so GLU and ASP amino acids were

chosen to be deprotonated, LYS, ARG and HIS residues protonated, leading to a charge of +1

electron charge per chain. Because this is a small value compared to the size of the system,

no counter ions were added. Four chains of ubiquitin building up a full unit cell of the crystal

were simulated together with 692 water molecules modelled using the SPC water model [29].

232 water molecules were placed at crystallographically observed water sites, the remaining 460

were added to obtain the experimental density leading to a system size of 3044 protein atoms

and 5120 atoms in total.

As a starting point, the crystal structure of ubiquitin solved at 1.8Â resolution [30] was

used (entry 1UBQ of the Brookhaven Protein Database [31]). The non-crystallographic water

molecules were added using a minimum distance of 0.220605nm between non-hydrogen protein

atoms or crystallographic water oxygens and the closest oxygen atom of the added solvent which

was taken from a periodic box with equilibrated water [28]. Initial velocities were assigned from

a Maxwell-Boltzmann distribution at 300K. Protein and solvent were coupled separately to tem¬

perature baths of 300K with a coupling time of O.lps [6]. No pressure coupling was applied, but

a short run (results not shown) with pressure coupling showed no significant change in the box

volume. Bonds were kept rigid using the SHAKE method [3] with a relative geometric tolerance

of 10~4. Long range forces were treated using twin range cutoff radii of 0.8nm and 1.4nm [32].

The pairlist for non-bonded interactions was updated every lOfs. No reaction field correction was

applied. All simulations were carried out using the GROMOS96 package and force field [28].

As a first step, the system was minimised for 20 cycles using the steepest descent method, re¬

straining the protein atoms to their initial positions with a force constant of 25000kJ/(mol*nm2).
This minimised structure was then pre-equilibrated in several short MD runs of 500 steps of

0.002ps each, gradually lowering the restraining force constant from 25000kJ/(mol*nm2) to zero.

Then the time origin was reset to zero and the whole unit cell was simulated for 2ns. The time

step was 0.002ps and every 500th configuration was stored for evaluation.

The first 400ps of the run were treated as equilibration time using the remaining 1.6ns for

analysis.

2.4 Results

In Figure 2.1, the non-bonded contributions to the total potential energy are shown. Non-bonded

interactions are formed by Lennard-Jones and electrostatic interactions. Solvent and solute inter¬

nal respectively and solute-solvent interaction energies are shown separately. All of these look

converged after about lOOps. Solvent-solvent energy stays at its initial value during the whole

simulation as the water molecules had time to relax in the pre-equilibration period, when the

proteins were kept fixed by the restraining potential. Protein internal interactions are weakened

in the first some hundred picoseconds, whereas protein-solvent energy is lowered. The proteins

adapt to the already relaxed solvent. This effect disappears after about 200ps from where on the

system can be viewed being equilibrated as far as energies are concerned. The distribution of

kinetic versus potential energy and the total (bonded and non-bonded) energy of the system are

relaxed even earlier (results not shown).

Figure 2.2 shows, however, that not all properties converge as fast as energies do. Root mean

square atom positional deviations (RMSD) from the X-ray structure are presented for the four in¬

dividual chains for both, Ca and all atoms. Several relaxation periods can here be distinguished.
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Figure 2.1: Total nonbonded energies (in kJ/mol) of the system as afunction of time

After the initial increase, occurring during the first 50ps of the simulation, a plateau value is

reached which is more or less stable until 300ps. The values reached are 0.12nm for Ca atoms

and 0.20nm if all atoms are taken into account. These numbers are in agreement with results

obtained in crystal simulations of other proteins of a few hundred picoseconds length reported in

the literature [24] [25] [26] [27] [33]. After 300ps, however, the values do increase again slowly.
For the Ca atoms, we can recognise a second plateau from 300 to 850ps. During the same period
of time, RMSD for all atoms still increase monotonically. After 850ps a final plateau value is

reached. For the second nanosecond of the simulation (1000 - 2000ps), RMSD are 0.21nm for

Ca and 0.29nm for all atoms respectively. Concerning RMSD, chain 1 is an exception. There is

a strong increase after 1200ps, due to a movement of a particular part of the chain which will be

addressed later. To be sure that the RMSD values are really converged or to find out if there are

other - higher or even lower - plateaus after the simulated 2ns, even longer runs would have to be

performed.

Although the RMSD in this long simulation become larger than usually observed in the

course of short simulations, the hydrogen bonding pattern and thus the secondary structure is

well reproduced (Table 2.1-2.4). Most of the hydrogen bonds reported [30] show high occu¬

pancies during the whole simulation, especially the ones within secondary structure elements.

Only 6 out of the 44 hydrogen bonds present in the X-ray structure disappear or are converted

into other ones in the simulation. Hydrogen bonds in the a-helix from residues 23-34 show very

large occupancies, from 75% at the N-terminal part to well over 90% inside the helix. Only its
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Figure 2.2: Root mean square atomic positional deviations (RMSD) in nmfrom the X-ray struc¬

ture of the four different protein molecules in the unit cell as function of time. Rotational and

translationalfitting was applied over the Ca atoms of residues 1 to 72. The top graph shows the

deviationsfor the Ca atoms, the bottom graph the onesfor all atoms.

C-terminal end shows a little instability, the a-helix being deformed towards a 3io-helix. The

ß-sheet pattern is - apart from chain 1 in the region of residues 49-64 - as stable as the a-helix.

Occupancies are from 55% up to 95%. The six hydrogen bonds not reproduced (five 3io and one

a-helical) can be rationalised as follows. The bridges 10-7 and 65-62 are part of the most mo¬

bile regions of the protein. These regions are residues 7-10, 51-54 and 62-65 [30]. The hydrogen
bond at the C-terminal end of the a-helix (35-31) disappears completely and the preceding one is

changed, indicating that the end of the a-helix is deformed towards a 3io-helix. The donor of the

bond 40-37 is replaced by residue 41 and the 4 residue 3io-helix that was stabilised by hydrogen
bonds 58-55 and 59-56 is replaced by an a-helical hydrogen bond 59-55. The high occupancy
of this particular bond and the complete absence of the two experimental ones indicates an early
rearrangement in this part of the structure (before the analysis period) which is stable during the

rest of the run.

Backbone-sidechain and sidechain-backbone hydrogen bonds are less well reproduced than

the backbone internal ones. There are some which are present during 80-90% of the time but

there are others present less than 50%. Two out of seven hydrogen bonds in which a backbone

atom is the donor do not show up in the simulation. Both of them involve the OG1 atom of THR7

as acceptor. The donor atoms of these two hydrogen bonds are the backbone nitrogen atoms of
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Intramolecular

Hydrogen Bonds

X-

ray

MD, Molecule Intramolecular

Hydrogen Bonds

X-

ray

MD, Molecule

1 2 3 4 1 2 3 4

Backbone Backbone Backbone Backbone

3IleH 15Leu O 100 94 94 95 98 3611e H 34Glu O 0 62 50 28 35

4PheH 65Ser O 100 85 69 87 77 40Gln H 37Pro O 100 0 0 0 0

5ValH 1311e O 100 80 90 87 93 41Gln H 37Pro O 0 68 56 72 20

6Lysh H 67Leu O 100 85 82 88 94 41Gln H 38Pro O 100 14 25 14 50

7ThrH ULyshO 100 65 49 54 62 42Arg H 70Val O 100 82 82 83 88

8LeuH 69Leu O 0 5 52 19 55 4411e H 68Hish O 100 84 96 93 95

lOGly H 7ThrO 100 0 0 0 0 45Phe H 48Lysh O 100 20 74 77 91

13IleH 5ValO 100 86 76 70 87 48Lysh H 45Phe O 100 24 62 59 44

15Leu H 3IleO 100 87 92 72 82 50Leu H 43Leu O 100 29 88 92 85

17ValH lMetO 100 68 39 79 51 54Arg H 51Glu O 100 20 60 19 69

21Asp H 18GluO 100 68 84 84 90 56Leu H 21Asp O 100 0 90 81 81

2311e H 54Arg O 100 0 74 89 92 57Ser H 19Pro O 100 3 78 86 83

24Glu H 52Asp O 100 58 69 63 84 58Asp H 55Thr O 100 0 0 0 0

26Val H 22Thr O 100 92 69 78 61 59Tyr H 55Thr O 100 58 86 92 85

27Lysh H 2311e O 100 94 97 98 99 59Tyr H 56Leu O 100 0 0 0 0

28Ala H 24Glu O 100 71 71 84 89 60Asn H 57Ser 0 100 38 34 60 58

29Lysh H 25Asn O 100 91 79 94 88 6111e H 56Leu O 100 67 7 63 56

3011e H 26Val O 100 92 76 94 91 64Glu H 2GlnO 100 0 42 6 95

31GlnH 27Lysh O 100 85 53 66 93 65Ser H 62Gln O 100 0 0 0 0

32Asp H 28Ala O 100 82 27 87 77 67Leu H 4PheO 100 69 74 87 70

33Lysh H 29Lysh O 100 23 13 81 51 68Hish H 4411e O 100 62 68 83 89

33Lysh H 30Ile 0 0 59 23 7 19 69Leu H 6Lysh O 100 79 72 92 90

34Glu H 3011e O 100 95 54 64 86 70Val H 42Arg O 100 91 89 90 91

35Gly H 31Gln O 100 0 0 0 0 72Arg H 40Gln O 100 79 59 85 78

Table 2.1: Occurrence of intramolecular hydrogen bonds (in%) during the final 1.6ns. The

criteria for a hydrogen bond to be present are: angle donor - hydrogen - acceptor > 135°,

distance hydrogen - acceptor < 0.25nm. Hydrogen bonds are shown if they are either present in

the X-Ray structure or if at least one ofthefour protein molecules examined shows the hydrogen
bond of interestfor at least 50% of the time.

residues THR9 and LYS 11 which both have high experimental B-factors, the one of THR9 is

18.32Â2, the one of LYS11 is lower, 13.56À2. These values should be compared to the mean

experimental B-factors of 10.73Â2 for the backbone atoms and 13.41À2 for all protein atoms

respectively. If a sidechain atom is the donor, three out of five hydrogen bonds are not found in

the simulation. All of these involve the sidechain nitrogen atom of lysine residues as donor, the

experimental B-factors of which are even higher than before, ranging from 23.92À2 for the NZ

atom of LYS48 up to 30.06À2 for the NZ atom of LYS33. From the four sidechain-sidechain

hydrogen bonds, no one is observed as in the crystal, the 54-58 hydrogen bond is replaced by
a 55-58 one. The three hydrogen bonds we do not see in the simulation all have very mobile

atoms as acceptors, experimental B-Factors are bigger than 25Â2, and donors with B-factors of

15.47À2 for the NZ atom of LYS27 and over 20Ä2 for the NZ atoms of LYS 11 and the NH atom

ofARG54.

The one intermolecular hydrogen bond (Table 2.5) in the starting structure which is as well

not seen in the simulation has as donor the sidechain nitrogen atom of LYS6 with an experimental
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Intramolecular

X-ray

MD, Molecule

Hydrogen Bonds 1 2 3 4

Backbone Sidechain

2GlnH 64Glu OE2 0 63 7 84 0

9ThrH 7Thr OG1 100 0 0 0 0

ULyshH 7Thr OG1 100 0 0 0 0

18GluH 21Asp OD2 100 80 3 0 0

20Ser H 18GluOE2 0 0 0 55 0

25Asn H 22Thr OG1 100 31 13 61 38

51GluH 59TYR OH 100 46 87 56 76

55Thr H 58Asp OD1 100 29 62 22 75

5 8Asp H 55Thr OG1 100 53 76 72 86

64Glu H 64Glu OE2 0 55 6 16 0

Table 2.2: Occurrence of intramolecular hydrogen bonds (in%) during the final 1.6ns. The

criteria for a hydrogen bond to be present are: angle donor - hydrogen - acceptor > 135°,

distance hydrogen - acceptor < 0.25nm. Hydrogen bonds are shown ifthey are either present in

the X-Ray structure or if at least one of thefour protein molecules examined shows the hydrogen

bond of interestfor at least 50% of the time.

Intramolecular

X-ray

MD, Molecule

Hydrogen Bonds 1 2 3 4

Sidechain Backbone

29Lysh HZ2

33Lysh HZ2

41GlnHE21

41GlnHE22

48Lysh HZ3

16Glu O

14Thr O

27Lysh O

3611e O

46Ala O

100

100

100

100

100

0

0

81

90

0

0

0

91

89

0

0

0

47

60

0

0

0

71

83

0

Table 2.3: Occurrence of intramolecular hydrogen bonds (in%) during the final 1.6ns. The

criteria for a hydrogen bond to be present are: angle donor - hydrogen - acceptor > 135°,

distance hydrogen - acceptor < 0.25nm. Hydrogen bonds are shown if they are either present in

the X-Ray structure or if at least one of thefour protein molecules examined shows the hydrogen
bond ofinterestfor at least 50% of the time.

B-factor of 20.55Â2 and as acceptor the sidechain oxygen atom of GLU51 with B-factors of

32.13Â2 and 33.44Â2 respectively. Most of the hydrogen bonds not reproduced in the simulation

contain at least one mobile atom. These do not stay at their equilibrium positions all the time,

although they can still stabilise the structure on average.

In Figure 2.3, the deviation of the Ca atoms of the different chains from the X-ray structure

and from the mean MD structure are examined together with the deviation of the mean MD

structure from the X-ray structure. Overall, the single proteins stay close to the experimental
structure, but parts of them deviate quite substantially. The region involving residues 7-11 which

is experimentally (B-factors) known to be mobile, shows in three out of the four chains a RMSD

for Ca atoms that lies at 0.3nm or, for chain 2 even 0.5nm. Chain 3, in contrast is close to the
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Intramolecular

X-ray

MD, Molecule

Hydrogen Bonds 1 2 3 4

Sidechain Sidechain

1 ILysh HZ2

20SerHG

27Lysh HZ2

49Gln HE21

54Arg HH12

55Thr HGl

34Glu OE2

18GluOE2

52Asp OD2

16Glu OEl

58Asp ODl

58Asp ODl

100

0

100

100

100

0

0

0

0

0

0

44

0

0

0

0

0

83

0

60

0

0

0

29

0

0

0

0

0

86

Table 2.4: Occurrence of intramolecular hydrogen bonds (in%) during the final 1.6ns. The

criteria for a hydrogen bond to be present are: angle donor - hydrogen - acceptor > 135°,

distance hydrogen - acceptor < 0.25nm. Hydrogen bonds are shown if they are either present in

the X-Ray structure or if at least one of thefour protein molecules examined shows the hydrogen
bond of interestfor at least 50% of the time.

Intermolecular

X-ray

MD, Molecule

Hydrogen Bonds 1-4 2-3 3-2 4-1

6 Lys HZ3

12ThrHGl

49 Gin H

68 Hish HE2

71 Leu H

51 Glu OEl

18 Glu OEl

8LeuO

32 Asp OD2

58 Asp O

100

0

0

0

0

0

56

10

0

65

0

57

34

0

0

0

75

0

53 (3-1)

0

0

34

67

13 (4-2)

0

Table 2.5: Occurrence of intermolecular hydrogen bonds (info) during the final 1.6ns. The

criteria for a hydrogen bond to be present are: angle donor - hydrogen - acceptor > 135°,

distance hydrogen - acceptor < 0.25nm. Hydrogen bonds are shown if they are either present in

the X-ray structure or if at least one of the four protein molecules examined shows the hydrogen
bond of interestfor at least 50% of the time.

X-ray structure and the mean MD structure is closer to the crystal than the single chains are,

suggesting that the simulation does not systematically deviate from experiment but that different

regions of conformational space are visited by the distinct chains. These regions are quite far off

but the deviations average out if the whole system is considered. The same argument holds for

the very mobile region between residues 47 and 64 where chain 1 deviates dramatically from both

the mean MD and the X-ray structure. The other chains differ in that part of the protein less from

the crystal than from the mean MD structure, keeping the simulation average close to the X-ray
structure. For all single chains and for the averaged simulation structure, the deviation is largest
in the C-terminal region. These parts are ill-defined in experiment as well with occupancies of

0.45 for residues 73 and 74 or 0.25 for the terminal two glycines respectively. Other parts of

the protein, especially the stable secondary structure elements stay close to the X-ray structure.

The whole a-helix, even its C-terminal part which was deformed to a 3io-helix, deviates by

maximally 0.08 nm from the crystal although, as seen before, the single chains may be less close

to the experimental structure. The ß-sheet regions stay close to the X-ray structure as well. As

with the helix, residues 1-7,40-45 and 64-72 stay within O.lnm RMSD from the X-ray structure.
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The ß-strands formed by residues 10-17 and 48-50 are not as similar to experiment since they
lie close to mobile regions and are thus influenced by neighbouring mobile residues. For the

strand formed by residues 10-17 already from residue 12 onwards, the same structural similarity

is reached as for all other secondary structure elements and residues 48-50 are again strongly
influenced by the moving part of chain 1.

30 40

Residue number

50 60 70

Figure 2.3: Root mean square Ca atom positional deviation (RMSD) in nm as a function of the

residue number using the final 1.6ns of the simulation. RMSD of the different chains versus the

mean molecular dynamics structure and the X-ray structure are shown. The first four graphs
show the RMSD of thefour different chains, the bottom graph shows the RMSD of the mean MD

structure versus the X-ray structure

In Figure 2.4, the impact of different fitting protocols on atomic mean-square positional fluc¬

tuations is examined. B-factors are related to root mean square positional fluctuations (RMSF)

according to

Bi^m-Vi)?) (2.2)

with the angles indicating time or time and ensemble averages. Molecule 4 was selected be¬

cause it is more stable than the other chains. RMSF for the Ca atoms were calculated using
the simulation trajectory directly, after applying translational fitting using the Ca atoms of the

well-defined residues 1-72 and as well by using both, rotational and translational fitting. For the

bottom graph, full fitting was applied using all Ca atoms. Removal of the overall translational
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Figure 2.4: Root mean square Ca atom positional fluctuations (RMSF) in nmfor chain 4 are

shown as a function of residue number. RMSF are averaged over the final 1.6ns. In the top

graph, no fitting was applied, in the second graph, translationalfitting was applied using the Ca

atoms of residues 1 to 72 and in the third one, the rotational component of motion was removed

additionally. In the bottom graph, translational and rotational fitting was applied over all Ca

atoms (1-76).

component of motion reduces the positional fluctuations on average by 0.04nm. Only the RMSF

at the end and right after the large a-helix formed by residues 23-34 are nearly not affected by
the introduction of translational fitting. In contrast, it is exactly this region where the fluctuations

are substantially lowered by additionally introducing a rotational fit. The regions before residue

27 and after residue 42 are only slightly affected by the removal of overall rotation. These find¬

ings suggest that the protein as whole translates by about 0.04nm and the a-helix region is held

back in its initial position thus rotating compared to the rest of the protein. Introduction of the

four C-terminal residues into the fitting procedure does only affect their own RMSF and the ones

of the rotating part of the molecule, indicating that these four residues move together with the

rest of the molecule. The atom positional fluctuations obtained by applying a full (rotational and

translational) fitting are determined by internal motion only. The largest RMSF for residues 1-72

are 0.12nm. RMSF of the 2 C-terminal glycines are 0.26nm if the last four residues are excluded

from the fitting and 0.22nm otherwise.

If the same properties are examined but averaged over all the chains, similar trends can be

observed (Figure 2.5). If no fitting is applied, the RMSF of 0.24nm on average indicates that the
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different molecules show relative translation and rotation. After translational fitting is applied,
the mean RMSF drops to 0.18nm. Thus the molecules translate within the unit cell. If the rota¬

tional component of overall motion is removed, the whole helix region is much less mobile than

before and the mean RMSF drops to 0.14nm. The same holds for the region 47-64 dominated by
the rotation of part of chain 1. Fluctuations are generally much larger than before where only 1

chain was observed, again indicating that the distinct chains behave uncorrelated. The peaks of

the RMSF averaged over all chains are around 0.22nm compared to 0.27nm when overall rotation

is still present. Thus, in addition to internal rotations, there occurs a relative rotation of the differ¬

ent molecules. If the fit is not only applied over the well-defined Ca-atoms of residues 1-72, the

RMSF value gets slightly higher - apart of the C-terminal region - but this influence is small, the

mean RMSF staying at 0.14nm. The relative heights of the peaks however differ which shows

that it is crucial to have a standard fitting protocol defined which must not be changed during the

course of analysis.
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Figure 2.5: Root mean square Ca atom positional fluctuations (RMSF) in nm are shown using
the same fitting protocols as in figure 2.4 but averaged over all thefour protein molecules.

In Figure 2.6, we concentrate again on molecule 4. Comparing different averaging periods
using different starting points, it can be seen that - in general - the later the averaging period is

chosen, the less movement is observed. During the period 800ps-1200ps, only the small region
between residues 9 and 12 shows more mobility than between 400ps and 800ps. The rest of the

molecule shows - in the stable regions - the same mobility as in the earlier time period. In the

parts that are most mobile between 400ps and 800ps, the motions decrease significantly after the
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latter time point, indicating that equilibrium is reached. Focussing on the longer averaging peri¬

ods, 400ps-1200ps vs. 1200ps-2000ps, we see that over the whole chain mobility is comparable

indicating clear equilibrium as far as internal motions are concerned. The fluctuations during the

400ps-1200ps period are of the same size as the ones of the shorter subperiods 400ps-800ps and

800ps-1200ps. They are thus determined by movements on a time scale shorter than 400ps.
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Figure 2.6: Root mean square Ca atom positional fluctuations (RMSF) in nm are shown for
chain 4 withfull transrotationalfitting over the Ca atoms ofresidues 1 to 72. Different averaging

periods are compared. The top graph shows RMSF using the period from 400ps - 800ps, the

second graphfrom 800ps - 1200ps. For the third graph, both ofthe previous periods are averaged

(400ps - 1200ps) and thefor the bottom one, the periodfrom 1200ps - 2000ps was used.

In Figure 2.7, the same properties as in the previous ones are observed but now the whole

unit cell is taken into account. Comparing RMSF between 400ps and 800ps with the ones of

the following 400ps period, not much difference is seen. The later period however shows -

contrary to when only a single chain was examined - somewhat more mobility than the earlier

one. This difference shows that - although the configurations of the single chains converge quite
rapidly - different parts of phase space are visited by the different chains. The fact that the

fluctuations in the 400ps-1200ps period are between the ones of the two shorter analysis periods
or in some places even slightly lower than both of them is another indication that the single chain

movements are converged on these short timescales. In the last 800ps of the simulation, the

RMSF are substantially higher than in the 800ps window before that. All of the peaks can be

found in one of the single chains. If only one of the four molecules differs strongly from the

30 40 50

residue number
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other three, this one determines the magnitude of the fluctuations of the average. The peak at

residue 10 comes from chain 2, the ones around 20 and the whole region 47 - 64 are determined

by chain 1. The peak at residue 33 origins in chain 3 which at this point differs substantially from

the mean MD structure (figure 2.3).
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Figure 2.7: Root mean square Ca atom positionalfluctuations (RMSF) in nm are shown using
the same averaging periods as in figure 2.6 but averaged over all the four protein molecules.

Figure 2.8 describes the atomic root mean square positional fluctuations for the Ca atoms

of the four protein molecules during the 1.6ns analysis period and corresponding values defined

by equation 2.2 obtained from the experimental B-factors belonging to the crystal structure.

Rotational and translational fitting was applied using the Ca atoms of residues 1 to 72 and the

fluctuations were averaged over the final 1.6ns. The stable secondary structure elements show

as little mobility in the simulation as inferred from experiment. The more mobile parts of the

proteins show enhanced mobility in the simulation as well but the magnitude of the fluctuations

is overestimated. The movements of the single chains can be rationalized as follows. In protein
one, the whole region from GLY47 onwards rotates around the remarkably stable axis formed

by residues 41-46. This part lies, as all the flexible parts, on the outside of the protein. Residues

19 and 20 which are stable in all but this single chain are in contact with this moving region.
This rotation which tends to compact the protein occurs during the 200ps period between 1350

and 1550ps after the start of the simulation in which the RMSD increase significantly (Figure
2.2). Chain two is more stable than chain 1 but some residues are still very mobile. The end of

the unwinding helix shows large fluctuations. In the course of this deformation, the sidechain
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nitrogen of LYS 11 moves from close to the OE atom of GLU34 towards the backbone oxygen

of LYS33 which causes GLY10 to adapt its position. A similar but smaller motion occurs in

protein molecule four. Both lysines, LYS33 and LYS63 are fully exposed to the solvent and have

no intramolecular contacts. Also in protein three, the flexible residues are not part of secondary
structure elements and are located on the outside of the protein. The backbone oxygen of GLN62

that moves in all the four chains, has in addition the closest contact to another heavy atom: the

OG1 atom of SER65 is only 2.51À away and the van der Waals repulsion of these atoms causes

them to move further away from one another. The mobile residues in chain four are again in

contact with the solvent, GLY35, GLY47, GLN62 and the end of the helix pulling GLY10 out

of its equilibrium position. The terminal residues of all the protein molecules are very mobile as

experimentally observed in the crystal.

Figure 2.8: Root mean square Ca atom positional fluctuations (RMSF) in nmfor the different
chains as function of residue number. Full trans- and rotational fitting was applied over the

Ca atoms of residues 1 to 72 using the final 1.6ns of the simulation. The four top graphs show
the four different protein molecules, the bottom graph shows corresponding values defined by
equation 2.2 obtainedfrom experimental B-factors.

Backbone dihedral angle fluctuations and transitions are examined in tables 2.6 and 2.7 using
different relaxation periods. After the first 400ps of analysis, the cp/\|f dihedral angle fluctuations

differ only slightly but if longer averaging times are chosen, the different protein molecules show

larger differences from one another. These fluctuations also increase for longer analysis times

indicating that they are not yet converged after 2ns. In the period from 800ps to 1200ps, chain 3
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Molecule

400-800ps

(pA|/

400-1200ps

(p/\|/

400-2000ps

1

2

3

4

18.4/22.9

17.2/17.0

18.5/20.4

19.7/18.8

19.5/23.7

18.6/18.7

25.6/26.3

19.4/20.3

31.0/33.6

23.6/26.8

35.3/37.5

21.6/28.8

all 26.1/26.2 28.0/28.6 35.2/38.1

Table 2.6: Root mean square fluctuations of backbone (f> and \j/ dihedral angles (in degrees)

for the different molecules using different time averaging periods. The bottom lines show the

averages over allfour protein molecules.

120°

Mol. 400-800ps 400-1200ps 400-2000ps
1

2

3

4

46.5

40.5

50.5

44.8

45.4

41.5

57.1

46.4

47.7

47.3

51.3

46.4

all 45.6 47.6 48.2

60°

1

2

3

4

245.5

271.5

381.5

356.8

246.6

272.1

381.0

325.4

289.3

261.3

348.3

325.4

all 313.8 306.3 306.1

all

1

2

3

4

292.0

312.0

432.0

401.5

292.0

313.7

438.1

371.8

336.9

308.6

399.6

371.8

all 359.4 353.9 354.2

Table 2.7: Number ofbackbone dihedral angle transitionsfor thefour differentprotein molecules

using different time periods. The transitions are shown on aper 1OOps basis, dihedral angles with

3-fold and 6-fold potential energy wells are distinguished. The bottom line shows the averages

over all protein molecules.

shows a large increase in mean square dihedral angle fluctuations whereas the Ca atom positional
RMSD with respect to the X-ray structure during the same time fluctuate around a plateau value.

Thus there is a lot of flexibility without the simulation structure diverging from the experimental
one. Protein molecule 3, for example, shows the largest (p/\|/ fluctuations of all the 4 molecules

and the lowest RMSD of Ca atoms at the end of the simulation (Figure 2.2) indicating that it

explores phase space around the equilibrium structure. If in contrary, as in molecule 1 after

1200ps, the Ca atom positional RMSD with respect to the X-ray structure increase significantly,
larger dihedral angle fluctuations are observed as well.



38 Chapter 2. Convergence of Molecular Properties of Ubiquitin

Concerning relaxation, similar observations as before can be made analysing dihedral angle
transitions (table 2.7). The number of transitions for the different chains differ by about 20%.

Within a single chain however, the number of transitions increases proportionally to the observa¬

tion time. Again, the protein molecules showing the most transitions do not have the largest Ca

atom positional RMSD from the X-ray structure. Thus, only certain dihedral angle flips induce

large movements that determine the RMSD value.

In figure 2.9 the number of water oxygens with given atomic root mean square positional
fluctuations for the oxygen atom are shown. The time evolution and the shape of the curves are

like for bulk water, a gaussian distribution with the maximum at larger RMSF and higher standard

deviation when using longer averaging times. Using the diffusion constant of bulk SPC water

at 300K of 3.9 • 10_3nm2/psec [34], the root mean square positional fluctuation for an average

water molecule would be 1.25nm for a 400ps period, 1.77nm for a 800ps period and 2.5nm for a

1600ps period. Comparison of these values with the distributions in figure 2.9 indicates that the

motion of most of the crystal water molecules is restricted by the crystalline environment.There

are water molecules which during long time periods (in the order of some lOOps) stay at defined

positions. Several water molecules can also be observed that move very little, then leave a stable

site but later turn less mobile again which shows that they stay close to a crystallographically
determined site which they revisit after being replaced by a different water molecule shortly.

150

400-800ps

400-1200ps

400-2000ps

2.0

RMSF (nm)

3.0 4.0

Figure 2.9: The number ofwater molecules with a given root mean square oxygen positional

fluctuation are shownfor different averaging periods.
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2.5 Conclusions

The present molecular dynamics simulation showed very fast convergence in energy, within

about lOOps. Other properties, such as dihedral angle fluctuations and backbone atomic posi¬
tional fluctuations converge on an intermediate timescale of hundreds of picoseconds. Root mean

square deviations of the simulated protein molecules from the starting structure need longer time
- about Ins - to reach a plateau value. Some observed motions suggest that longer simulations

are necessary to obtain convergence for all molecular properties in computer simulations. These

findings show that the convergence of a quickly relaxed property of the system, such as energies,
is not a good indicator of the global convergence of a molecular dynamics simulation.

The GROMOS96 force field used in this simulation turned out to largely reproduce the sec¬

ondary structure and the relative internal mobility of ubiquitin, overestimating the magnitude of

the fluctuations in the most mobile regions of the protein. On the other hand, the different protein
molecules translate and rotate relative to one another indicating that the force field would not be

able to reproduce the experimental melting temperature of this crystal.
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Chapter 3

Molecular Dynamics Simulation of Hen

Egg White Lysozyme: a Test of the

GROMOS96 Force Field against NMR

data

3.1 Abstract

Biomolecular force fields for use in molecular dynamics (MD) simulations of proteins, DNA,

or membranes are generally parametrized against ab-initio quantum-chemical and experimental
data for small molecules. The application of a force field in a simulation of a biomolecular sys¬

tem, such as a protein in solution, may then serve as a test of the quality and transferability of the

force field. Here, we compare various properties obtained from two MD simulations of the pro¬

tein hen egg white lysozyme (HEWL) in aqueous solution using the latest version, GROMOS96,

of the GROMOS force field and an earlier version, GROMOS87+, with data derived from NMR

experiments: NOE atom-atom distance bounds, 3Jfflva-coupling constants and backbone and

side-chain order parameters.

The convergence of these quantities over a 2ns period is considered, and converged values are

compared to experimental ones. The GROMOS96 simulation shows better agreement with the

NMR data and also with the X-ray crystal structure of HEWL than the GROMOS87+ simulation,

which was based on an earlier version of the GROMOS force field.

3.2 Introduction

Molecular dynamics (MD) computer simulations are increasingly used to gain insight into molec¬

ular motion at the atomic level. The accuracy of the simulated properties depends primarily on

the quality of the atomic interaction function or force field that is used, and on the extent of sam¬

pling of the conformational space and convergence of different quantities obtained within the

simulation period. Force fields used in biomolecular simulation can be parametrized in different

ways. Some force fields are parametrized using experimental data on small molecules in the

condensed phase, e. g. to reproduce properties of liquids, liquid mixtures and small molecules

in solution. The parameter set obtained is then used to simulate biologically relevant molecules

41
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or molecular systems, such as proteins or DNA in solution, or membranes. To test the qual¬

ity of a biomolecular force field, atomic level properties obtainable from NMR experiments on

biomolecules, such as NOE distance bounds, 3J-coupling constants, or order parameters S2, can

be computed from a molecular dynamics trajectory and compared to experimental values.

With increasing theoretical and experimental knowledge and computer power also biomolec¬

ular force fields evolve and should show increased accuracy. In the present work, a 2ns simulation

of hen egg white lysozyme (HEWL) based on the GROMOS96 force field [28,35] is compared to

a simulation [36] with an enhanced version, GROMOS87+ [36] of the previous GROMOS87 [37]

force field. In an earlier study of HEWL [36], a slight modification (GROMOS87+) of the GRO¬

MOS87 parameter set [37] was shown to improve the agreement with NMR data. Here, we show

that the GROMOS96 parameter set [28,35] improves the agreement obtained in [36]. The major
differences between the latter two versions of the GROMOS force field are the following (Table

3.1).
In the GROMOS force field, the van der Waals interaction is modelled in terms of a Lennard-

Jones function, V/j, with C12 and C6 parameters,

Vu(nj) = C12(U) • rTjn - C6(i,j) ry6. (3.1)

The parameters for the C12 and C6 pairwise interaction between two (united) atoms i and j at a

distance ri;- = |r/ — fj\ are derived from the atomic parameters by a multiplication combination

rule,

Cl2(i,j) = (C12(i,i))1/2(C12(7, j))1/2, (3-2)

and similarly for the C6 parameters, where different values for (C12(z,i))1'2 and (Cl2(j, j))1'2
can be chosen when combining different atom types / and j depending on the nature (purely
van der Waals or partly electrostatic) of the pairwise interaction. Calculation of the solvation

free energy of alkane molecules in simple point charge (SPC) water [29] led to a change in

the C12(CHX, Owater) parameter since the alkane solvation energy was too favourable with the

GROMOS87 force field. In addition, aromatic hydrogen atoms were treated explicitly in GRO¬

MOS87+ in order to mimic the quadrupole moment of aromatic rings. These two changes led to

an improved simulation of HEWL in aqueous solution [36]. However, protein simulations using
the GROMOS87 and GROMOS87+ force fields showed slightly too much motion of the amino

acid peptide planes [36,38]. Therefore, in GROMOS96, the dihedral angle force constant K^
for the (p, i|/ backbone dihedrals was redetermined and slightly (about kßT/4) increased. The

dihedral angle force is the negative derivative with respect to coordinates of the dihedral angle

potential energy term

Vtrig((p) = JÇpfl -r-c0j(0)cos(m<p)] (3.3)

in which ô is a phase shift (0 or 180°) and m the multiplicity (6 for cp and \|/) of the selected

dihedral angle cp. Finally, the van der Waals parameters of CH* united atoms were redetermined

by fitting of the simulated heat of vaporisation and density to experimental values for liquid n-

alkanes [39]. The major differences between the GROMOS87 [37], GROMOS87+ [36], and

GROMOS96 [28,35] force fields have been summarized in table 3.1.

A second condition for obtaining accurate prediction of properties from a molecular simu¬

lation is sufficient sampling of conformational space, leading to converged values of different

atomic and molecular or system properties. Here, the convergence of calculated NOE distance

bounds, 3J-coupling constants, and main- and side-chain JH-15N order parameters is analysed by
calculating the selected property using different parts of the simulation trajectory and time av¬

erages extending over 800ps and UOOps. When comparing the properties of HEWL calculated
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Force field

Force field version code

GROMOS87

37C4

GROMOS87+

37C4+

GROMOS96

43A1

Explicit treatment of

aromatic H-atoms

charge qHC = -qc

(C^HCHC))1/2
(CôCHCHC))1/2

-

0.14

0.123

0.0092

0.10

0.123

0.0092

van der Waals parameters for

use in (polar, non-polar) pairs

(C12(OA,OA))V2
(C12(OW,OW))V2

0.8611

0.8611

0.8611

1.623

1.125

1.544

for use in any pair

(C^CHl.CHl))1/2
(CôCCHl.CHl))1/2
(C12(CH2,CH2))1/2
(C6(CH2,CH2))1/2
(C12(CH.3,CH3))1/2
(CôCŒB.CID))1/2

8.470

0.1118

5.944

0.09538

5.114

0.09421

8.470

0.1118

5.944

0.09538

5.114

0.09421

3.373

0.06148

5.077

0.08429

5.794

0.09958

Dihedral angle torsional

parameters for dihedrals of

type -N-CHjt- and -CHX-C-

force constant Kq>
phase shift 5 for -N-CH*-

phase shift Ô for -CHX-C-

multiplicity m

0.4184

180

0

6

0.4184

180

0

6

1

180

0

6

Table 3.1: Major differences between the three GROMOSforce fields for biomolecular simula¬

tion, GROMOS87 [37], GROMOS87+ [36], and GROMOS96 [28, 35]. GROMOS non-bonded

atom type names: HC, hydrogen bound to carbon; C, bare carbon; OA, hydroxyl, sugar or ester

oxygen; OW, water oxygen; CHI, aliphatic or sugar CH-group or united atom; CH2, aliphatic
or sugar CH2-group; CH3, aliphatic or sugar CH^-group; N, peptide nitrogen or NE in ARG;

Units: charge in e; (C12)ll2 in 10~3 (kJmol^nm12)1!2; (C6)l>2 in (kJmol^nm6)1/2; K^ in

kJmol~l; 8 in degree; Forfurther explanation see text and equations 3.1 - 3.3. Minor differences
involve thefunctionalforms ofthe covalent bond-stretching and bond-angle bending interactions

and the definition of charge groups between which the non-bonded interaction is calculated.

with the GROMOS96 force field to the ones calculated in [36] using the GROMOS87+ force

field, the trajectory between 300ps and 1 lOOps was used as in [36].

3.3 Methods

Lysozyme consists of 129 amino acids with 1001 non-hydrogen atoms. Hydrogen atoms attached

to aliphatic carbon atoms are incorporated into these (the united atom approach), and the remain¬

ing 321 hydrogen atoms are treated explicitly. The protein was simulated at pH 6. The amino
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Simulation of HEWL previous [36] present

Force field (version code) GROMOS87+(37C4+) GROMOS96(43Al)

Number of atoms or molecules

solute atoms

water molecules

counterions (Cl~)

total

1321

4463

0

14710

1322

7113

9

22670

Truncated octahedron box length (nm)

PDB code starting structure

Simulation length (ps)
Simulation time step (fs)

6.71

2LZT

1100

2

7.7392

1AKI

2000

2

Treatment of long range forces

pair-list cut-off radius R^ (nm)

pair-list update frequency (ps~l)
non-bonded interaction cut-off Rc/ (nm)

Poisson-Boltzmann reaction field (PBRF)

beyond radius Rr/ (nm)

using relative dielectric permittivity erf

0.8

100

1.4

no

0.8

100

1.4

yes

1.4

54

Table 3.2: Major differences between the simulation parameters and set-up of the previous [36]

and presentMD simulations ofHEWL. See also table 3.1 and the text. PDB: protein data bank.

acids GLU and ASP were taken to be deprotonated, LYS, ARG, and HIS residues were proto-

nated, leading to a charge of +9 electron charges per chain. The crystal structure of lysozyme

(entry 1AKI [40] of the Brookhaven Protein Database [31]) determined at 1.5A resolution [41]

was used as a starting structure. Truncated octahedron boundary conditions were used with a box

length of 7.7392nm between the quadratic surfaces. 7122 SPC water molecules [29] were added

from an equilibrated cubic box containing 216 water molecules [28]. The added water molecules

were selected such that no water oxygen atom is closer than 0.23nm to a non-hydrogen atom of

the protein or another water oxygen atom. The system, protein and water, was initially energy

minimised for 100 cycles using the steepest descent method. The protein atoms were harmoni¬

cally restrained [28] to their initial positions with a force constant of 25000U/(mol nm2). The

minimised structure was then pre-equilibrated in a short MD run of 100 steps of 0.002/«, still

restraining protein atom positions. Initial velocities were assigned from a Maxwell-Boltzmann

distribution at 300K. Protein and solvent were coupled separately to temperature baths of 300K

with a coupling time of 0.1ps [6]. No pressure coupling was applied. A follow-up simulation

(results not shown) including pressure coupling showed no significant change in the box vol¬

ume. Bonds were kept rigid using the SHAKE method [3] with a relative geometric tolerance of

10~4. Long-range forces were treated using twin-range cutoff radii Rcp = O.Snm for the charge-

group [28] pair-list and Rd = 1 Anm for the longer-range non-bonded [32] interactions. The pair-
list for the (short-range) non-bonded interactions and the longer-range forces were updated every

10fs. Reaction-field forces were included [42] originating from a dielectric continuum beyond
a radius of Rrf = 1 Anm using a self-consistent relative dielectric permittivity ery = 54 for SPC

water [43]. Nine counter ions were added by replacing water molecules. The water molecule

having the highest electrostatic field at the water oxygen site, after the successive placement of

previous ions, was replaced by a chloride anion. After having introduced the ions, the energy
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was again minimised using 100 steps of steepest descent and protein atom position constraining.

The total size of the system was 1322 protein atoms, 9 chloride anions and 7113 water molecules

leading to a total system size of 22670 atoms. The simulation was carried out over 2ns with a

time step of 0.002ps. Every 500th step, the configuration was saved. The first 300/w of the sim¬

ulation were treated as equilibration period, different time periods of the remaining Uns were

used for analysis. All simulations were performed using the GROMOS96 package and force

field [28,44].

The 1158 NOE distances, the 95 3Jhno.-coupling constants, and the 124 backbone and 28

side-chain S2 order parameters were calculated from the trajectory as in [36]. The experimental
values were taken from [45^-7].

3.4 Results

3.4.1 Convergence of calculated properties

In figure 3.1, the root-mean-square deviation (RMSD) of the simulated structure from the X-Ray

structure is shown. After an initial increase, a first plateau is reached, where the RMSD stabilises

at 0.14nm for Ca atoms and 0.21nm for all atoms. The plateau reaches from lOOps to 700/«.
After that, the RMSD increases to 0.1 Snm for Ca atoms and 0.26nm for all atoms. After 800/75,
until the end of the simulation at 2000/75, the values fluctuate around these values.

Atom positional RMSD from X-ray structure

HEWL, solution

0.4

03

0.1

all atoms

Coc-atoms

t/N \ «

M VV # f w) win,

^ s! f

500 1000

time (ps)

1500 2000

Figure 3.1: Root-mean-square atom positional deviation (RMSD) in nmfrom the X-ray (crystal)
structure [40] as function of time in ps. Rotational and translational fitting was applied using
all 129 Ca atoms. RMSD ofCa atoms (dotted line) and ofall atoms (solid line) are shown.
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NOE distance bound violations are summarized in table 3.3. The average over the final

800/75 of the simulation shows more and larger violations than the one over 300 — 1 lOOps. Also

the mean violation increases. As for calculating distance violations, r-3 averaging is used, a few

configurations with a low r-distance strongly determine the average, violations do not increase

significantly comparing the periods 300 — 1 lOOps and 300 — 2000ps. The r-3 averaging makes

NOE distance violations a quickly converging property of the system.

Simulation

number of violations mean violation

> 0.05«m > O.lnm > 0.3nm R£-Ro

GROMOS87+ (W2 [36]) (300 - 1100/75) 94 54 7 0.14

GROMOS96 (300 -1100/w) 77 45 8 0.11

GROMOS96 (1200 - 2000/75) 88 65 14 0.14

GR0M0S96 (300 - 2000/75) 75 49 10 0.12

Examples of NOE violations

exp GROMOS87+ [36] GROMOS96

NMR data 300-1100/75 300- 1100/75 1200 - 2000/75 300 - 2000/75

NOE pair Ro Re Re-Ro R£ R£-Ro R£ Rê-Ro R£ R£-Ro

2Hy2 - 38HN 0.40 0.58 0.18 0.79 0.39 0.76 0.36 0.78 0.38

8Hy - 17Hy 0.47 1.04 0.57 0.97 0.50 0.99 0.52 0.98 0.51

15Hel - 88Hyl 0.54 0.95 0.41 0.73 0.19 0.85 0.31 0.78 0.24

15Hel - 88HÔ 0.40 0.84 0.44 0.62 0.22 0.82 0.42 0.70 0.30

23HÇ - 104HN 0.76 1.13 0.37 0.58 0 0.53 0 0.56 0

28HE3 - 88HÔ" 0.85 0.91 0.06 1.19 0.34 0.64 0 0.65 0

92Hy2 - 96Hoc 0.40 0.64 0.24 0.87 0.47 0.87 0.47 0.87 0.47

95Hcc - 108HÇ2 0.30 0.68 0.38 0.62 0.32 0.61 0.31 0.62 0.32

95Hß - 108HÇ2 0.40 0.85 0.45 0.75 0.35 0.75 0.35 0.75 0.35

95Hß - 108Hri2 0.35 0.84 0.49 0.73 0.38 0.78 0.43 0.75 0.40

99Hß - 108HÇ3 0.45 0.74 0.29 0.85 0.40 0.86 0.41 0.84 0.39

Table 3.3: NOE distances and bound violations computedfrom MD trajectories and experimen¬

tally determined NOE distance bounds (1158). Results are given for an earlier simulation [36]
and three analysis periods of the present simulation. Rq is the experimentally determined dis¬

tance bound [45-47]. Re is the distance from the trajectory using r~3 averaging. The symbol

Re-Ro indicates a (mean) violation, calculated as a mean of the larger value ofR£-Ro and zero.

So, 0 indicates no violation. Distances andNOE bounds are in nm

Most of the 95 3Jhno. coupling constants do not change very much between the two SOOps

analysis periods. Exceptions are the coupling constants of residues VAL2 (10.0Hz), ASN65

(9AHz), ASP101 (7.0Hz), and ASN103 (%.2Hz). Also the coupling constants from the final

1100ps, the whole analysis period, are, except for the mentioned residues, close to the ones

from the shorter periods. Torsional angle librations within a potential energy well have a small

effect on mean calculated 3J-coupling constants [48]. So, if no jumps over rotational barriers

occur, averaged 3J-coupling constant values are converged on a subnanosecond to nanosecond

time-scale.

The same holds for backbone ^-^N order parameters (S2). S2 values calculated for different

time periods (Fig. 3.3) are very similar to each other with a handful of exceptions. This behaviour
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J HNo[coupling constants

O300-1100ps

Dl200-2000ps
O 300-2000ps

experimental J HNoccoupling constants (Hz)

Figure 3.2: Comparison of 95 experimental [45] and calculated 3JjiNa coupling constants (in

Hz) averaged over different time windows: o 300 - 1 lOOps; D 1200 - 2000ps; o 300 - 2000ps.

Corresponding calculated 3Jhnol coupling constants are connected with lines.

is expected for N-H bond vectors that sample the same region of configuration space in both of the

shorter analysis periods. If the order parameter of the longer analysis period is about the average

of the ones for the two SOOps subperiods, the extent of motion in one of the two subperiods
(the one with low S2 values) encompasses the extent of motion in the other subperiod. For

some residues, e.g. SER72, ILE88, or CYS127, the first subperiod shows larger disorder, for

other residues, e.g. ALA42, SER50, ILE78, or GLY102, the second subperiod does. If, on

the other hand, a torsional angle transition over a potential energy barrier occurred between the

two subperiods or around the end of the first subperiod or around the beginning of the second

subperiod, the S2 value averaged over both subperiods can indicate less order than is found within

the sub-periods, as is the case for residues GLY67, ASN103, and THRl 18. Order parameters of

^-^N bonds in side chains (Fig. 3.4) calculated using different time windows differ more from

one another than in the backbone. This reflects the larger mobility, and thus, that a larger region
of configuration space is accessible to these bond vectors. Some of the values (e.g. TRP28(0.90),
ASN46(0.62), ASN59(0.78), or TRP61(0.28), ARG125(0.05), experimental S2 values between

parentheses) are converged within SOOps, indicating sufficient sampling for the particular side

chain, but for other residues (e.g. GLN57(0.82), ASN103(0.26), or ASN113(0.47)), sampling
periods longer than a few nanoseconds are required.
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Order parameter S

backbone H- N

60 80

residue number

Figure 3.3: Backbone 1H-l5N order parameters (S2) as function of residue number. Averages
over different analysis time windows are shown together with experimental data [47]. There is

no experimental value availablefor residues LYS1, SER50, PRO70, PR079, and ALA110. Blue

line, exp; green line, 300 — 1100/«; red line, 1200 — 2000/«; black line, 300 — 2000/w

Order parameters S2

side chain 1H-15N

O300-1100ps

1200-2000ps

O300-2000ps

0.4 0.6

experimental S2

Figure 3.4: Comparison of28 experimental [47J ^H-^Norderparameters (S2) ofside chain NH

groups with values calculated over different time windows: o 300 — 1 \00ps; 1200 — 2000ps;
o 300 — 2000/75. Corresponding calculated S2 are connected with lines. For NH2 groups the

average ofthe order parametersfor the two NH vectors is displayed
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3.4.2 Comparison of the GROMOS87+ and GROMOS96 simulations with

experimental data

When comparing the 2000ps GROMOS96 simulation with the 1100/« GROMOS87+ simulation

of [36], a corresponding analysis period, 300 — 1 lOOps, is used, if not stated otherwise. The atom

positional RMSD from the X-ray structure (Fig. 3.5) is smaller in the GROMOS96 simulation

than in the GROMOS87+ one showing that the re-engineered force field keeps the trajectory

closer to the experimentally derived crystal structure. If structures are averaged over 50ps win¬

dows and the atom positional RMSD from the X-ray structure is calculated for these averaged

structures (Fig. 3.5), high-frequency motions are averaged out and the RMSD values decrease

slightly compared to when single structures are considered (Fig. 3.1). In this case, the average

RMSD values for the 800 — 2000/« period are 0.1 Snm for Ca atoms and 0.24nm for all atoms.

0.4

0.3

E

a 0.2
C/5

0.1

Atom positional RMSD from X-ray structure

Structures averaged over 50ps

Ca atoms

all atoms

/

500 1000

time (ps)

1500 2000

Figure 3.5: Root-mean-square atom positional deviation (RMSD) in nmfrom the X-ray (crystal)
structure asfunction of time in ps. Rotational and translationalfitting was applied using all 129

Ca atoms. Structures were averaged over 50ps windows. RMSD of Ca atoms (solid line) and

of all atoms (dashed line) of these averages are shownfor the present (GROMOS96) simulation

(thick lines) and the earlier (GROMOS87+(W2)) simulation [36] (thin lines).
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For NOE distance violations, an improvement compared to the previous simulation is ob¬

served (Table 3.3). For the GROMOS96 simulation, the average violation is 0.01 Inm compared
to O.OUnm for the GROMOS87+ one.

3JfflVa coupling constants calculated in the GROMOS96 simulation reproduce the 95 exper¬

imental values with a root-mean-square-deviation of 1.12Hz compared to l.S3Hz in the GRO-

MOS87+ simulation (Fig. 3.6). These values depend on the potential energy force field term for

the backbone dihedral angle cp, for which the force constant was slightly increased between the

two force fields used.

HNa coupling constants

• GROMOS96

° GROMOS87+

experimental J
HNa coupling constants (Hz)

Figure 3.6: Comparison of 95 experimental [45] and calculated 3Jhn<x coupling constants for
the GROMOS96 (•) and the GROMOS87+ (a) simulations, averaged over 300 - 1100/«

Backbone order parameters (Fig. 3.7) show a more significant improvement from the GRO-

MOS87+ simulation to the GROMOS96 one when comparing with S2 derived from experiment.
The values in regions of stable secondary structure elements are better reproduced in the GRO-

MOS96 simulation.

The side-chain order parameters calculated from the GROMOS87+ and GROMOS96 sim¬

ulations (Fig. 3.8) show similar degree of agreement with experimental data. Side-chain order

parameters are more sensitive to the length of the averaging period (Fig. 3.4). So, better agree¬

ment with experiment is not only to be expected from force field improvement, but also from

longer averaging periods.
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Order parameter S'
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Figure 3.7: Backbone 1H-15N order parameters (S2) as function of residue number. The values

determined over the 300 - 1100/« periods of the GROMOS87+ and GROMOS96 simulations

are compared with experimental data [47]. There is no experimental value availablefor residues

LYS1, SER50, PRO70, PR079, andALAHO. Blue line, exp; green line, GROMOS96; red line,

GROMOS87+

3.5 Discussion

Although continuously increasing computer power enables increasingly longer simulations of

biomolecular systems, such as proteins or DNA in solution and membranes, the attainable sim¬

ulation periods are still too short, a few nanoseconds, for all system and atomic properties to

converge. Fast relaxing properties, such as system energies, the macromolecular radius of gy¬

ration (results not shown) generally converge within a few lOOps. The atom-positional root-

mean-square deviation from the starting (X-ray) structure usually converges after a nanosecond.

Properties depending on rare structural transitions may even take longer to converge and are,

therefore, still out of simulation range. 3J#jva-coupling constants and backbone ^-^N order

parameters generally converge within 1 - 2ns, whereas the sampling for order parameters of

side-chain bonds needs longer time.

The GROMOS96 force field is able to maintain the experimentally derived X-ray structure

better than the previous versions (GROMOS87, GROMOS87+) of the force field. This is due to
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Order parameters S'

sidechain 1H-15N

• GROMOS96

n GROMOS87+
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experimental S'
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0.8

Figure 3.8: Comparison of 28 experimental [47] 1H-15N order parameters S2 of side-chain

NH groups with values calculated using the 300— 1100/75 period of the GROMOS96(») and

GR0M0S87(O) simulations. For NH2 groups the average of the order parameters for the two

NH vectors is displayed

the improvement made in the GROMOS force field:(i) The packing of aromatic rings has been

improved by the introduction of explicit hydrogens with partial charges generating a quadrupole

moment;(ii) The balance between apolar-apolar, apolar-polar, and polar-polar pair interactions

has been improved by a refitting of van der Waals parameters to liquid data [39];(iii)The mobility
of (p and \|/ torsional angles has been slightly reduced by a slight increase of the torsional angle
interaction force constants.

The agreement with the 1158 NOE bounds derived from experiment is only marginally im¬

proved going from the GROMOS87+ to the GROMOS96 force field. This is not surprising since

satisfying NOE bounds is not very sensitive to details of a force field. As expected, the 95 exper¬

imental ^tfjva-coupling constants and 124 order parameters for the backbone are slightly better

reproduced by the GROMOS96 force field than by the GROMOS87+ one. The agreement with

the 28 side-chain order parameters derived from NMR experiments is equally good for both force

field versions.

The present results for hen egg white lysozyme illustrate the progress that is still made in

the field of force field development for biomolecular systems. They also illustrate the different
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sensitivities of different quantities to particular changes in force field parameters and to the extent

of sampling of conformational space.
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Chapter 4

On the Similarity of Properties in Solution

or Crystalline State: a Molecular

Dynamics Study of Hen Lysozyme

4.1 Abstract

As protein crystals generally possess a high water content, it is assumed that the behaviour of a

protein in solution and in crystal environment is very similar. This assumption can be investigated

by molecular dynamics (MD) simulation of proteins in the different environments.

Two 2ns simulations of hen egg white lysozyme (HEWL) in crystal and solution environment

are compared to one another and to experimental data derived from both, X-ray and NMR ex¬

periments, such as crystallographic B-factors, NOE atom-atom distance bounds,3J^a-coupling
constants, and ^-^N bond vector order parameters. Both MD simulations give very similar

results. The crystal simulation reproduces X-ray and NMR data slightly better than the solution

simulation.

4.2 Introduction

Molecular dynamics (MD) simulations of biomolecular systems, such as proteins, DNA, or mem¬

branes, are generally performed in their natural environment, in aqueous solution, or, in the case

of membranes, as a bilayer with water on both sides or as micelles. Most protein structures,

however, are determined by X-ray crystallography, where the molecule of interest is in a differ¬

ent environment. In contrast to small molecule crystals, in protein crystals, the water content is

high (generally around 50%). In addition, in protein crystals, only few water molecules occupy

well-defined sites, most of the solvent is disordered and thus comparable to the protein environ¬

ment in solution. Third, if proteins are crystallized in different space groups, the structures are

usually not very different from one another. Fourth, for a number of small proteins the structure

has been determined in the crystalline state by X-ray diffraction as well as in aqueous solution by
NMR spectroscopy [49-60] and structural differences appear to be minor, e. g. involving loop
or side chain conformations. So, it is generally assumed that proteins in crystals and in solution

have, apart from polar side-chains that take part in crystal packing contacts, a very similar struc-

55
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ture in the two different environments. The motions in the crystal, especially side-chain motions,

are expected to be of lesser amplitude due to crystal packing contacts.

Molecular dynamics simulation provides a good tool to investigate structural and dynamical
differences on a sub-nanosecond time-scale. In an early study [61] compared the structural prop¬

erties of bovine pancreatic trypsin inhibitor (BPTI) on a picosecond time scale by comparing the

results of two 25ps MD simulations of BPTI, one in crystalline form and the other in aqueous

solution. To our knowledge, however, since then no systematic investigation of simulations of

a protein in crystal and solution, with a detailed analysis of the differences observed, has been

published. In the present work, two 2ns MD simulations of hen egg white lysozyme (HEWL)

are compared. An orthorhombic unit cell containing 4 protein molecules was simulated, and the

results compared to those of a simulation of the protein in solution.

Data computed from the two simulations are compared with data derived from X-ray crys¬

tallography [40], such as atomic positions, B-factors, and hydrogen bonding patterns, or with

data derived from NMR experiments [45^4-7], such as NOE atom-atom distance bounds, 3Jhno.-

coupling constants, and ^-^N bond vector order parameters. In addition, the data from the two

simulations are compared to each other.

4.3 Methods

4.3.1 Solution simulation

Lysozyme consists of 129 amino acids with 1001 non-hydrogen atoms. Hydrogen atoms at¬

tached to aliphatic carbon atoms are incorporated into these (the united atom approach), and the

remaining 321 hydrogen atoms are treated explicitly. The protein was simulated at pH 6. The

amino acids GLU and ASP were taken to be deprotonated, LYS, ARG, and HIS residues were

protonated, leading to a charge of +9 electron charges per protein molecule. The crystal struc¬

ture of lysozyme (entry 1AKI [40] of the Brookhaven Protein Database [31]) determined at 1.5A

resolution [41] was used as a starting structure. Truncated octahedron periodic boundary condi¬

tions were used with a box length of 7.7392nm between the quadratic surfaces. 7122 SPC water

molecules [29] were added from an equilibrated cubic box containing 216 water molecules [28].

The added water molecules were selected such that no water oxygen atom is closer than 0.23nm

to a non-hydrogen atom of the protein or another water oxygen atom. The system, protein and

water, was initially energy minimised for 100 cycles using the steepest descent method. The

protein atoms were harmonically restrained [28] to their initial positions with a force constant

of 25000kJ/(mol nm2). The minimised structure was then pre-equilibrated in a short MD run

of 100 steps of 0.002ps, still restraining protein atom positions. Initial velocities were assigned
from a Maxwell-Boltzmann distribution at 300K. Protein and solvent were coupled separately
to temperature baths of 300K with a coupling time of O.lps [6]. No pressure coupling was

applied. A follow-up simulation (results not shown) including pressure coupling showed no sig¬
nificant change in the box volume. Bonds were kept rigid using the SHAKE method [3] with

a relative geometric tolerance of 10-4. Long-range forces were treated using twin-range cut¬

off radii Rcp = O.Snm for the charge-group [28] pair-list and Rci — I Anm for the longer-range
non-bonded [32] interactions. The pair-list for the (short-range) non-bonded interactions and the

longer-range forces were updated every 10fs. Reaction-field forces were included [42] originat¬
ing from a dielectric continuum beyond a radius of Rrf = 1 Anm using a self-consistent relative

dielectric permittivity erf — 54 for SPC water [43]. Nine counter-ions were added by replac-
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ing water molecules in the following way. The water molecule having the highest electrostatic

field at the water oxygen site, after the successive placement of previous ions, was replaced by

a chloride anion. After having introduced the ions, the energy was again minimised using 100

steps of steepest descent and protein atom position constraining. The total size of the system was

1322 protein atoms, 9 chloride anions and 7113 water molecules leading to a total system size of

22670 atoms. The simulation was carried out over 2ns with a time step of 0.002/«. Every 500th

step, the configuration was saved. The first 300/75 of the simulation were treated as equilibration

period, the remaining Uns were used for analysis. All simulations were performed using the

GROMOS96 force field (version 43A1) and software [28,44]. The simulation parameters have

been summarized in table 4.1.

simulation type crystal solution

protein molecules

counterions (CI-)
water molecules

number of atoms

4 1

36 9

1715 7113

10469 22670

periodic boundary conditions

box lengths (nm)

box volume (nm3)
mass density (gcm~3)
water content (by mass, %)

timestep (fs)
relative SHAKE precision

temperature coupling at (K)

using coupling time (ps)

pressure coupling

orthorhombic truncated octahedron

5.9062 7.7392

6.8451 7.7392

3.0517 7.7392

123.38 231.77

1.203 1.023

34.57 89.76

2

io-4

300

0.1

no

pair-list cut-off radius Rcp (nm)

pair-list update frequency (ps-1)
non-bonded interaction cut-off Rc/ (nm)
Poisson-Boltzmann reaction field (PBRF)

beyond radius Rr/ (nm)

using relative dielectric permittivity £rf

0.8

100

1.4

yes

1.4

54

Table 4.1: Simulation parameters used in the crystal and the solution simulation of hen egg

white lysozyme

4.3.2 Crystal simulation

For the crystal simulation, basically the same set-up was used as for the solution simulation.

The differences are the geometry of the periodic box containing the simulated system and the

number of protein molecules, ions, and water molecules. Four protein molecules related by the

crystallographic symmetry P2i2i2i were placed in the orthorhombic unit cell with a=5.9062rcm,

b=6.8451«m, and c=3.0517nm. 78 crystallographically observed water molecules were added
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together with their symmetry-related equivalents. After that, 1439 water molecules were added

as described in the previous subsection leading to a water content of 42.5% (v/v). Energy min¬

imisation, placing of the ions, and pre-equilibration simulations were performed as described in

the previous subsection. The simulation parameters have been summarized in table 4.1.

4.3.3 Analysis

The 1158 NOE distances, the 95 3Jhno.-coupling constants, and the 124 backbone and 28 side-

chain S2 order parameters were calculated from the trajectory as in [36]. The S2 order parameters

were calculated using a 200ps averaging window (moving through the whole llOOps analysis

period) which approximates the time scale of the N-H bond vector motions which determine the

S2 order parameters as derived from the NMR experiments for HEWL [62]. Similarly, 200ps
windows were used to compute the r-3 averages for the NOE distances. The experimental values

were taken from [45^-7].

4.4 Results

Root-mean-square atom positional deviations (RMSD) from the starting (X-ray) structure are

shown in figure 4.1. In the top graph, values for Ca atoms of the solution simulation and of

the four molecules in the crystal simulation are displayed, in the bottom graph values for all

atoms. RMSD values for the solution simulation are converged after SOOps for both, Ca and

all atoms. In the crystal simulation, the RMSD of Ca atoms are converged earlier, after 500ps,
whereas the side-chain RMSD only converge after Ins. The crystal simulation stays - in terms

of RMSD - closer to the X-ray structure than the solution simulation. In the second nanosecond

of the simulations, the RMSD for Ca atoms is 0.13nm compared to 0.16nm, the RMSD for all

atoms is 0.22nm compared to 0.26nm in the crystal and the solution simulation, respectively. The

different molecules in the crystal simulation show, after being converged, very similar behaviour.

In the solution simulation, larger structural fluctuations are observed, which should be reflected

in the calculated B-factors (fig. 4.2). Atomic isotropic B-factors from simulation trajectories
were calculated from atom-positional root-mean-square fluctuations for Ca atoms according to

*,-=y(tf-<?,»2>. (4-1)

When comparing atomic B-factors resulting from structure refinement based on crystallographic

X-ray diffraction data with B-factors obtained through (4.1) from the atomic mean square po¬

sitional fluctuations calculated from a MD trajectory, it should be kept in mind, that these two

types of B-factors are not wholly comparable [63].

(1) The configuration space sampled in the experiment is incompletely sampled in the simu¬

lation since: (i) crystallographic B-factors derived from X-ray data include static disorder due to

averaging over a collection of molecules; (ii) the simulation time (nanoseconds) is much shorter

than the data aquisition time (>seconds).

(2) Crystallographic B-factors form an incomplete measure of the motion since: (i) they are a

measure of the spread of the electron density as a function of position in the crystal, irrespective
of which particular atom is contributing to the electron density (i. e. they result from fitting on
the electron density map); (ii) they are, in general, restricted to a given maximum value during
structure refinement, whereas the simulated B-factors are true atomic positional fluctuations,
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Figure 4.1: Root-mean-square atompositional deviation (RMSD) in nmfrom the X-ray (crystal)
structure (Carter et al, 1997) as function of time in ps. Rotational and translational fitting
was applied using all 129 Ca atoms. RMSD of Ca atoms (top graph) and of all atoms (bottom

graph) are shown. RMSD of the solution simulation are shown in indigo, of the four chains in

the crystal simulations are shown in black (molecule 1), red (molecule 2), green (molecule 3),
and blue (molecule 4).

which may in principle grow infinitely with atomic mobility; (iii) systematic errors in the data,
e. g. due to absorption, extinction and thermal diffuse scattering, may not have been corrected.
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Figure 4.2: Isotropic B-factors for backbone Ca-atoms in nm2. In the top graph, B-factors
calculatedfrom the solution simulation (indigo) are shown together with experimentally derived

values (orange). In the bottom graph, B-factors for the different protein molecules calculated

from the crystal simulation are shown in black (molecule 1), red (molecule 2), green (molecule

3), and blue (molecule 4) together with experimentally derived values (orange).
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Although the backbone is more mobile in the solution simulation, the agreement of calcu¬

lated and experimentally derived B-factors is similar for both simulations (fig. 4.2). Residues

having large experimental B-factors also show enhanced mobility in the simulation. Secondary
structure regions (a-helices 4GLY-14ARG, 25LEU-36SER, 88ILE-99VAL, 108TRP-115CYS,

and 3io-helix 119ASP-124ILE, and ß-sheet 42ALA-60SER, see table 4.2) are stable and thus,

in both simulations, not much flexibility is observed for these parts of the chain. Exceptions are

residue 1LYS in the solution simulation which in the crystal lies close to some crystallograph¬

ically observed water molecules, and the considerably rearranged loop region on the outside of

the protein between residues 115CYS and 119ASP. The overall trends in mobility are thus cor¬

rectly sampled, magnitudes, however, are overestimated. Flexible regions show more mobility in

the simulations compared to experimentally derived B-factors, stable regions show less mobility,
which might be due to the fact that single-molecule B-factors were calculated from the simula¬

tions, whereas the experimentally derived B-factors contain contributions from many molecules.

Residue Percentage hydrogen bonding
Donor Acceptor X—ray cry I cry2 cry3 cry4 sol

3PHE 38PHE 100.0 91.0 91.4 90.6 86.2 70.5

8LEU 4GLY 100.0 30.9 94.4 97.9 98.2 97.1

9ALA 5ARG 100.0 3.4 93.8 84.4 92.3 90.8

10ALA 6CYS 100.0 91.5 96.5 96.6 97.5 98.7

11ALA 7GLU 100.0 64.4 86.8 89.9 89.2 85.3

12MET 8LEU 100.0 99.1 99.1 99.1 99.2 99.3

13LYS 9ALA 100.0 99.2 97.9 95.8 96.9 96.6

14ARG 10ALA 100.0 94.9 91.2 93.8 87.7 84.3

15HIS 11ALA 0 68.6 40.0 55.5 46.8 73.2

15HIS 12MET 0 18.1 36.9 27.1 36.1 11.6

16GLY 12MET 0 30.9 19.8 14.1 41.6 56.4

16GLY 13LYS 100.0 35.4 39.3 51.1 28.9 32.0

17LEU 12MET 100.0 25.9 25.1 53.3 15.1 33.4

20TYR 17LEU 100.0 47.1 51.2 0 51.4 35.6

20TYR 23TYR 0 25.1 11.6 78.5 17.7 44.6

22GLY 19ASN 100.0 40.2 27.7 0 46.1 28.8

22GLY 41GLN 0 39.5 52.8 42.7 22.7 0

23TYR 20TYR 100.0 64.4 68.5 70.3 62.9 69.0

27ASN 24SER 100.0 26.4 32.2 52.9 53.3 26.8

28TRP 24SER 0 7.4 30.0 15.9 10.3 37.6

29VAL 25LEU 100.0 95.1 89.2 89.2 84.9 94.8

30CYS 26GLY 100.0 98.4 95.2 99.1 98.8 98.3

31ALA 27ASN 100.0 97.2 96.9 98.0 96.7 97.5

32ALA 28TRP 100.0 93.4 97.6 88.6 92.7 96.2

33LYS 29VAL 100.0 79.0 81.9 34.5 88.5 93.0

34PHE 30CYS 100.0 66.6 69.1 28.4 52.1 69.4

35GLU 31ALA 100.0 9.2 93.2 3.9 93.0 87.3

36SER 32ALA 100.0 0 19.1 0 22.2 25.5

37ASN 34PHE 0 40.0 2.4 5.5 27.6 22.2

38PHE 32ALA 100.0 83.4 59.2 75.2 77.3 81.5

39ASN 36SER 0 71.6 22.2 43.5 8.0 9.4
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Residue Percentage hydrogen bonding
Donor Acceptor X—ray cry I cry2 cry3 cryA sol

40THR 1LYS 100.0 94.0 91.3 91.1 87.1 10.1

42ALA 39ASN 0 8.5 3.4 9.3 20.7 27.2

42ALA 40THR 0 46.2 50.9 52.8 31.9 33.7

44ASN 52ASP 100.0 93.5 83.4 89.5 51.6 89.2

46ASN 50SER 100.0 75.0 65.9 0 54.2 69.8

49GLY 46ASN 100.0 67.4 76.9 0 72.5 80.2

52ASP 44ASN 100.0 75.3 92.9 85.9 90.8 74.8

53TYR 58ILE 100.0 97.4 96.8 94.2 96.2 95.8

54GLY 42ALA 100.0 90.7 78.2 82.1 42.2 68.4

57GLN 54GLY 100.0 78.6 0 31.6 10.1 84.0

58ILE 53TYR 100.0 98.7 95.4 92.6 79.4 98.4

60SER 51THR 100.0 87.2 81.9 89.9 86.6 92.8

63TRP 59ASN 100.0 72.1 75.4 52.1 83.5 84.5

64CYS 59ASN 0 65.8 65.8 18.5 29.5 17.5

64CYS 60SER 0 10.3 9.0 11.8 23.6 43.4

65ASN 78ILE 100.0 83.2 92.9 81.2 77.0 80.0

73ARG 61ARG 100.0 82.6 77.3 76.8 79.4 90.3

74ASN 61ARG 0 51.5 52.8 0 43.4 0

75LEU 62TRP 100.0 91.7 97.4 95.9 91.3 91.8

76CYS 63TRP 100.0 75.2 64.4 81.7 90.1 91.5

77ASN 74ASN 100.0 56.4 58.8 53.1 41.3 72.7

78ILE 76CYS 0 29.9 83.8 74.0 73.1 6.2

80CYS 65ASN 100.0 94.8 84.5 93.5 90.9 93.6

82ALA 79PRO 100.0 17.4 46.0 32.8 34.9 6.5

83LEU 79PRO 0 21.4 15.7 9.1 3.8 80.8

83LEU 80CYS 100.0 21.1 40.2 27.6 35.8 2.6

84LEU 81SER 100.0 5.6 11.6 12.0 19.4 5.4

84LEU 80CYS 0 78.8 32.4 56.9 46.4 82.6

85SER 81SER 0 43.1 51.9 38.5 44.8 39.3

85SER 82ALA 0 18.5 21.8 23.9 25.9 30.2

89THR 87ASP 0 0 0 2.8 0 25.6

92VAL 88ILE 100.0 93.1 60.1 95.8 88.2 3.6

93ASN 89THR 100.0 96.9 91.1 98.2 92.8 95.8

94CYS 90ALA 100.0 97.8 96.9 98.7 98.4 98.3

95ALA 91SER 100.0 98.5 95.2 98.8 96.7 98.1

96LYS 92VAL 100.0 94.9 97.1 95.1 97.6 98.1

97LYS 93ASN 0 69.8 77.6 82.2 80.0 80.6

98ILE 94CYS 100.0 93.8 90.4 93.4 93.6 95.2

99VAL 95ALA 100.0 91.1 93.7 94.7 96.5 69.2

100SER 96LYS 0 95.6 91.2 89.8 91.2 93.8

101ASP 98ILE 100.0 24.6 42.1 25.5 29.9 5.2

101ASP 97LYS 0 66.2 41.7 52.7 58.8 68.5

104GLY 98ILE 0 0 0 0 0 34.9

106ASN 103ASN 100.0 69.3 17.5 0 6.6 55.1

107ALA 104GLY 0 17.6 79.4 42.7 40.1 7.9
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Residue Percentage hydrogen bonding

Donor Acceptor X—ray cry I cry2 cry3 cryA sol

108TRP

112ARG

113ASN

114ARG

115CYS

115CYS

116LYS

118THR

122ALA

123TRP

123TRP

124ILE

124ILE

125ARG

125ARG

125ARG

127CYS

105MET

108TRP

109VAL

IIOALA

IIOALA

lllTRP

lllTRP

115CYS

119ASP

119ASP

120VAL

120VAL

121GLN

121GLN

122ALA

123TRP

124ILE

100.0

100.0

100.0

100.0

0

100.0

100.0

100.0

100.0

0

100.0

0

100.0

0

0

0

100.0

80.5

78.8

0

0

60.1

26.8

43.7

13.4

3.4

79.9

7.6

92.9

0

0

4.1

17.4

12.5

82.9

84.0

92.9

26.6

89.6

7.1

95.6

19.4

0

26.3

27.0

40.2

19.2

16.4

17.7

21.3

28.2

67.2

29.9

13.6

40.9

18.6

62.9

85.3

13.3

2.9

3.2

49.5

3.6

50.7

73.7

17.5

0

17.2

79.5

74.5

93.6

72.7

89.6

5.8

96.5

16.2

7.1

69.9

4.4

63.3

10.6

5.6

36.4

8.3

18.1

81.4

71.6

82.1

65.5

87.2

9.2

79.7

14.3

4.7

39.3

11.1

67.4

14.5

12.1

25.1

24.5

6.0

Table 4.2: Occurrence ofbackbone-backbone hydrogen bonds in the X-ray structure, the crystal

simulation, and the solution simulation. Intramolecular hydrogen bonds are listed if they are

present in the X-ray crystal structure (X—ray), if they are presentfor more than 20% of the sim¬

ulation time in the solution simulation (sol), or if they are presentfor more than 20% simulation

time averaged over the four molecules (cryI—4) in the crystal simulation. A hydrogen bond is

counted if the distance between the hydrogen atom and the acceptor atom is maximally 0.25nm

and the angle between donor atom, hydrogen atom and acceptor atom is larger than 135°.

Table 4.2 shows the backbone hydrogen bonding pattern in the X-ray structure and the per¬

centage of hydrogen bonding as obtained by averaging over the single molecule trajectories from

the simulations. A hydrogen bond is counted if the distance between the hydrogen atom and

the acceptor atom is maximally 0.25nm and the angle between donor atom, hydrogen atom and

acceptor atom is larger than 135°. Hydrogen bonds are very well reproduced in both simulations.

Generally, the solution simulation shows stronger hydrogen bonding than the crystal simulation.

Of the 63 hydrogen bonds found in the X-ray structure, 59 show occupancies of over 20% in

the solution simulation or over 20% average occupancy in the crystal simulation. The hydrogen
bonds not reproduced can be rationalized as follows: 84LEU-81SER is replaced by 84LEU-

80CYS and 85SER-81SER. The other three hydrogen bonds lost in both simulations all lie in

the very mobile region from residue 115CYS onwards. 118THR-115CYS is partly replaced by
118THR-114ARG (not shown in table 4.2), 122ALA-119ASP is replaced by 123TRP-119ASP.

Also the two following hydrogen bonds, 123TRP-120VAL and 124ILE-121GLN, are, although
still present over 20% in at least one of the simulations, shifted from a 3i0-helical pattern towards

an a-helical structure: 124ILE-120VAL and 125ARG-121GLN. The hydrogen bond 127CYS-

124ILE at the end of this helix shows slightly less than 20% occupancy in the simulations. The
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two hydrogen bonds showing the highest occupancies in the simulations without being recog¬

nized in the X-ray structure are 97LYS-93ASN and 100SER-96LYS, where the chosen geomet¬

ric criterion for counting a hydrogen bond is only slightly missed (donor-acceptor distances of

0.258nm and 0.262nm for the two hydrogen bonds). These residues are part of an a-helix running

from residue 88ILE to residue 99VAL.

NOE distance bound violations are summarized in table 4.3. The average violation for the

analysis period, 300/75-2000/75, is lower for all chains in the crystal simulation compared to

the solution simulation. Also, the number of large violations is always lower in the crystal

simulation, reflecting the larger backbone fluctuations in the solution simulation.

protein
molecule

NOE bound violations

> 0.05nm

number

> O.lnm > 0.3nm

mean

<RE-Ro> (nm)

cry I

cry2

cry3

cry4

65

57

67

56

37

35

39

33

6

3

7

4

0.009

0.008

0.009

0.007

sol 75 48 9 0.010

Table 4.3: Number ofNOE distance bound violations larger than a given value computedfrom
the crystal simulation and the solution simulation. The total number of experimentally deter¬

mined NOE bounds Rq is 1158 [45-47]. Re is the distance from the trajectory using r~3 av¬

eraging over 200ps windows throughout the whole 300ps-2000ps analysis period. The symbol

Re-Ro indicates a (mean) violation, calculated as a mean of the larger value ofRE-Ro and zero.

Average violations are in nm. The four molecules in the crystal unit cell are indicated by the

symbol cryl—4, the one molecule in solution simulation by the symbol sol.

The 95 V/ftvct-coupling constants (fig. 4.3) are slightly better reproduced in the solution

simulation (RMSD of calculated versus experimentally derived J-coupling constants are 1.10Hz

in the solution simulation and 1.12Hz, 1.11Hz, l.SSHz, and l.64Hz for the four chains in the

crystal simulation). The higher mobility in solution allows for a larger part of phase space being

sampled and thus, averaging may be better. The X-ray crystal structure reproduces the experi¬
mental J-coupling constants well with an RMSD of O.SSHz, as is seen in the lower right corner

of figure 4.3 where J-coupling constants calculated from the X-ray structure are compared with

J-coupling constants obtained from NMR experiments. Calculated J-coupling constants are gen¬

erally slightly lower than experimentally derived ones but longer simulation times could bring
these values closer to each other.

Backbone order parameters, displayed in figure 4.4, are equally well reproduced in both

simulations. The secondary structure elements correspond to large calculated S2 values. Order

parameters calculated from the simulation are generally slightly lower compared to those deter¬

mined using NMR data. In the crystal simulation, different chains generally have very similar

order parameters with a handful of exceptions. This happens, if one protein molecule has sam¬

pled a particular movement, while an other has not. This effect is even stronger for side-chain

order parameters (fig. 4.5). Slow motions observed only once in a simulation lead to differ¬

ent order parameters for the same residue in the four protein molecules. The crystal simulation
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JHN coupling constants

experimental JHNct (Hz)

Figure 4.3: Comparison of95 experimental (Smith et al., 1991) and calculated 3Jhn<x coupling

constants (in Hz). In graphs a), b), d), and e), 3Jhno, coupling constants calculated from the

crystal simulation are displayedfor the 4 differentprotein molecules in the unit cell. In graph c),

values calculated from the solution simulation are shown. Graph f) shows J-values calculated

from the experimentally determined X-ray crystal structure.

shows significantly larger side-chain order parameters than experimentally derived ones. Its or¬

der parameters are also larger than in the solution simulation which is expected since side-chains

involved in crystal packing contacts will be more rigid than in solution. Order parameters calcu¬

lated from the solution simulation correspond very well to experimentally derived ones.
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Backbone 1H-15N order parameters

solution

residue number

Backbone 1H—15N order parameter S'

crystal, different protein molecules

50 60 70 80

residue number

90 100 110 120

Figure 4.4: Backbone 1H-15N order parameters (S2) as function of residue number. The order

parameters were calculated using a 200ps averaging window moving through the whole 1700ps

analysis period. In the top graph, order parameters calculated from the solution simulation

(indigo) are shown together with experimentally derived values (orange). In the bottom graph,
order parameters for the 4 different protein molecules calculated from the crystal simulation

are shown in black (molecule 1), red (molecule 2), green (molecule 3), and blue (molecule 4)

together with experimentally derived values (orange). There is no experimental value available

for residues LYS1, SER50, PRO70, PR079, andALAllO.
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Order parameters S

side chain 1H-1SN

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1.0

experimental S

Figure 4.5: Comparison of28 experimental [47] *H-15N order parameters S2 ofside-chain NH

groups with calculated values. The order parameters were calculated using a 200ps averaging

window moving through the whole 1700ps analysis period. In graphs a), b), d), and e), 3Jhno.

coupling constants calculatedfrom the crystal simulation are displayedfor the 4 differentprotein

molecules in the unit cell. In graph c), values calculatedfrom the solution simulation are shown.

For NH2 groups the average of the order parametersfor the two NH vectors is displayed

4.5 Conclusions

The two 2ns molecular dynamics simulations of hen egg white lysozyme (HEWL), one in solu¬

tion, the other in crystalline environment give very similar results, slight differences are, however,

present. Not unexpectedly, the four protein molecules in the crystal simulation stay closer to the

X-ray structure. They also fulfill atom-atom distance bounds derived from NMR solution data

significantly better than the solution simulation. B-factors, representing the magnitude of atom

positional fluctuations and order parameters S2 which are determined by orientational mobility

of N-H bond vectors, show the same degree of agreement with experimentally derived data for

both simulations. The root-mean-square deviation from the X-ray structure shows larger fluctua¬

tions for the solution simulation indicating enhanced sampling of configuration space and maybe
better converged J-coupling constants than in the crystal simulation. The backbone hydrogen

bonding network is very well maintained in both simulations. Occupancies of intramolecular

hydrogen bonds are even higher in the solution simulation, probably because in the crystal, the
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higher atom density leads to less flexibility: the protein in solution is less restrained than in the

crystal. The four different molecules in the crystal show highly similar properties, especially in

stable regions of secondary structure. In the more mobile regions of the molecule, a rare event,

such as a jump over a rotational barrier of a dihedral angle, can lead to different observations

between single molecules. With increasing simulation length, more of these events would be ob¬

served, and the same events could also happen in another protein molecule. Longer simulations

would thus enhance the similarity between the different molecules in the crystal simulation.

The present results for hen egg white lysozyme confirm that proteins in crystalline environ¬

ment and in solution show very similar behaviour. Fluctuations are somewhat larger in solution,

structural properties are almost identical.
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Chapter 5

Effect of Boundary Conditions and

Treatment of Electrostatics: Crystal and

Solution Molecular Dynamics of Ubiquitin

5.1 Abstract

Five molecular dynamics simulations of ubiquitin under different conditions probe effects of the

molecular environment, especially regarding electrostatics. Three simulations of protein crystals
are compared to two simulations where a single protein molecule is well solvated by bulk water.

Simulations of crystals provide good tests of the methodology, since they should exactly repro¬

duce crystallographic experiments, and since the higher charge density in a crystal more readily

exposes any problems with the treatment of electrostatics. The use of a reaction field term for

long-range electrostatics is found to be necessary to reproduce the experimental crystal structure.

Addition of neutralizing counterions stabilizes the protein structures further in the simulations.

5.2 Introduction

The dynamics of the protein ubiquitin in crystal and in solution is here studied by molecular dy¬
namics simulations. Two simulations are performed in a solvent environment and three in a crys¬

talline environment. The simulations differ especially with regard to the electrostatic properties
of the surroundings of the proteins. One of the crystal simulations was performed disregarding
all long-range electrostatic interactions. The resulting protein structures are shown to deviate

strongly from crystallographic experimental data. In the remaining simulations, we investigate
the effects of a crystalline environment versus a solution environment, and of the addition of a

neutralizing counterion.

Among the forces considered in molecular dynamics simulations, the electrostatic interac¬

tions are the most long-ranged. The Coulomb interaction energy between two charged particles
decreases with distance only as r_1, which makes also interactions between charges rather far

from one another relatively important. This is problematic in practical simulations, where the

usual method for limiting the computational time needed is to restrict the number of non-bonded

interactions actually included in the calculations, usually by employing a cut-off radius. Every

69
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particle in the simulation is then only considered to interact with other particles which are closer

than a certain distance.

Such a cut-off scheme is not only practical, but virtually mandatory in cases where one avoids

boundary effects by simulating periodically replicated copies of a system. The number of inter¬

actions in the periodic system would be infinite, were one not to restrict them somehow. The

cut-off radius is usually chosen so as to implicitly enforce a "minimum-image" treatment of the

periodic boundary condition, meaning that a particle should only interact with the closest of

several possible periodic neighbor images, and never interact with an image of itself, to avoid

pseudo-crystal simulations of non-crystalline systems.

A common refinement of the cut-off scheme involves grouping particles into electroneutral

groups, as far as possible, and employing a cut-off radius at which interactions between all par¬

ticles in two such "charge groups" are simultaneously turned on or off. This leads effectively to

the groups interacting as dipoles, making their interactions decrease more rapidly with distance

and thereby allowing smaller cut-off radii with retained accuracy.

The other non-bonded interaction term is the Lennard-Jones term used for modelling disper¬
sive interactions and atomic core repulsions. These terms are usually of the form

V = Cnr-l2-C6r-6 (5.1)

and thus decrease much more rapidly with distance than the electrostatic terms, but since the

interactions are on average always negative (attractive) for non-polar molecules in standard pres¬

sure equilibrium, contributions neglected outside a medium-size cut-off radius can sum up to

non-negligible values [39].

In the GROMOS96 molecular modelling program package [2,64], which was used through¬
out this work, a charge group based twin-range cut-off scheme is implemented [32]. An outer

cut-off radius, which we usually take to be 1.4nm, is used to determine which non-bonded in¬

teractions are calculated every 5 time steps (each of which is 2 fs). Simultaneously to the calcu¬

lations with the outer cut-off radius, a list is constructed of group interactions which fall inside

an inner cut-off radius, here we employed 0.8nm, and the interactions on this "non-bonded list"

are recalculated every time step. This of course filters away fast variations in mid-range interac¬

tions, but allows a relatively large cut-off radius to be used practically by reducing the mid-range
interaction calculation effort by a factor of 5.

The remaining consideration is of course how to treat interactions outside the (outermost)

cut-off radius. The simplest and least accurate way is to neglect them totally, which is not un¬

commonly found in the literature. More advanced approaches include more or less approximate
treatment of the electrostatic interactions outside of the cut-off radius. Methods that make use

of infinite lattice sums [65] include the standard Ewald summation (see e.g. [1]), the particle-

particle-particle-mesh method (p3m) of [5] and the particle-mesh Ewald summation [66].

An alternative approach, which avoids the periodicity artifacts of infinite lattice sums, but

at the cost of using a mean-field approximation, is implemented in the GROMOS96 program

package. In this scheme, a generalized Poisson-Boltzmann reaction field is used to model the

interaction of each atom with everything outside its cut-off radius. These distant surroundings
are then approximated by a dielectric continuum characterized by a given dielectric permittivity

erf and a given inverse Debye screening length K (or ionic strength) [2,42,64]. The electrostatic

interaction (Coulomb plus reaction field) between two atoms i and j with charges qt and qj at a
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distance r,-y is in this model given by

"l \Crf(rij)2 (l-±Cr/)
yCRF _ 1iaJ

47te0ei [rtj R]f Rrf

with

(5.2)

crf = ^. , o„ .wi i ^d ^ , „ .^D A2
(53>

(2ei - 2Er/) (1 + K%) - er/(K^r/)2

(ei + 2er/) ( 1 + k%) + £r/(K%)2

The second term represents the Poisson-Boltzmann reaction field contribution due to the presence

of the dielectric continuum with permittivity er/ and inverse Debye screening length K outside

the reaction field cut-off radius Rrf. The third term is a constant that makes the electrostatic

energy zero for r;;- — Rrf. The permittivity inside the reaction field cut-off sphere is £i = 1.

We have chosen to study the effects of the electrostatic environment on the molecular dynam¬
ics of the protein ubiquitin, which is small and thus easy to treat and which has a well determined,

stable protein structure. It is also a very interesting molecule of great biological significance.

Ubiquitin is a 76 residue protein, which is probably present in all eukaryotic cells [67,68]. All

76 residues are perfectly conserved between animal species, and only 3 residues differ between

animals and plants. It is in other words the most conserved protein known. Ubiquitin seems to

be primarily involved in ATP-dependent intracellular non-lysosomal protein degradation, mark¬

ing a protein molecule for degradation by amide linkage of the carboxy terminus of ubiquitin
to the N-terminal nitrogen of the target protein [69]. Ubiquitination of lysine e-nitrogens also

occurs. Commonly, the ubiquitins are themselves ubiquitinated at lysine 48, forming ubiqui¬
tin chains. Constitutive ubiquitination is observed for a subpopulation of histone H2A and for

specific ribosomal proteins. For reviews of the fascinating ubiquitin system see [70-73].

The extreme conservation between species leads one to assume that the precise structure is

very critical for the function of this protein, and the crystallographically determined structure

of ubiquitin is indeed quite advanced for such a small protein, exhibiting three and one-half

turns of a-helix, a short piece of 3i0-helix and a mixed ß-sheet of five strands, all in a compact

arrangement with tight hydrogen-bonding. The structure has been determined to a resolution of

1.8 À [30].

Ubiquitin is itself very resistant to proteinase degradation by for example trypsin, chymo-

trypsin, subtilisin and carboxypeptidase [68], and is stable under a wide range of pH and tem¬

perature conditions [74]. This makes it reasonable to assume that the structure is very stable

and fluctuates very little. This has been confirmed by nuclear magnetic resonance spectroscopy;
for the entire protein except the four carboxyterminal residues, the 15N relaxation of ubiquitin
backbone amide nitrogens exhibits high generalized order parameters, especially for NH groups

involved in the main chain hydrogen bonding network [75].

The small size of the protein makes it feasible to simulate several protein chains in a box,

allowing the copies of the protein to move relatively independently but still in a crystal environ¬

ment. The crystallographic rectangular prism unit cell, a = 5.084nm, b = 4.277nm, c = 2.895nm,

is a suitable box for the purpose, containing 4 protein chains.

We are obviously not the first group performing molecular dynamics simulations of ubiquitin,
although all earlier simulations have modelled solution environments, rather than crystals. Our

fore-runners have used quite varying approaches to the surroundings of the protein. Braatz et

al. [76] used only the 58 water molecules given in the crystallographic model, representing the

rest of the surrounding water with an ad hoc continuum model; a linear distance-dependent
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electrostatic permittivity was used and the total charge of each acidic or basic functional group

was set to zero. Alonso & Daggett [77] did simulations to mimic a system at pH 2 including

13 chloride counterions. They used explicit water or an explicit water-methanol mixture in a

periodic box of unknown size, but had a cut-off radius of 0.8nm for non-bonded interactions

without any additional treatment of longer-ranged forces. Abseher et al. [78] used explicit water

molecules in a periodic box (5.0nm x 5.0nm x 5.0nm) with Ewald summation of electrostatics

as recommended by [79, 80]. Lienin et al. [81] had explicit water in a periodic box and an 0.8nm

cut-off for non-bonded interactions, but no treatment of longer-ranged forces. Unfortunately,

they chose a cubic periodic box with an edge length of 4.665nm, while the diameter of the

ubiquitin molecule in its X-ray structure is 4.49nm. Due to the periodicity condition, the protein
molecules are then only 0.175nm apart, a much shorter distance than the 0.8nm cut-off radius

used. This then leads to aggregation of the periodic images of the protein, which renders the

simulated results questionable. Juranic et al. [82] used a similar setup, but chose an edge length
of 5.60nm, which avoids the aggregation problem. They used a l.Onm non-bonded interaction

cut-off without treating longer-ranged forces.

This work aims to remedy the lack of simulations of ubiquitin crystals, and compare these to

solution simulations. The effects of using a reaction field treatment of longer-ranged electrostatic

interactions and of adding counterions are investigated.

5.3 Methods

Simulations of ubiquitin and analyses of the results were performed using the GROMOS96 pro¬

gram suite [2,64]. The force-field parameters used were the GROMOS96 explicit solvent simu¬

lation force-field 43Al, in which aliphatic hydrogens are united with the atom to which they are

bound, while polar hydrogens and aromatic ring hydrogens are modelled explicitly.

Starting crystallographic coordinates were acquired from the Protein Data Bank [83], struc¬

ture 1UBQ [30], which is refined to 1.8 Â resolution. The protonation state of the protein was

modelled for neutral or slightly acidic pH, i.e., all arginine, lysine and histidine residues in the

proteins were positively charged, and all aspartate and glutamate residues negatively charged.
The rationale for these choices was that the structure determination was done at pH 5.6 and

ambient temperature [30].
For the two solution simulations, a single protein chain was treated by truncated octahedron

periodic boundary conditions. The box dimensions of 6.89145nm were chosen large enough to

ensure that all protein atoms lie well outside the non-bonded cut-off radius of any protein atom in

the periodically replicated copies of the protein. In the three crystal simulations, the four protein
chains found in the rectangular prism unit cell of dimensions 5.084nm x 4.277nm x 2.895nm

were simulated, with the unit cell as the rectangular periodic box.

A single protein chain, together with the 58 water molecules belonging to that chain in the

crystallographic model, were for the solution simulations surrounded by explicit solvent (water)
molecules represented with the simple point charge (SPC) water model [29] by immersing the

system and its truncated octahedron box in a larger equilibrated water box, and deleting all water

molecules with their oxygen atoms within 0.23 nm distance from any non-hydrogen protein atom

or crystallographic water oxygen atom. This resulted in a total of 5050 water molecules in the

truncated octahedron box.

Similarly, for the crystal simulations, the 232 crystallographical model waters were retained,

and the unit cell was flooded with equilibrated SPC water, but here a slightly different value
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was used, retaining all water molecules within 0.220605nm of protein or crystallographic water.

This value led to the addition of exactly 460 water molecules, as needed for a total of 692 water

molecules giving the experimental density of 1.23 gem-3.
In the two simulations where counterions were added, one chloride ion was needed to neu¬

tralize each protein chain, and consequently 1 chloride ion for the solution simulation and 4

chloride ions for the crystal simulation were added, by replacing water molecules at the water

oxygen positions where the ions would experience the most favorable electrostatic interactions.

The solvent simulation then had 5049 remaining water molecules, whereas the crystal simulation

had 688 water molecules.

Non-bonded interactions were treated with a double or triple-range method [32], where all

interactions on a charge group based 0.8 nm cut-off radius pair list are evaluated every time

step of 2 fs, whereas interactions within a 1.4 nm radius are updated every 5 time steps (10 fs),

concurrent with updating the non-bonded pair list. Electrostatic interactions with everything
outside the 1.4 nm sphere were either treated as a dielectric continuum reaction field model [42],

as described above, with a self-consistent relative dielectric constant er/ = 54.0 as found for SPC

water [43] and Kry = 0, or were neglected, as described.

All covalent bond lengths were constrained to their ideal lengths with the SHAKE algorithm
[3] using a geometric accuracy of 10"4.

Simulation temperature was controlled by coupling solute and solvent to separate heat baths

[6], with coupling constants of O.lps. In the solution simulation without added counterions,

pressure was also (inadvertently) kept at 1 atm by coupling to an isotropic pressure bath [6]
with a coupling constant of 0.5ps, assuming an isothermal compressibility of 4.575 x 10-4

(kJmol"1 nm"3)"1. The simulation box side length changed only marginally during this MD

run, with a final value after 2.0ns of 6.915nm.

In preparation for the molecular dynamics simulations, the protein atoms were restrained to

their initial positions with harmonic potentials V = § (r- ro)2 with force constants K of 2.5 x 104

kJ mol-1 nm"2, and the system was subjected to 20 cycles of steepest descent minimization. The

minimized structure was pre-equilibrated by consecutive lps runs of MD simulation at 300K,

with restraining force constants of 2.5 x 104, 2.0 x 104,1.5 x 104, 1.0 x 104, 5.0 x 103, 1.0 x 103,
3.0 xlO2, l.OxlO2, 30, 10, 3.0 and 1.0 kJ mol"1 nm"2.

After this, each run was continued without restraining, collecting trajectory data every 500

time steps (i.e. 1 frame every picosecond), for 2.0ns. Analysis of the resulting trajectories was

done with programs from the GROMOS96 package.
For graphics modelling, we used Rasmol (Roger Sayle, Glaxo, UK).

5.4 Results

5.4.1 Simulation modelling

We performed molecular dynamics simulations using the GROMOS96 program package [2,64]
of ubiquitin in five different systems: three in a solvated crystal environment and two free in

aqueous solution. Details of the simulation procedure are given in the Computational methods

section above.

Starting crystallographic coordinates were acquired from the Protein Data Bank [83], struc¬

ture 1UBQ [30], which has a resolution of 1.8 Â. The crystal is Y2\2\2\ orthorhombic, with 1

protein molecule in the asymmetric unit [84]. This leads to 4 protein molecules being present in



74 Chapter 5. Effect of Boundary Conditions and Treatment of Electrostatics

the unit cell, which is a rectangular prism (all angles 90°) of dimensions 5.084nm x 4.277nm x

2.895nm.

In the crystal simulations, the crystallographic unit cell was used as the simulation periodic

cell, and the simulations comprised four protein chains and 692 water molecules. For the solvent

simulations, a single protein chain was surrounded by 5050 waters using truncated octahedron

periodic boundary conditions. The net charge of a protein chain was +le, so one chloride coun-

terion per protein chain was added in two of the simulations. Chloride ions were initially placed

to replace water molecules at the water oxygen positions where a chloride ion would experience
the most favourable electrostatic potential. The crystal simulation then had 4 chloride ions and

688 water molecules, while the solution simulation had 1 chloride ion and 5049 water molecules.

In all simulations, the simulation temperature was kept at 300K by heat bath coupling [6].

The crystal simulations were carried out at constant volume conditions, as was the solution sim¬

ulation with an added counterion. The solution simulation without counterions was performed at

constant atmospheric pressure, with a pressure bath coupling [6]. The periodic box size changed

only marginally during this simulation.

Each of the systems was briefly energy minimized and simulated in several consecutive short

dynamics runs at 300K with decreasing harmonic potentials restraining the protein atoms to their

initial positions. After this, all five systems were simulated without restraints at 300K for 2.0ns,

collecting one trajectory data point every picosecond.

5.4.2 The effect of a reaction field on crystal simulations

Figure 5.1 shows the root-mean-square atom-positional deviation (RMSD) from the crystallo¬

graphic coordinates of the four chains, in the three crystal simulations, after fitting of the alpha
carbons to remove overall translation and rotation. In 5.1 a, we see the RMSD of the Ca atoms for

the simulation without a reaction field, which reaches values around 0.20-0.30nm. This would

not be very remarkable values for a solution simulation starting from a crystallographically de¬

termined structure, but for a crystal simulation where one expects to reproduce the environment

of the protein molecules very accurately, the deviations are too large. It is also obvious that the

simulation cannot be said to be converged, even after 2.0ns.

Figure 5.1b depicts the RMSD of the Ca atoms for the crystal simulation with a reaction field

treatment of longer-ranged electrostatics, whereas Figure 5.1c refers to the simulation with both

reaction field and added counterions. We note that the values reach stable plateaux at around

0.12nm in both cases. The ion simulation seems more stable, leveling off early, but has an

episode of slightly irregular behaviour in the period 1.1-1.5ns.

The trend is the same for the root-mean-square atom-positional deviation of all protein atoms

in the three simulations, with values around O.30-O.35nm, 0.18nm and 0.18nm, respectively (not

shown).

These results show clearly that some treatment of longer-ranged electrostatics, e.g. with the

reaction field method, is necessary to reproduce effects of the crystal environment.

Analysis of the secondary structure further underlines this impression. In Figure 5.2a we see

the development over simulation time of the secondary structure assignments using PROCHECK

[85,86] for one representative chain from the simulation without a reaction field. Figure 5.2b

gives the analogous result for the same chain in the simulation with reaction field and counterions.

We note the much higher stability of the secondary structure elements in the simulations with a
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reaction field. The reaction field results with and without counterions do not show any obvious

differences (not shown).

5.4.3 The effect of counterions on crystal simulations

As noted above, both atom-positional root-mean-square deviations from the initial structure and

secondary structure elements are much stabilized by a reaction field treatment of longer-ranged
electrostatics. There are however no clear differences in these properties between the simulations

with and without added counterions.

RMSD from the X-ray structure for Ca atoms

crystal simulations; a) no RF, no ions; b) RF, no ions; c) RF, ions

1000

time (ps)

1500 2000

Figure 5.1: Atom-positional root-mean-square deviation (RMSD) of the Ca atoms in nmfrom
the initial crystallographic structurefor the crystal simulations, as afunction ofsimulation time.

Each chain was least-squares fit to the initial structure using the Ca atoms of residues 1-72,

to remove overall translation or rotation, a) The simulation without a reaction field treatment

of longer-ranged electrostatic interactions and without counterions. b) The simulation with a

reaction field, but without neutralizing counterions. c) The simulation with a reaction field and

4 neutralizing counterions.
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Figure 5.2: Secondary structure assignment according to PROCHECK [85,86] for one repre¬

sentative protein chain in the crystal simulations. In the top figure, secondary structurefor the

crystal simulation without a reaction field treatment of longer-ranged electrostatic interactions

and without counterions is displayed, in the bottom figure, secondary structure for the crystal
simulation with a reaction field and 4 neutralizing counterions is shown. Not shown is the crys¬

tal simulation with a reaction field but without counterions, where the result is similar to case

b).
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However, when dihedral transitions observed in the protein are counted over simulation time

(Table 5.1), we observe a strong effect of the counterions on the frequency of these transitions,

simulation 60° 120° with H

cryl 4357 724 1841

cry2 3937 711 1933

cry3 5389 769 1916

cry4 4950 689 1689

cry_rfl 3022 447 1162

cry_rf2 2947 512 1095

cry_rf3 3568 526 1164

cry_rf4 3714 483 1445

cry_rf_ionsl 1171 168 534

cry_rf_ions2 1098 176 546

cry_rf_ions3 1394 194 488

cry_rf_ions4 1061 170 536

sol_rf 7543 1165 1583

soljfJons 6296 874 1727

Table 5.1: Number of dihedral angle transitions during the simulations exceeding 60° for dihe¬

drals ofperiodicity 6 or exceeding 120° for dihedrals ofperiodicity 3. Dihedral angle transitions

for rotating polar hydrogen atoms are listed separately. The dihedrals were counted during the

final 1500ps of simulation time, exceptfor the values for the crystal simulation with a reaction

field but with no counterions, where the final 1520ps were analyzed. In the table, "cry" refers

to simulation in the crystal environment, and the four protein chains in the unit cell are counted

separately, whereas "sol" indicates simulation in a solution environment. The use of a reaction

field treatment of longer-ranged electrostatic interactions is shown by "rf", and "ions" implies
the addition of neutralizing counterions.

which are indications of mobility and fluctuations in the protein. Over the final 1.5ns of the

simulations, the frequency of such transitions (here given as events per ns per protein chain) was

4818 for the simulation without reaction field, 3303 for the simulation with reaction field but

without counterions, and 1256 for the simulation with both reaction field and counterions. The

counterions thus seem to significantly reduce the fluctuations in the protein chains.

Figure 5.3 shows the effect on the radius of gyration of the protein chains, as an indication

of shape changes of the protein. The instability of the simulation without a reaction field is

marked (Figure 5.3a). In the reaction field simulation without counterions, we see a more sta¬

ble behaviour (Figure 5.3b). When counterions are added (Figure 5.3c), much less fluctuations

occur, except in the episode between 1.1 and 1.5ns, after which the simulation attains a stable

state where all four protein chains have almost exactly the same radii of gyration. Again, the

stabilizing influence of the added counterions can be seen.

5.4.4 Results of solution simulations

The solution simulations show, as expected, large deviations in atom-positional root-mean-square
deviation from the crystallographic starting structure. Interestingly, here the simulation without
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Figure 5.3: Protein chain radius ofgyration (Royr)for the crystal simulations, in nanometers, as

afunction ofsimulation time. In each case, allfour chains are plotted, a) The crystal simulation

without a reaction field treatment of longer-ranged electrostatics and without counterions. b)

The crystal simulation with a reaction field, but without counterions. c) The crystal simulation

with a reaction field and with 4 neutralizing counterions.

a counterion (Figure 5.4a) deviates less from the initial structure than the simulation with a

counterion (Figure 5.4b), with values around 0.15nm and 0.20nm, respectively.

Furthermore, the fluctuations in the molecular structure are much larger than in the crystal

simulations, as shown by large fluctuations in the molecular radius of gyration (Figure 5.5). For

the radius of gyration, however, the trend found in the crystal simulations reappears, with larger
fluctuations without counterion (Figure 5.5a) than with a counterion (Figure 5.5b) reappears.

We see the same tendency in the dihedral-angle transitions (Table 5.1) as found for the crystal
simulations, namely that counterions decrease the fluctuations of the protein. Here, the overall

mobility of the protein is much larger, with 6861 and 5931 dihedral transition events per ns per

protein chain for the simulations without a counterion and with a counterion, respectively.

One would like to compare available NMR data, e.g. nuclear Overhauser effects, J-coupling
constants and order parameters, with these solution simulations. Just as X-ray crystallographic
data are best compared with crystal simulations, solution structure data should be compared to

solution simulations. This will be addressed in later additions to this work.
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Figure 5.4: Atom-positional root-mean-square deviation (RMSD) ofthe Ca atoms in nmfrom the

initial crystallographic structure for the solution simulations, as a function of simulation time.

Each chain was least-squares fit to the initial structure using the Ca atoms of residues 1-72, to

remove overall translation or rotation. The top figure shows the simulation with a reaction field

treatment of longer-ranged electrostatic interactions, but without a neutralizing counterion. In

the bottomfigure, the simulation with a reactionfield and a neutralizing counterion is displayed.

5.4.5 What are the counterions doing?

It would be interesting to follow what the counterions are doing, in the simulations where they

occur. This will be addressed in later additions to this work.
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Figure 5.5: Protein chain radius ofgyration (RQyr)for the solution simulations, in nanometers,

as afunction ofsimulation time. In the topfigure, the simulation with a reactionfield treatment of

longer-ranged electrostatics, but without counterion is shown, in the bottomfigure, the simulation

with a reaction field and a neutralizing counterion.

5.5 Discussion

We have simulated ubiquitin in crystal and in solution, under various conditions. Without a

reaction field treatment of longer-ranged electrostatic forces, the crystal simulations cannot re¬

produce crystallographic experimental data very well, but with a reaction field, the results are
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good. This is true both with and without the addition of neutralizing counterions, but adding
counterions reduces the fluctuations and mobility in the protein. In solution, the deviations from

the initial structure are larger and the proteins fluctuate more, as expected. There is again some

stabilization by the addition of a neutralizing counterion.

There are very few crystal simulations of proteins reported in the literature. This may be

because the force-fields are usually parameterized for a solution environment, or because many

proteins are so large, that treating several protein chains in a crystalline environment has been

considered unfeasible.

One must distinguish between crystal simulations and periodic boundary simulations. Peri¬

odic boundaries (toroidal boundary conditions) are a scheme for removing boundary effects by

removing all boundaries. This scheme is used also with solution simulations, where the periodic
boxes used must be large enough that the protein molecule has pure solvent surroundings and ex¬

periences minimal influence from the periodically repeated copies of itself. The minimum image
convention is applied to remove pseudo-crystalline effects, and is usually implemented by choos¬

ing a short enough cut-off radius for the non-bonded interactions. In a simulation of a protein
crystal, one certainly wants protein molecules to interact with their crystal neighbors. But one

still does not want a single protein chain to interact directly with its periodically repeated copies.
The motions of periodic copies are by definition perfectly correlated, and therefore much more

correlated than what would be expected for motions of crystal neighbors. To simulate a protein
crystal, one should instead include several copies of the protein in the periodically repeated box,
and ensure that any given protein molecule does not interact with periodic copies of itself.

Simulations of protein crystals provide good tests of the simulation methodology. Firstly, the

most accurate experimental data available on protein structure is derived from crystallographic
experiments. One can thus directly compare a crystal simulation with the X-ray data, without

the systematic error of assuming that a solution structure is exactly the same as the structure in

the crystal. Granted that this systematic error has been shown to generally be small in cases

where NMR solution structures and X-ray crystal structures have been compared, it is still a

more satisfying situation when the comparison can be done without worries whether a certain

discrepancy is a "crystal contact". If there is an effect of a crystal contact, this should indeed be

reproduced by the crystal simulation. Secondly, the problem of treating electrostatics becomes

more challenging in a crystal environment, due to the much higher charge density in the system.
In a solvent surrounding, there is a large screening bulk of water which dampens electrostatic

interactions. While there is still quite some water present in protein crystals - 34 volume percent
in the ubiquitin crystals [84], they are dense enough that charged protein groups will interact

appreciably with charges on other protein molecules, and problems regarding electrostatics are

highlighted.

It is often stated that the Ewald summation treatment automatically gives the only correct

treatment of long-range electrostatics [79,80,87, 88]. However, since the summation involved

is only conditionally convergent, the choice of summation order becomes vital. This is in the

context of Ewald summation equivalent to the assumption of certain boundary conditions [1].
Âqvist & Hansson [89], for instance, have shown that using or not using a charge group based

treatment of an aqueous solvent is equivalent to using different boundary conditions for the Ewald

summation, and there arises the need of further decisions as to which exact version of Ewald

summation should be taken as the truth.

The basis of the effects of counterions is still not clear. Is it the overall neutralization of the

system, making the reaction field method work better, which stabilizes the system? Or is it the
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counterions sitting relatively fixed close to explicit charges on the protein surface, thereby turning

charges into dipoles and lowering electrostatic noise? Interestingly in this context, Ibragimova
and Wade [90] found a large effect of ionic strength in particle-mesh Ewald simulations. They
note that in order to maintain the conformation of a peptide, the YAP-WW domain, which is

experimentally known to have a fixed conformation but is easy to melt, it was necessary to add

further pairs of ions, corresponding to an ionic strength of 0.2M, in addition to the counterions

needed to neutralize the system.

In summary, we have found that long range electrostatics must be taken into account, for

instance by a reaction field treatment, and that counterions further stabilize protein simulations.
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Chapter 6

Increasing the Time Step and Efficiency of

Molecular Dynamics Simulations: Optimal
Solutions for Equilibrium Simulations or

Structure Refinement of Large
Biomolecules

6.1 Abstract

In biomolecular simulation, the different force field terms determine the motional frequencies
found in a particular simulation. By eliminating the high frequencies, longer time steps can be

achieved in equilibrium and refinement (non-equilibrium) simulations, sometimes at the expense

of decreasing physical correctness of the simulated system. The different force field terms used in

molecular simulations can be constrained or softened leading to a maximum time step of 5fs for

a simulation, in which static equilibrium properties are not affected by the changes in the force

field parameters introduced, but dynamical quantities are. Using a very smoothed, soft interaction

function and increased hydrogen masses, a time step of 14fs can be reached. However, it should

only be used in refinement simulations, in which the unphysical properties of the force field and

dynamics are of minor importance.

6.2 Introduction

Since its introduction in the sixties [91] the computer simulation method of molecular dynamics
(MD) has become a well-known method to investigate the equilibrium properties of a variety of

molecular systems [1], in particular biomolecular systems [32,92,93]. In the eighties, MD sim¬

ulation was introduced as a technique to efficiently search configurational space in the process of

structure determination and refinement of proteins based on experimental NMR data [8,9]. This

application of MD simulation has since then become a standard tool in structure determination

and refinement using NMR and spectroscopic or X-ray diffraction data [20,64,94]. Although
in both applications of MD simulation techniques, (i) study of equilibrium properties and (ii)

83
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structure refinement, the same methodology is used, their characteristic features and choice of

optimal parameters are rather different:

Ad (i). By simulating the real atomic motions over a sufficiently long time period the equilib¬
rium properties of a biomolecular system can be calculated from the simulated trajectory.
Newton's or Lagrange's equations of motion are integrated using time steps of the order of

lfs for as long as possible a period, nowadays in the order of nanoseconds (or 106 steps).
The goal is to produce a Boltzmann-weighted ensemble of structures, which are, more¬

over, properly dynamically related or correlated. So, the use of proper equilibrium MD is

mandatory to obtaining meaningful results.

Ad (ii). In structure refinement, MD simulation is only used as a technique to search conforma¬

tional space for structures that satisfy best a large number of spatial restraints or conditions,

which originate from NMR spectroscopic or X-ray diffraction measurements: NOE (Nu¬

clear Overhauser enhancement) atom-atom distance bounds, J-coupling constants, X-ray
diffraction intensities, etc.. We write "best", since there will generally not exist a single
molecular structure which satisfies all spatial restraints, because the measurement involves

averaging over many different structures (in time and space) leading to average restraints.

The goal is to produce one or a handful (10, 20, 50, depending on the flavour of the par¬

ticular research group) of structures that satisfy as good as possible a given set of spatial
restraints. Here, the use of MD simulation techniques is validated only by the quality of

the final structures generated.

Although both applications put different demands on the MD simulation techniques used, they
share a need for extensive sampling of conformational space, that is, as long simulation periods
as possible at a given accuracy and computational cost. In other words, increasing the time step

and efficiency of MD simulations is of interest to both applications.
The four basic limitations of classical MD simulation in describing a biomolecular system

are the following.

1. The use of classical-dynamical equations of motion to simulate motion along the chosen

degree of freedom, thereby neglecting quantum effects.

2. The finite size of the system or number of degrees of freedom that can be simulated, cur¬

rently typically 104 -105 atoms or degrees of freedom.

3. The finite accuracy of the energy function or force field representing the energy of the

system as function of the degrees of freedom along which the motion is simulated.

4. The finite length of or time period covered by a simulation, which limits the sampling and

time scale of processes that can be simulated, currently typically 10-8 seconds.

In order to lengthen the time period covered by an MD simulation a variety of approaches
has been tried in the past.

1. Reduction of the number of degrees of freedom to be sampled to the minimum that is es¬

sential to the particular properties of the system one is interested in. Examples of removing
of, hopefully, non-essential degrees of freedom are the following
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i. In structure refinement of proteins, solvent degrees of freedom are generally omitted

[95, 96], although it is experimentally known that protein structure is sensitive to

solvent composition.

ii. Aliphatic hydrogen-atom degrees of freedom can be removed by treating CH„-groups
as united (effective) atoms, an approximation which reduces the number of atom-

atom interactions in proteins by a factor of 4, in membranes by a factor of up to 9,

without significant loss of accuracy [97].

iii. If hydrogen atoms are to be kept as interaction sites, but their positions need not

be sampled, they can be treated as so-called virtual atoms or interaction sites, which

have zero mass (no inertia) and a position that is completely determined by (generally

neighbour) non-virtual atoms (which have non-zero mass) [98-101].

iv. Bond-length or bond-angle degrees of freedom can be eliminated from the system by

treating them as constrained [95,96,102,103].

2. Simplification of the energy function or force field leading to a reduction in the number and

complexity of atom-atom interactions to be evaluated, and so to a reduced computational
cost. Since the calculation of non-bonded interactions dominates the cost of a molecular

simulation, a considerable speed-up may be obtained at the expense of loss of force field

accuracy. Examples are the following.

i. Neglect of (long-range) electrostatic interactions [95, 96].

ii. Use of a very short (smaller than O.Snm) cut-off radius for non-bonded interactions

or neglect of attractive van der Waals interactions [95,104].

3. Use of multiple-time-step (MTS) algorithms to integrate the equations of motion. When

integrating the forces arising from different terms in a force field that are characterized by
different relaxation times, it can be efficient to use different integration time steps At for

the different force field terms. If for the more costly force field terms a longer time step

can be used, the efficiency of the integration of the equations of motion is enhanced. MTS

algorithms have been used for integrating bond-stretching and bond-angle-bending forces

separately from the remaining forces [105-107], and for integrating long-range Coulomb
and van der Waals forces separately from the remaining ones in the so-called twin-range
method [32].

4. Reduction of the frequencies of the fastest motions in the system will allow for a longer
time step At to be used: Algorithms to integrate equations of motion forward in time are

based on the approximation that the forces or their derivatives are constant during the

integration time step At, which approximation is of course more exact the smaller At is.

This approximation is exact in the special case that the force is constant or in other words,

if the derivative of the force or the second derivative of the energy function V, viz., the

curvature of V equals zero. So the length of the integration time step At is limited by the

size of the local curvature of V or in physical language, by the highest-frequency (vmax)
motions in the molecular system:

A^<VJJC = T (6.1)
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For example, for the 1-dimensional classical harmonic oscillator with potential energy

function

V(jc) = ^Kx2 (6.2)

and mass m, one has

V =
V

;
;

(6.3)
27Ü

and the curvature equals the force constant K. The larger the curvature K of V(x), the higher
the frequency V of the motion and the smaller time step At must be used. Expressions (6.1-

6.3) show different ways the time step in an MD simulation can be lengthened.

A. Redistribution of the total mass of a molecular system over the atoms such that the

range of motional frequencies is reduced. When the inertia of the fastest motions is

increased, vmax is reduced thereby allowing a longer time step [108]. Of course, dy¬
namical properties are modified when modifying atomic masses non-uniformly, but

thermodynamic properties remain unchanged. For flexible molecules with internal

spatial constraints such as bond lengths or angles this is not true due to metric-tensor

effects [109]. By making the atomic masses more equal, that is by increasing the

masses of hydrogens and reducing the masses of non-hydrogen atoms, a lengthening
of the time step by 50% can be obtained for proteins [110] and for water [111].

B. Softening or smoothing of the high-frequency (most strongly curved) interaction

terms in the potential energy function V will also allow the use of longer integration
time steps At. This technique is often used in the earlier stages of structure refine¬

ment in order to enlarge the radius of convergence of the restraining simulation and

in order to avoid a reduction of At when simulating at high temperature in simulated

annealing refinement.

C. High frequency motions can also be eliminated from a molecular system by the ap¬

plication of atom-atom distance constraints. Two types of distance constraints can be

distinguished.

1. Holonomic (time-independent) constraints can be implemented in two ways: (i)

by formulating Lagrange equations of motion in generalized (e.g. torsional) co¬

ordinates [112,113], or (ii) by formulating these equations in Cartesian coor¬

dinates (i.e. using Newton's equations) and then using Lagrange multipliers to

satisfy the constraints at each MD time step [3,114,115].

2. Soft or adiabatic (variable length) distance constraints can only be implemented

using the latter technique. The difference with respect to hard or holonomic

constraints is that the length of a constrained distance is not a constant through¬
out the simulation, but varies per integration time step without involving kinetic

energy. Reich [116] applies a smoothing operator to the Hamiltonian of a non-

constrained system, which suppresses high-frequency oscillations and formu¬

lates its effect in terms of a soft-constrained Hamiltonian. An alternative is to

adjust the length of a constrained distance adiabatically at each time point such

that no strain is built up along the constrained degree of freedom.

How the various techniques to reduce the frequency of the fastest motions can be applied and

combined most effectively to lengthen the MD time step depends on the hierarchy of frequencies
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originating in different types of interatomic interactions governing the degrees of freedom of a

particular molecular system. It also depends on the goal of a simulation. In standard structure

refinement [95,96], solvent degrees of freedom are omitted, and only solute torsional-angle de¬

grees of freedom are sampled using a simplified and smoothed energy function, with the goal of

obtaining a model structure of a protein. The severe approximations allow for fast refinement at

the cost of loss of physical content, which is no problem as long as the quality of the obtained

model structure can be independently assessed. On the other hand, in equilibrium simulations

to study the dynamics of a protein only a few approximations can be accommodated without

significant loss of accuracy, e.g. elimination of the bond-length degrees of freedom and aliphatic

hydrogen degrees of freedom.

The literature on the subject is rather confusing. One reason is that different techniques are

often not compared to each other under identical circumstances. Another reason is that confus¬

ing nomenclature is used. Recently, it has been suggested, that by integrating Lagrange equa¬

tions of motions for torsional-angle degrees of freedom using an implementation in generalized
coordinates, conformational space is more efficiently sampled than by using Cartesian coordi¬

nates [95,96]. This conveys a misunderstanding. The coordinate system used will not determine

the efficiency of sampling, the choice of degree of freedom along which the sampling is done

may, of course, affect the efficiency. Here, coordinate system and degree of freedom are con¬

fused. In fact, one can integrate Lagrange equations of motion for torsional degrees of freedom

using Cartesian coordinates and Lagrange multipliers as efficient as, if not more efficient than,

when integrating Lagrange equations of motion formulated in torsional, generalized coordinates.

A third cause of confusion is that in the literature structure refinement protocols are compared,
which differ in more than one aspect [95,96]. This makes it difficult, if not impossible, to ana¬

lyze which of the many differences between the methods that are compared is responsible for the

observed difference in efficiency.
In order to clear the field and to enable a rational choice of approximations aimed at speeding

up biomolecular simulations, we review the topic and list the various aspects and choices in¬

volved in Section 6.3. In Sections 6.4 and 6.5 we illustrate the findings with examples: a simple
model chain of 100 CH„ atoms and a small protein, bovine pancreatic trypsin inhibitor (BPTI),
both using simulations in vacuo. Section 6.6 contains a number of practical conclusions.

6.3 Methods

In this section, we briefly review and list a number of aspects and concepts of molecular simula¬

tion that are of importance when analysing the computational efficiency and accuracy of equilib¬
rium or structure refinement simulation.

6.3.1 Simulation and sampling methods

Since biomolecular conformational space is too large to be exhaustively sampled, one generally
has to use in biomolecular modeling or structure refinement heuristic methods for sampling and

searching for low-energy conformers. An overview of types of methods to search and sample
conformational space can be found in [117]. Only a subset of the great variety of methods has

been tried in structure refinement based on spectroscopic or diffraction data. The most widely
used sampling methods are the following.
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1. Non-Boltzmann sampling, such as

a. repeated distance geometry calculations

b. structural database sampling

c. random or gradient-driven variation of torsional angles sampling

2. Boltzmann sampling, such as

a. conventional or configuration-bias Monte Carlo (MC) simulation [118]

b. molecular dynamics (MD) simulation [1]

c. stochastic dynamics (SD) simulation [119]

The efficiency of the sampling is generally restricted by the general nature of the energy sur¬

face or the function V. The occurrence of high-energy barriers between local minima may inhibit

proper sampling. Therefore, techniques have been developed to enhance the sampling power of

the methods [117]. Only methods of type l.c and of type 2 involve stepping through confor¬

mational space. In gradient-driven step-methods force-biased MC, MD, or SD simulations, the

maximum possible step size is determined by the local curvature of the energy function, and in

the dynamics simulation methods by the mass distribution along the degrees of freedom that are

sampled.

6.3.2 Hierarchy of motional frequencies in biomolecular systems

In biomolecular systems a hierarchy of motional frequencies originating in different types of

interatomic interactions can be distinguished [64, 111, 120]. In order of decreasing frequency
or increasing smoothness of the corresponding atom-atom interaction term in the biomolecular

force field we have (Table 6.2):

I. Bond-stretching vibrations with an approximate oscillation or relaxation time Xj « 10/s
for bonds involving a hydrogen atom and ij « 20fs for bonds involving only carbon or

heavier atoms.

II. Bond-angle bending vibrations with X// w 20fs for bond angles involving hydrogen atoms

and T// >« 40/5 for bond angles involving only carbon or heavier atoms.

III. Improper dihedral angle vibrations due to force field terms used to impose the proper chi-

rality at chiral CHi united atoms or to impose planarity on ring structures with conjugated
double bonds with %m >th 30fs.

IV. Torsional-angle vibrations around double bonds (e.g. peptide bonds) with T/y m 30fs.

V. Water or solvent librational vibrations with Xy œ 30/.?.

VI. Torsional-angle vibrations around single bonds with Xyi ~ 40/5 for torsional angles in¬

volving a hydrogen atom and xVI >« SOfs for torsional angles involving only carbon or

heavier atoms.

VII. Motions dominated by (not softened) van der Waals contacts and short-range (e.g. hydro¬

gen bonding) Coulomb interactions with lyu ~ 150/5.
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VIII. Motions dominated by long-range Coulomb (ionic, dielectric) interactions with relaxation

time Xy/// >» 2000/5.

It is this hierarchy that is exploited to enhance the efficiency of a simulation through the use

of longer time steps At [121].

6.3.3 Choice of molecular model and force field

In its most simple form a biomolecular force field contains the following terms, where we have

used the functional form of the GROMOS96 force field [2,44] as example.

1. Bond-stretching terms

Vb°nd(r(t)) = -yKbn[b2n(t)-b2n}2 (6.4)
%=1

in which bon is the ideal bond length and bn (t) is the actual (at time point (t)) bond length of

the bond with sequence number n in the list of Nb bonds in the molecular system, and Kbn
determines the strength of the n-th bond, which determines the curvature or smoothness of

term (6.4).

2. Bond-angle bending terms

1 ^

Vanglem) = - X KQn [cos(Q(t)) - cos(Q0n)}2 (6.5)
Zn=l

in which 9o„ is the ideal bond angle and 0n (t) the actual bond angle value of the n-th bond

angle in the list of Nq bond angles, and Kqh is the force constant determining the curvature

of term (6.5)

3. Improper dihedral angle terms

1 ^

Vharm) = ^K^[Ut)-^on]2 (6.6)
«=1

in which ^o„ is the ideal improper dihedral, b,(t) the actual improper dihedral angle value,
and K^n the force constant of the n-th improper dihedral.

4. Torsional (or proper) dihedral angle terms

Vtrig(r(t)) = £ K^ [1 + cos(8n)cos(mn<?n(t))} (6.7)

in which ô„ is the phase shift (0 or 7t), mn the multiplicity, cp„(?) the actual value and KVn
the force constant of the n-th torsional angle.
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5. Non-bonded (Lennard-Jones, Coulomb) interaction terms

vum) I
i-bond7dpairs{i,j) <*Ll(iJ)Cl26(iJ) + M*))'

and

tCRF(^
VLKt(r(t))

a-Lj(iJ)Cn6{iJ) + (.rij{t))i

mi

c6{ij) (6.8)

non—bondedpairs(i,j) °

Crf{rij(t)f 2Crf

[cxc(/,j) + (^(0)2]2 ac{iJ)+R2rf
Rrf

(6.9)

in which 77/ is the actual distance between atoms i and j. 0C/j(z, 7) and ocv(z, 7) are so-called

soft-core parameters for the Lennard-Jones and charge interactions [122], respectively,
which can be used to convert the hard-core singularity at r^- = 0 for au{i, j) — &c(i, j) = 0

into a smooth soft core for au, ac > 0. The r~6 and r~12 Lennard-Jones parameters for

atom pair (i,j) are C(,(i, j) and Ci2(i, 7), respectively and

if C6(i,j) = 00
(6.10)

The partial charge of atom i is denoted by qi and the constant

(2ei - 2e2)(1 + *Rrf) - £2(k%)2
(ei + 2e2) (1 + KRrf) + e2(KRrf)2

Crf = (6.11)

determines the Poisson-Boltzmann reaction field [42] contribution due to a medium with

relative dielectric permittivity £2 and inverse Debye screening length K outside the cut-off

sphere with radius Rrf, and 81 is the relative permittivity inside this sphere. The dielectric

permittivity of vacuum is 80

The smoothness of the energy function consisting of terms (6.4-6.9) can be increased by

decreasing the force constants K\,n, Kqk, K^n, and K^n in terms (6.4-6.7) and by increasing the

values of the soft core parameters au and ac in terms (6.8-6.9).

6.3.4 Choice of degrees of freedom to be simulated or sampled

The hierarchy of motional frequencies in a molecular system (as determined physically or artifi¬

cially by the force field terms used) will determine which degrees of freedom should be omitted

in order to allow for a longer time step At.

1. Omission of aliphatic hydrogen degrees of freedom has two advantages. The number of

non-bonded atom-atom interactions in the summations of (6.8-6.9) is more than halved for

proteins and lipids. Secondly, the high-frequency (X/ m IO/5) hydrogen motions need not

be integrated.
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2. If the aliphatic hydrogen atoms are kept as virtual interaction sites (with zero mass) only
the second advantage is retained.

3. This is also true, when the bonds or in addition the bond angles involving hydrogen atoms

are constrained in a simulation.

4. Omitting water or solvent degrees of freedom essentially yields only the first advantage
since their typical motional frequencies differ not much from those in proteins. However,

since solute-solvent and solvent-solvent interactions easily account for 80-99% of the com¬

putational effort in explicit solvent simulations, omitting solvent degrees of freedom yields

by far the largest gain in computational efficiency.

When omitting degrees of freedom, their (mean) effect on the remaining explicitly simulated

degrees of freedom should be as much as possible incorporated into the energy function for these

degrees of freedom. Mean solvation force terms have been reviewed in [123].

6.3.5 Equations of motion

The classical equations of motion have been given by Lagrange in a most general form.

d (dL(q,q)\
dL(q,q)

dt \ dqi

l\
dL(q,q)

-)=—^—— 1=1,2,...,Ndf (6.12)

where q\ denote the generalized coordinates, qt their time derivatives and the Lagrangean L(q,q)
is the kinetic energy K(q) minus the potential energy V(q) of the system which contains Ndf
degrees of freedom. When using Cartesian coordinates q =x, one has K(x) = ^mx2 and equations
(6.12) reduce to Newton's equations of motion (for Ndf degrees of freedom).

d2xi -dV(xhx2,...,xN)

mi—-T =
—

J— i=l,2,.. .,Ndf (6.13)

When considering branched polymers, the choice of internal coordinates, bond lengths, bond

angles, and torsional angles seems to be natural. However, the equations of classical dynamics

(6.12) expressed in the Ndf internal, generalized coordinates qi
= 0(-,

dV(QuB2,...,QNl
df)

ae,-

NJfNJf fdQ\ /dQ\

-SX^(-^)(^) 1A...^/ (6.14)

are considerably more complex than when expressed in Cartesian coordinates. They contain two

additional summations over the number of degrees of freedom and two additional quadratic (i. e.

non-linear) terms in the generalized velocities. Equations (6.14) have been presented in different

forms [103,112,113,124-129], and the coefficients aij, bij, and cjj depend on the atomic masses

and the molecular topology of the polymer considered.
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6.3.6 Choice of coordinate system

Since the Cartesian (Newtonian) equations of motion (6.13) do not involve the explicit coupling
of the equations through the summation over the index j in (6.14) and lack the two non-linear

terms depending on the generalized velocities in (6.14), Cartesian equations of motion have

been the method of choice in MD and SD simulations of biomolecular systems for obvious effi¬

ciency reasons. Even in the presence of spatial constraints, such as bond-length and bond-angle

constraints, it is possible to use a Cartesian coordinate system, while imposing the constraint

conditions at every time step through the Lagrange multiplier technique [130]. When only bond

lengths are constrained, it takes for a protein only a few percent of the total simulation effort

to determine the Lagrange multipliers [131]. This is done by iteratively solving the constraint

equations [3,115]. When bond-angle degrees of freedom are to be constrained in addition, the

simple SHAKE algorithm [3] becomes inefficient [102]. However, using techniques proposed
in [114] the convergence of solving the constraint equations can be improved considerably. In

this case it takes for a protein at most 10-20% of the total simulation effort to determine the

Lagrange multipliers.
Simulation of a protein through the equations of motion in generalized, torsional coordinates

(6.14) requires a larger computational effort, since at each time step a set of Ndj non-linear

equations is to be solved. One iteration to this end may take as much computational effort as

the calculation of all forces and energies, thereby roughly doubling the overall computational
effort [95]. Secondly, it is practically impossible in the framework of generalized, torsional

coordinates to treat chain closure of a chain of atom-atom distance constraints while maintaining

flexibility within the closed chain. As a consequence, disulfide bridges or other polypeptide
chain closures are treated as unconstrained degrees of freedom in simulations based on equations

(6.14). This implies that their high-frequency motions are still present in the system, unless they
are removed using other techniques (e.g. potential-energy smoothing).

In summary, the use of equations of motion in non-Cartesian coordinates should be avoided

if the computational efficiency is to be optimized.

6.3.7 Choice of numerical algorithm to integrate Newton's equations of

motion

A great variety of time integration algorithms has been tried over the years in MD simulation

[1,132]. Since Newton's equations of motion (6.13) are time-invariant and do not contain terms

dependent on the atomic velocities, simple algorithms that are time-invariant are most efficient to

integrate them [132,133]. The leap-frog algorithm [5] and the equivalent Verlet algorithm [134]

are most efficient.

6.3.8 Use of multiple-time-step algorithms

One way to exploit the hierarchy of motional frequencies in biomolecular systems is to use

multiple-time-step (MTS) algorithms, in which different time steps At/, At//_y// or Aty/// are

used, each satisfying condition (6.1) with respect to the oscillation or relaxation times X/, Tn-vn,

or Xy/// of the various atom-atom interaction terms discussed in Section 6.3.2, when integrating
the contributions of the different forces. Since evaluating the non-bonded force terms (6.8-6.9) is

by far the most costly, it is efficient to integrate high-frequency bond-stretching and bond-angle



6.3. Methods 93

bending forces (X/_//) [106,107] and the very low-frequency non-bonded forces (Tyin) [32] with

time steps shorter and longer than the standard time step by which the remaining forces are

integrated (thi-vii)-

6.3.9 Redistribution of atomic mass along degrees of freedom

Another way to exploit the hierarchy of motional frequencies is to change atomic masses such

that the fastest motions are slowed down and the slowest motions are sped up. A simple approach
is to increase the masses of hydrogens to those of carbons or nitrogens, which allows the MD

time step to be lengthened, however, at the cost of distortion of the dynamics of the system.

Thermodynamic properties, however, are not influenced by mass changes. This technique is also

used in structure refinement using MD along torsional angle degrees of freedom [95].
We note that a scaling of the total mass of a molecular system makes not much sense: At

constant temperature, the scaling of all atomic masses with a factor À (or scaling the unit of mass

by a factor of A.-1) is equivalent to scaling the time with a factor %~ï. The increase in size of the

time step due to the mass increase will be precisely offset by an equally big reduction of the time

unit.

6.3.10 Softening or smoothing the highest-frequency interaction terms

The oscillation or relaxation time of the highest-frequency motions can be reduced by decreasing
the force constant of the corresponding force field terms. For example, a reduction of the strength

Kbn of the bond stretching term (6.4) by a factor 10 will allow a 3 times longer time step, as

indicated by relation (6.3). The price to be paid is an increase of the bond-length fluctuations by
a factor of 3. Similar conditions apply to the bond-angle term (6.5) and the improper dihedral

angle term (6.6).
A peculiar situation may occur when using very soft bond-angle forces with the torsional

energy term (6.7) switched on. If the bond-angle i-j-k defined by atoms i, j, and k increases

towards 180° and beyond, the torsional dihedral angle i-j-k-1 will make a step of 180°, which

may induce a large sudden change in torsional-angle energy. This effect could be avoided by
introducing a coupling between bond-angle and torsional angle forces.

6.3.11 Use of hard, soft or adiabatic atom-atom distance constraints

High-frequency motions can be eliminated from a molecular system by constraining the cor¬

responding degrees of freedom. This can be implemented either by formulating the equations
of motion in generalized coordinates or by sticking to Cartesian coordinates and using the La¬

grange multiplier technique to impose the constraints. When using soft or adiabatic (variable

length) constraints the latter method is most practical.

6.3.12 Consequences of the use of the various techniques and approxima¬
tions

When applying constraints, so-called metric tensor correction terms may have to be added to

the interaction function V, depending on the type of constraints used [109,135]. Moreover, a

physical force field calibrated for use in unconstrained simulations may have to be recalibrated
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for use in conjunction with hard constraints, which will rigidify the molecules [102], or with soft

or adiabatic constraints, which will mollify the molecules.

Another relevant aspect is the quantum-mechanical nature of particular intramolecular vi¬

brations. Bond-stretching vibrations have frequencies co or wave numbers in the range 2000-

4000cm-1. At room temperature, kgT corresponds to a wave number of 200cm_1. Thus we

have (kg is Boltzmann's constant and h is Planck's constant)

h
—<ù^>kBT (6.15)
27t

which implies that the bond-stretching vibrations are essentially of quantum-mechanical nature

and that only the ground state will be populated. Treating the bonds as hard constraints is most

likely to be a more correct approximation of the quantum dynamics than adiabatic dynamics or

classical (harmonic oscillator) dynamics, with its different energy distribution, would be. On the

other hand, zero-point energy is neglected.
Another unpleasant aspect of fully flexible molecular models is the presence of weakly cou¬

pled modes of different frequencies, which makes the energy distribution over these modes in a

molecular simulation a slow process. This is a technical problem, which can be avoided by cou¬

pling the different degrees of freedom (high-frequency ones versus the rest) separately to a heat

bath [2]. This problem is likely to occur when MTS algorithms are used for higher-frequency
motions.

An obvious, non-desirable effect of the softening or smoothing of the highest-frequency in¬

teraction terms in V is an enlargement of the structural fluctuations of the molecules along the

degrees of freedom for which the interaction has been smoothed. This may influence thermody¬
namic properties that depend on fluctuations.

The unpleasant consequences of using equations of motion in non-Cartesian coordinates have

been discussed in section 6.3.6.

6.3.13 Relative merits of the various time-saving techniques and approxi¬
mations

We now reconsider the hierarchy of motional frequencies and the corresponding force field terms

given before, and discuss the relative merits of applying the different time-saving techniques to

lengthen the integration time step At to a particular motion or force field term.

I. Bond-stretching motion (X/=10-20/5). The most appropriate treatment of the bond-stretch¬

ing degree of freedom is the use of hard constraints. It is a good approximation of their

quantum-mechanical nature, it avoids the energy redistribution problem, and it can be very

simply carried out using Cartesian coordinates (Newton's equations of motion) with the

SHAKE method to determine the Lagrange multipliers [3]. Metric tensor effects are neg¬

ligible [135] and force-field corrections are not necessary: the dynamics of the molecular

system is not affected by the bond-length constraints [102]. Use of any of the the time-

saving techniques (constraining of the degree of freedom, mass redistribution along the

degree of freedom, smoothing of the force field term, MTS integration) may reduce the

computational effort by up to a factor of 4 through a lengthening of the time step.

II. Bond-angle bending motion involving hydrogen atoms (x// a: 20fs). Constraining the

bond-angle degrees of freedom involving hydrogen atoms would allow for a small gain
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in time step. Metric tensor effects are probably small, and the heavy atom dynamics prob¬

ably not much influenced. Alternatives are to use larger hydrogen masses or to reduce the

force constants for the bond-angle terms involving hydrogens slightly.

II-VI Bond-angle bending motion of non-hydrogen atoms, torsional motion around double bonds,

improper dihedral vibrations, and water librational motion (X//_y/ » 30/5). In simulations

of biomuolecules including explicit water molecules, little gain in computational efficiency

can be obtained by use of one of the time-saving techniques due to the presence of the

high-frequency water molecule librations governed by the non-bonded (van der Waals,

Coulomb) interactions. These limit the time step to about At=2/5. Using heavier hy¬

drogens would allow for a somewhat larger At=3/5, at the cost of distorting dynamical

properties. When simulating a macromolecule in vacuo, the bond-angle and stiff (dou¬
ble bond character) torsional-angle degrees of freedom could be treated using one of the

time-saving techniques: constraining, mass redistribution, or smoothing of the force field

terms. This may reduce the computational effort by up to a factor of 4. Typically, the time

step is limited to about At=8/5 when using physically realistic force fields. By combining

constraints, hydrogen mass scaling, and softening of the various interaction terms a time

step At=14/5 can be reached. The use of bond-angle constraints or so-called torsion-angle

dynamics [95,96,103] introduces two problems: (i) metric-tensor effects are not small, so

should not be ignored [135], and(ii) the dynamics of the macromolecule is severely altered

due to the rigidification of the molecular model, structural fluctuations and torsional-angle
transitions are quenched [102]. To restore the proper physical behaviour of the molecular

system a metric-tensor term should be added to the energy function V, and the force field

should be recalibrated for use with bond-angle constraints.

VII. Motions dominated by van der Waals contacts, single-bond torsional interactions, and

short-range Coulomb interactions, (Xy// ft; 150/5). These interactions dominate the es¬

sential degrees of freedom of molecular systems and should therefore not be approximated
using time-saving techniques. They limit the time step using physically realistic force

fields to At=8/5 for macromolecules and to At=2fs when water is used as solvent. As

before, softening of torsional and non-bonded interaction terms allows for larger At, but at

a loss of physical accuracy of the molecular model.

VIII. Motions dominated by long-range Coulomb interactions (xy/// >« 2000/5). Long-range
electrostatic interactions can be computationally very demanding due to their dependence
on a large number of atoms. Since these interactions are only changing slowly during
a simulation, the use of multiple-time-step algorithms when integrating these forces can

reduce the computational effort by up to a factor of ten [2, 32]. On the other hand, appli¬
cation of so-called particle-particle-particle-mesh (P3M) methods to evaluate electrostatic

interactions [5] may reduce the computational effort by a factor of 100 over conventional

Ewald summation techniques [136].

6.3.14 Testing the precision and efficiency of the various simulation tech¬

niques

To compare the various techniques aimed at lengthening the time step At in MD simulations,

one should compare MD simulations (i.e. trajectories) that differ only in one aspect, all other
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parameters, force field terms, set-up procedures being the same. Considering the variety of

techniques discussed, a comprehensive comparison would require too much effort. Therefore,

we have limited ourselves to a comparison of the following properties.
In equilibrium MD simulations without coupling to temperature or pressure baths, the total

energy

Etot{t)=Ekin{t)+Epot{t) (6.16)

should be conserved over the trajectory. This implies that the root-mean-square fluctuation of the

total energy

AEtot=<[Etot-<Etot>]2>2 (6.17)

and the drift in Etot should be ideally zero. Here a trajectory average is denoted by < >. Due to

numerical and integration errors, AEtot will be non-zero and could be used as an indication of the

precision with which the equations of motion are integrated forward in time. One would expect

that for longer integration time steps At larger values for AEtot will be obtained. For very small

time steps At the value of AEtot should become independent of At, since in that limit, numerical

errors are expected to dominate integration errors [131]. It makes little sense to calculate the

relative fluctuation of the total energy AEtotj < Etot > as was done by Güntert et al. [95], since

the zero-point of the potential energy Epot and therefore of the total energy Etot can be chosen

at will. This means that the relative fluctuation AEmj < Etot > can be made arbitrarily large or

small depending on the choice of zero on the potential energy scale. A more useful quantity to

measure the precision of the time integration is the ratio of the fluctuations in the total energy to

those in the kinetic energy,

AEtot/AEMn, (6.18)

since the latter should be independent of the time step and of the zero-point of the potential

energy. This ratio measures how well the total energy is conserved given the kinetic and potential

energy fluctuations characteristic for the molecular system at the chosen temperature [131]. For

a more detailed analysis of energy conservation in MD simulations we refer to Mazur [133].
In non-equilibriumMD simulations as used in structure refinement, conservation of energy or

correct dynamics is of no importance. In this case the efficiency of an algorithm can be measured

by determining the computational effort required to obtain a correctly folded structure starting
from an arbitrary or extended structure and using spatial restraints derived from NMR or X-ray
data to guide the refinement.

6.3.15 Molecular dynamics simulations

Equilibrium MD simulations were carried out for two test systems in order to determine the

degree of energy conservation as a function of MD time step size At and the maximum possible
At value in dependence of the setting of the following force field and simulation parameters:

a. application of bond-length constraints (bond-constraints),

b. hydrogen mass m#,

c. force constant Kbn of bond-stretching terms,

d. force constant K$n of bond-angle bending terms,

e. force constant K^n of improper-dihedral angle terms,
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f. force constant K^ of proper torsional-angle terms,

g. van der Waals and Coulomb soft-core parameters a/j and Oc,

h. atom partial charges.

If not explicitly stated otherwise, the force field parameter values are those of the GROMOS96

force field, and the hydrogen masses are m#=1.008m. The first test system consisted of a linear

Cioo chain built of 98 united CH2 atoms and 2 united CH3 atoms as end groups. In the united

atom approach, aliphatic hydrogen atoms are incorporated into the carbon atoms and not treated

explicitly. So, some of the highest frequencies were not present: (i) there are no hydrogen atoms

and thus the fastest bond-stretching vibrations and the fastest bond-angle bending vibrations are

not present; (ii) the system has no improper dihedral angles which would be the fastest motions

in the system after bond-length vibrations and bond-angle bending vibrations. The second test

system was the small (58 amino acids) protein bovine pancreatic trypsin inhibitor (BPTI) includ¬

ing a variety of internal degrees of freedom. All simulations were carried out using the following
conditions.

(i) Vacuum boundary condition.

(ii) An infinite cut-off radius, because the noise arising from the use of a cut-off scheme would

heat the system and spoil the energy conservation. The fluctuation of the total energy

(6.18) would be determined by the cut-off noise rather than by the time step used in the

integration.

(iii) When SHAKE [3] was applied, a relative geometric precision of 10~6 was used. In molec¬

ular dynamics of proteins using a cut-off radius a lower relative SHAKE tolerance of 10~4

can be used, since the cut-off noise will dominate the fluctuation in the total energy.

In order to obtain an equilibrated starting structure in the Cioo system, an extended chain

was simulated for Ins using standard conditions (2fs time step, weak coupling to a temperature
bath of 300K using a relaxation time %t of O.lps; bonds kept constrained using the SHAKE

algorithm with a relative geometric tolerance of 10~4, and twin-range cut-off radii of O.Snm

and I Anm). This leads to a compact, almost spherically shaped molecule. This new structure

was then used as a starting structure for a simulation of 20ps using the various force field and

simulation parameter sets for which the total energy fluctuation was to be determined, still using
temperature coupling to eliminate the energetic effect of a change in parameter settings used.

Each equilibrated system was then simulated for 80ps without temperature coupling. These 80ps
were used to determine energy conservation for the selected parameter combination as a function

of At. For the second test system, the protein BPTI, the structure 1BPI of the Brookhaven protein
databank [31] was used as a starting structure. The cysteine bridges were reduced, cysteine
residues protonated. The following residues were used in their protonated form: Lysine (Lys)
and arginine (Arg). The solvent water molecules were removed except for the four internal water

molecules in BPTI. The GROMOS96 vacuum force field [2], code 43B1, was used to simulate the

protein for Ins at standard conditions. As for the Cioo test system, parameters were then changed
to various combinations and another 20ps were simulated using temperature coupling to absorb

the energetic effects of changing the parameters. Afterwards, 80ps without temperature coupling
were used for analysis. For determining the different frequencies and relaxation times, another

lps was appended to these simulations. A time step of 0.5fs was used and every trajectory
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configuration was saved for analysis. All simulations were carried out using the GROMOS96

package and force field [2].

6.4 Results

6.4.1 Cioo test system

When simulating the Cioo test system using a fully flexible model (without SHAKE to constrain

bonds), a time step of 6fs can be achieved (Fig. 6.1). Using larger time steps leads to a loss of

energy conservation due to integration errors. AEtot is larger than AE/çm. The oscillation time of

the vibrations of a C-C bond or a C-C-C bond-angle is around 30fs (table 6.1). These are the

force field term

no constraints,

fully flexible

bonds constrained

with dihedral forces,

Sdih= 1-0

no dihedral angle forces,

Sdih = 0-0

sea

sba=l.O

ling factor sb

sba=0.3

a
for bone

sba=0.2

angle forces

sba=0.l sba=0.0

single bond

bond angle
torsional angle

30

30

128

85

256

128

171

111 111 -

max step size (fs)

average Acp (°) per step

6

2.0

17

6.5

17

5.3

25

10.5

25

9.4

22

16.3

Table 6.1: Oscillation or relaxation times (infs) ofvarious degrees offreedom orforcefield terms
in the Cioo simulations at 300K. Deviations offorce field parameters from GROMOS96 values

is indicated by scaling factors. The maximum step size At is indicated and the corresponding

average change oftorsional-angle value per time step is given.

fastest motions in the system and thus limit the time step. For a physically reasonable simulation

(AEtot/AEkm < 5 10~2, figure 6.1), a time step of lfs should be used. The average torsional

angle change Acp at the largest possible time step of 6fs is 2°. Removing the bond-stretching
vibrations from the system using the SHAKE algorithm leads to an increase of the maximal time

step by almost a factor of three. Use of even larger time steps causes SHAKE to fail because the

distortions from ideal bond geometry become too large. The average Acp is also increased by a

factor 3 indicating that the motion along torsional degrees of freedom is not inhibited by con¬

straining bonds. Bond-angle vibrations, however, become slower compared to the flexible model,
with an oscillation time of about 85ps on average. A physically meaningful time step would lie

around 4fs for such a system. Reducing the highest frequencies of the system by scaling all

bond-angle force constants Kq by a factor of 0.3 does not affect the energy conservation very
much. The maximum time step that can be used stays the same. The vibrational frequencies are

slightly differently distributed between the bond-angle and torsional-angle degrees of freedom.

Bond-angle vibrations become slower and torsional-angle motions faster. The average A(p per

step stays about the same. Further reduction of the bond-angle force constant was not possible
in the presence of torsional-angle interactions. The very soft bond-angle forces allow the bond-

angles to become larger than 180°, causing ajump of 180° for the torsional angles defined by the
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Figure 6.1: Root-mean-square fluctuations of total (Em, solid line) and kinetic (£&„, dashed

line) energy for the Cioo test system for different parameter setting as function of the time step

at 300K; a) fully flexible model, b) bonds constrained, c) bonds constrained, bond-angle force
constants K$n scaled by afactor 0.3, d) bonds constrained, bond-angleforce constants K^n scaled

by afactor 0.2, no torsional-angle forces, e) bonds constrained, bond-angleforce constants K$n
scaled by afactor 0.1, no torsional-angleforces, f) bonds constrained, no bond-angleforces, no

torsional-angleforces.

same three atoms as define the bond-angle. These discontinuities in the torsional angle trajecto¬
ries imply discontinuities in the torsional angle forces, which cause the system energy to diverge.
So, when using even softer bond-angles, bond-angle force constants Kq scaled by 5^=0.2 and

0.1, the torsional-angle interaction term of the force field was turned off. Both these simulations

led to nearly identical results. The largest achievable time step was 25fs, since bond-angle vi¬

brations have an oscillation time of about 170fs. The average torsional-angle change at At=25fs

was around 10°. Completely removing bond-angle forces (sba=0.0) reduced the maximum time

step to 22fs. However, the large freedom of the system (now mainly a covalently bound chain of

van der Waals atoms) led to a large average Acp of 16.3°. Energy conservation was very good for

all the simulations using softened or smoothed forces. At a time step of lOfs, the criterion for

a physically correct simulation, AEtot/AEkin < 5 10~2, was fulfilled. But, since the force field

used is very unphysical, this time step cannot be used to simulate equilibrium conditions of a real

system.
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6.4.2 BPTI test system

Simulating the protein bovine pancreatic trypsin inhibitor (BPTI) involves a wider spread of and

also higher frequencies than the simple Cioo test system. The fastest motions in a biomolecular

simulation are the vibrations of bonds involving hydrogen atoms. The period of one oscillation

of such a bond is around lOfs (table 6.2). Double bonds with their higher force constant have

force field term

T=300K T=1000K

no

constraints

bonds

constrained

m#=1.008u m#=14.027u m#=1.008u mÄ=14.027u

sba = 0.5 $ba — Simp

=Sdih = 0.4

Sba = 0.4

Simp

Sdm = 0.25

single bond H

double bond

single bond

bond-angle 2H

bond-angle 1H

bond-angle

improper H

improper planar

improper tetrahedral

torsion H

torsion

double bond torsion

10

20

30

20

32

21

51

51

73

34

85

73

20

22

57

51

102

57

32

47

64

57

64

73

51

64

47

73

85

85

102

73

85

73

73

73

64

85

64

102

85

102

85

128

85

171

73

128

20

32

73

51

102

43

34

64

73

102

85

102

128

85

85

171

85

128

max step size (fs) 2 4 6 6 14 3 12

average Acp

(°) per step
0.7 1.3 2.0 2.0 5.1 1.0 6.1

Table 6.2: Oscillation or relaxation times (in fs) of various degrees offreedom or force field
terms in the BPTI simulations. Deviations offorce field parameters from GROMOS96 values

is indicated by scaling factors. The maximum step size At is indicated and the corresponding
average change Acp of torsion angle value per time step is given.

a period of about 20fs compared to around 30fs for a single bond involving only heavy atoms.

Using the flexible bond model, one can reach time steps of 2fs until the total energy starts to

diverge. At this time step, the average torsional-angle change Acp is 0.7° per time step. For

a physically meaningful simulation with vacuum boundary conditions (AEtot jAEkin < 5 • 10~2,
figure 6.2), a time step of lfs can be used. Removal of the highest-frequency motions by applying
constraints using the SHAKE algorithm increases the largest possible (until geometric distortions

get too large for SHAKE to correct them) time step to 4fs. The energy conservation criterion

limits the time step to 2-3fs. The fastest motions under these conditions which are usually applied
in standard biomolecular simulations, are the vibrations of bond angles with hydrogen atoms.

The oscillation periods of these bond-angle vibrations are around 20fs. By increasing the masses

of hydrogen atoms to a value similar to those of the other simulated atoms (in this simulation

14.027u, the mass of a nitrogen atom) one can increase the time step further to 6fs. Since static
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Figure 6.2: Root-mean-square fluctuations of total (solid line) and kinetic (dashed line) energy

for the protein bovine pancreatic trypsin inhibitor (BPTI)for differentparameter settings asfunc¬
tion of the time step at 300K ifnot mentioned otherwise; a) flexible bonds, b) bonds constrained,
c) bonds constrained, hydrogen masses increased to 14.027u, d) bonds constrained, bond-angle
force constants scaled by a factor of 0.5, hydrogen masses increased to 14.027u, e) bonds con¬

strained, bond-angleforce constants scaled by afactor of0.4, improper-dihedralforce constants

scaled by afactor of0.4, torsionalforce constants scaled by afactor of 0.4, hydrogen masses in¬

creased to 14.027u, charges turned off, f) bonds constrained, bond-angleforce constants scaled

by a factor of 0.4, improper-dihedralforce constants scaled by a factor of 0.25, torsionalforce
constants scaled by a factor of 0.25, hydrogen masses increased to 14.027u, charges turned off,
g) bonds constrained, T=1000K, h) bonds constrained, bond-angle force constants scaled by a

factor of 0.4, improper-dihedralforce constants scaled by a factor of 0.25, torsionalforce con¬

stants scaled by a factor of 0.25, hydrogen masses increased to 14.027u, charges turned off,
T=1000K.

equilibrium properties do not depend on masses, physical simulations can still be carried out

under these conditions as long as dynamical properties are not of interest. The high-frequency
bond-angle vibrations are no longer present in the system. The fastest motions are now improper-
dihedral-angle motions, although other degrees of freedom show similar frequencies. A time step
of 5fs can be applied without the energy conservation being violated to an untolerable extent.

Decreasing the bond-angle force constants in addition to the scaling of hydrogen masses brings
no further improvement in time step. Under both conditions, using a time step of 6fs, the average

torsional-angle change is 2° per step. Since the frequencies corresponding to the various force
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field terms are very similar, further improvement could only be achieved by reducing bond-angle-

, improper dihedral-, and torsional-angle force constants simultaneously. To do so, charges were

set to zero, because otherwise, hydrogen atoms (which do not have a van der Waals interaction)

turned out to be attracted too strongly by negatively charged neighboring atoms (e.g. in the side

chain of the amino acid Arg), causing an electrostatic collapse.
The largest time step for the simulation of BPTI in vacuum was possible using the following

parameter set:

- hydrogen masses (m#) = 14.027u,

- bond-angle force constants Kqu scaled by a factor of 0.4,

- improper-dihedral force constants K^n scaled by a factor of 0.4,

- torsional-angle force constants K^n scaled by a factor of 0.4,

- all charges set to zero.

The largest possible time step was 14fs with an average Acp per step of 5.1°. A further

reduction of force constants (e.g. scaling K^n and K^n by a factor of 0.25) did not lead to larger

time steps. Like in the Cioo test system, physically meaningful equilibrium simulations can no

longer be performed using this parameter set, but it is useful for sampling conformational space.

Increasing the temperature to 1000K did not change the results very much.

6.5 Discussion

Molecular dynamics using Cartesian coordinates and Newton's equations of motion is an effi¬

cient method to integrate the classical equations of motion. When water molecules solvating a

biomolecule are explicitly treated, their fast librational motions limit the integration time step

to 2fs, if physically realistic dynamics is to be obtained. In the absence of explicit water, the

time step can be lengthened to 6fs when using bond-length constraints and by applying hydrogen
mass scaling. The latter will not change significantly the static equilibrium properties, but will

modify the dynamics. When using in addition a smoothed, very soft atomic interaction function

or force field and neglecting electrostatic interactions at the expense of loosing physical correct¬

ness, a time step of 14fs can be reached. The use of another algorithm than SHAKE to constrain

bonds would probably enlarge this maximum time step even further. The time step that can be

used in Cartesian dynamics is of a size similar to the ones employed in torsional-angle molecular

dynamics. The use of Newton's equations of motion instead of Lagrange's equations of motion,

however, has a number of advantages:

i) Newton's equations of motion in Cartesian space are much simpler than Lagrange's equa¬

tions of motion using generalized, torsional, coordinates, so one can use simpler algorithms
to integrate the equations of motion. This leads to higher computational efficiency, less

computational noise and a reduced chance of software errors. In Cartesian coordinates,

the computational cost for one step of simulation is roughly half of the computational cost

using generalized coordinates.

ii) Metric tensor effects play a non-negligible role when using generalized, non-Cartesian,

coordinates and have to be corrected if a Boltzmann-weighted ensemble is to be generated.



6.6. Acknowledgments 103

iii) The complete freezing of bond-angle degrees of freedom without adjustment of the physi¬
cal force field to these conditions reduces atomic motions and thus sampling of conforma¬

tional space.

iv) The transition from a physically correct force field to a smoothed, very soft force field

and back is continuous and more straight-forward than when using dynamics in torsional

coordinates

v) Using generalized, torsional coordinates, it is virtually impossible to treat chain closure

of a chain of particles using bond constraints while maintaining flexibility within the ring.
So, disulfide bridges have to be treated as unconstrained degrees of freedom and the corre¬

sponding high-frequency motions are still present in the simulated system.

Considering all these points, for equilibrium simulations, Newton's equations of motion in

Cartesian coordinates are to be preferred to Lagrange's equations of motion using generalized,
non-Cartesian, coordinates.
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Chapter 7

Anisotropic Pressure Coupling Applied to

Small, Highly Charged Systems

7.1 Abstract

Use of anisotropic pressure coupling allows for a deformation of the simulated system. The

effect of anisotropic pressure coupling on small systems containing highly charged particles is

investigated. Finite and infinite periodic boundary conditions were used. 27 charged particles

(with equal charges) were simulated in water and argon using various charge sizes to investigate
the dampening effect of the different dielectric permittivities. A deformation of the initial box

is observed in almost all the simulations. Only the most dilute system at 300K, 27 particles
with charges of +1 electron charge in water, and the two simulations at 400K did not deform.

The simulations in argon, using finite periodic boundary conditions, converge very slowly. The

simulations in water need shorter time to find the optimal box shape. The simulations using
infinite periodic boundary conditions converge even quicker and lead to a different box shape
than the simulations using finite periodic boundary conditions.

7.2 Introduction

7.2.1 Periodic boundary conditions

In molecular dynamics simulation (MD), due to the small size of the system, boundary effects

can not be neglected. There are several ways to treat boundaries, of which the following two are

nowadays most commonly used [1]:

(i) Finite periodic boundary conditions, i.e. minimum image periodic boundary conditions

using a cut-off radius to truncate long-range interactions. A space-filling shape, like a cu¬

bic, rectangular, or truncated octahedral box represents the whole space. An atom leaving
the box on one side re-enters it at the opposite side. Non-bonded interactions are only
evaluated if the two atoms selected lie within a given cut-off radius Rc. The simulated box

is chosen such that a selected atom can interact with at most one periodic copy of any other

atom (the minimum image criterion). Thus, the shortest edge of the box has to be at least

twice as long as the cut-off radius. To minimise the effect of truncating the electrostatic

interactions, the space outside the cut-off radius is often treated as a dielectric continuum

105
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with an adjustable relative dielectric permittivity (the reaction field approach). These finite

periodic boundary conditions impose an artificial periodicity onto the simulated system,

since normally solutions are to be simulated.

(ii) Infinite periodic boundary conditions, i.e. without any truncation. The effect of truncation

of interactions at the cut-off radius is removed. Each atom interacts with each of the other

atoms of the system and infinitely many periodic copies of itself and of the other atoms.

These boundary conditions induce periodicity artifacts for simulations of proteins in so¬

lution and of liquids. These methods are generally computationally more demanding and

the implicitly included infinite periodicity introduces artifacts for non-periodic systems.

Infinite periodic boundary conditions, however, are well suited to simulate real periodic

systems, like (protein) crystals.

7.2.2 Pressure scaling

MD simulation can be carried out at constant pressure using a weak coupling scheme, the so-

called Berendsen barostat [6]. The pressure in a MD simulation can be calculated using the virial

theorem,

PV = \[Ekin-Vf\, (7-1)

where P is the pressure and V the volume of the simulated system. £&„ is the kinetic energy of

particles defined as

N

Ekin = X öm'^ (7.2)
j=l

"-

and W is the virial of the particles in the periodic box, which is for pair forces

i N N

(7.3)
i=lj>i

with fij = fi — 7j and fj the force on particle i due to particle / According to (7.3), an attractive

force between two particles reduces the kinetic pressure of the system. In general, the pressure

is a 3-dimensional tensor,
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or for the diagonal components along the x-, y-, and z-axis:

(7.4)
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(7.5)

The pressure can also be defined in terms of the molecular (center of mass) kinetic energy and

the intermolecular virial. The formulae used are very similar to the ones presented for pressure

defined on the atomic level. The major difference is that intramolecular forces do not contribute

to the molecular pressure. This is correct, if the molecules simulated are small enough, so that
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they cannot see parts of their own periodic copies, which is usually the case in biomolecular sim¬

ulations in solution. When simulating crystals of proteins, on the other hand, it is well possible,
that a protein molecule might see itself through the periodic boundary.

For scaling the pressure in MD, one can use a simple weak coupling scheme [6]. The equa¬

tions of motion are modified such that the pressure P of the system relaxes towards a preset

reference pressure Pq

The isothermal compressibility Kj relates a pressure change AP to a volume change AV,

"«-IS
and the volume change is obtained by scaling the atomic coordinates and the edges of the box by

a factor p,

AV(t)=[(v(t))3-l]V(t) (7.8)

solving for the pressure scaling factor p(t) one gets

l-KT^[Po-P(t)]
XP

KO

for isotropic (all axes are scaled by the same factor) pressure coupling, and

Vx(t) =

(7.9)

l-KT~[Po-Pxx(t)}
Xp

1

(7.10)

and corresponding equations for py and p.z for anisotropic pressure coupling where the the three

axes are scaled by the different factors allowing for a deformation of the computational box. The

compressibility K7- is usually not known for the simulated system, so Kj and the pressure relax¬

ation time Xp are adjustable parameters in a simulation to obtain the desired coupling strength.

7.2.3 Box deformations due to box multipoles

If a solute with a charge multipole is simulated using anisotropic pressure coupling and infinite

periodic boundary conditions, the following effects are to be expected. A charge monopole, such

as an ion will prefer a cubic over a rectangular box. A dipole, on the other hand, will change a

cubic starting box to a rectangular one, shrinking along the axis the dipole is aligned with and

expanding isotropically in the other directions. The total volume of the computational box or

cell should not change, since condensed-phase systems, as for example liquid water, the most

commonly used solvent in biomolecular simulations, are rather incompressible. The effect of

changing box shape will be stronger in non-polar solvents, as for example Argon, compared to

a polar solvent such as water, since the latter reduces the electrostatic interaction between the

solute and its periodic images.
When using finite periodic boundary conditions, there is no direct interaction between the

charged species and its periodic images, so the effect is reduced compared to infinite periodic

boundary conditions. Yet, there should still be an effect observable for highly packed or immobile

charges or charge distributions, such as, for example, protein crystals. An effect should as well

be observed for high charge concentrations, such as many ions or dipoles in solution.
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7.3 Methods

In order to analyse the effects of anisotropic pressure coupling on small, highly charged systems,

a series of simulations was carried out for the following two systems. 27 ions were simulated

either in 1968 simple point charge (SPC) water [29] molecules or in 49 Argon atoms as a solvent.

The following parameters were the same for all simulations:

- A time step of 2fs.

- Weak coupling of the solutes and the solvent to two separate temperature baths using a

temperature relaxation time Xj of 0. lps.

- Anisotropic pressure coupling to a pressure bath of latm using a pressure relaxation time

Xp of 0.5ps and an isothermal compresibility Kj of 4.575 10~5(kJmol_1nm~3)_1.

- When applying finite periodic boundary conditions, a twin range cut-off radius scheme

was used with 0.8nm and 1.4nm for the short- and long-range interactions, respectively.
The pairlist and the long-range interactions were updated every 5 steps. A reaction field

correction was applied using a self-consistent relative dielectric permittivity of 54 [101].

- Infinite periodic boundary conditions were applied using the particle-particle particle-mesh
scheme(P3M) of [5]. A cut-off for real-space interactions of 0.8nm was used. The width

of the Gaussian charge shaping function was 0.6nm and 64 grid points in every direction

were used.

The differences between the various simulations are summarized in table 7.1. The standard

name charge per

ion (e)

starting

geometry (nm)
of the box

solvent temperature

(K)

cut-off radii

(nm)

boundary
method

wa2.0c

wa2.0r

wal.5c

wal.Oc

wa2.0c_400

wa2.0r_400

wa2.0c_p3m

2

2

1.5

1

2

2

2

4x4x4

3x4x5

4x4x4

4x4x4

4x4x4

3x4x5

4x4x4

water

water

water

water

water

water

water

300

300

300

300

400

400

300

0.8/1.4

0.8/1.4

0.8/1.4

0.8/1.4

0.8/1.4

0.8/1.4

0.8

finite

finite

finite

finite

finite

finite

infinite

ar2.0r

arl.5r

arl.Or

ar2.0r.small

2

1.5

1

2

3x4x5

3x4x5

3x4x5

3x4x5

argon

argon

argon

argon

300

300

300

300

0.8/1.4

0.8/1.4

0.8/1.4

0.8/1.2

finite

finite

finite

finite

Table 7.1: Differences between the various simulations used to analyse the effect of anisotropic

pressure coupling. The names of the simulations indicate the solvent used (wafor water; arfor

argon), the charge of the solutes in e, the starting shape of the simulated box (c for cubic 4nm

edge length; rfor rectangular (3x4x5nm)). Particularfeatures of a simulation are indicated at

the end of the name, 400for a higher temperature (400K), p3mfor infinite boundary conditions,
and smallfor a smaller long-range cut-off radius.
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simulation (27Mg
+ in water using a cubic starting box, a twin range cut-off, and reaction field

in conjunction with finite periodic boundary conditions at 300K, wa2.0c, was slightly changed
to obtain several slightly different simulations. In a first series, a rectangular starting box with

box edges 3nm, 4nm, and 5nm (wa2.0r) was used instead of a cubic box. The ions were either

placed randomly in the box or on a regular grid, which turned out not to make a difference

for the results (not shown). Therefore, here only simulations with randomly placed ions are

reported. Secondly, the charges were changed to 1.5e (wal.5c) and le (wal.Oc), leaving all other

simulation conditions the same. The decrease in charge leads to a dilution in charge density in the

system, so a smaller effect is expected compared to the standard simulation. A dilution of charge

density can also be expected using a higher temperature. The volume would be slightly higher,
and the particles more mobile thus minimizing the effect of static order, which could influence

the box shape. So, the third series involves two simulations at 400K, starting from a cubic

(wa2.0c_400) or from a rectangular box (wa2.0r_400). The influence of electrostatic interactions

is expected to be much larger using infinite periodic boundary conditions, since here, particles
do not only interact with at most one copy of another atom but with all periodic images of all

atoms. To observe this effect, a simulation using the P3M method (wa2.0c_p3m) was performed.
To minimize the screening effect of the polar solvent water, some of the simulations were

also carried out using argon as a solvent. 27Mg2+ were simulated in 49 argon atoms (ar2.0r),
which leads to a comparable box size as for the simulations in water. A rectangular box with

edges 3nm, 4nm, and 5nm was used as a starting point. Again, charges were decreased to see the

effect of charge dilution, charges of 1.5e (arl.5r) and l.Oe (arl.Or) were used. The last system

simulated used standard charges (2.0e), argon as a solvent and a shorter cut-off radius of 1.2nm

for evaluating electrostatic interactions (ar2.0_small).

7.4 Results

In Table 7.2, the results for the different simulations are summarized. The total simulation time

and the time needed for the box to reach its final shape are shown. The average box edge lengths
and the average volume are calculated using the trajectory from the time the box shape has

converged until the end of the simulation.

The standard simulation, wa2.0c takes one nanosecond to change its shape from initially cu¬

bic to a quadratic prism, where it stays for the remaining 3ns of the simulation. The simulation

starting from a rectangular box converges slightly faster and finds the same optimal box shape
with the shorter two axes being equal in length, 3.4nm and 3.5nm, and the longer axes being
5.4nm and 5.2nm in the two simulations, respectively. The wal.5c simulation, having a lower

charge of 1.5e on the solute atoms compared to 2e for the standard simulations, needs a much

longer time to converge, 4ns, but ends up with a comparable box shape, where the three axes are

3.4nm, 3.6nm and 5.0nm. The volume of the simulated box is slightly lower than for the dou¬

bly charged ions which is not unexpected since the electrostatic repulsion between like charges
tends to increase the pressure through the virial. The same trend in volume can be observed,
when the charges are further decreased to le (wal.Oc). The volume is again slightly lower. The

computational box, on the other hand, does not deform in this system. The density of charges
is low enough that the effect disappears. Increasing the temperature also leads to a decrease of

charge density. The volume of the simulated box becomes considerably larger, by more than a

factor 2, leading to a charge density in the same order of magnitude for the two 400K simula¬

tions (wa2.0c_400, wa2.0r_400) and the wal .0c simulation. Although in the simulation starting
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simulation

name

simulation

time (ns)

convergence

time (ns)

edge
X

length (nm)

y z

volume (nm3)

wa2.0c

wa2.0r

wal.5c

wal.Oc

wa2.0c_400

wa2.0r_400

wa2.0c_p3m

4

2

8

2

5

5

1

1

0.75

4

0

1

1

0.2

3.5

3.4

3.6

4.0

5.0

4.2

4.2

3.5

3.4

5.0

3.9

5.3

5.4

3.4

5.2

5.4

3.4

3.9

5.6

6.5

4.2

63.8

64.0

61.3

60.5

148.0

148.5

60.0

ar2.0r

arl.5r

arl.Or

ar2.0r_small

200

200

40*

200

30

30

35

25

2.8

2.8

2.8

2.5

5.1

4.1

5.2

3.6

5.1

6.8

5.2

6.0

74.4

79.9

75.6

55.3

Table 7.2: The convergence time in ns ofthe box shape is shown together with the value (in nm)
to which the different axes converge. The trajectory reachingfrom the time ofconvergence to the

end of the simulation was used to calculate the average edge lengths and volume of the box. The

simulation names are explained in table 7.1. In the simulation arl.Or, the box gets smaller than

twice the cut-offradius, which causes the simulation to fail after 40ns.

from a cubic box, the axes diverge a little, this effect is not significant, and there is also no clear

trend (Fig. 7.1). The simulation starting from a rectangular box expands isotropically to adopt
to the higher temperature and thus lower density. The ratio of the different axes to one another,
the box shape, does not change. Using infinite periodic boundary conditions (wa2.0c_p3m), the

box deforms an order of magnitude faster than using a finite periodic boundary cut-off scheme.

This is expected, as much more (periodic) interactions are calculated. The final shape of the box

is already reached after 200ps, and differs from the shapes found with finite periodic boundary
conditions. The shorter axis is again 3.4nm, but in contrast to the other simulations, the base of

the quadratic prism found as optimal shape is built by the longer axes.

The simulations in argon all need a much longer time to converge. After having found an

ideal box shape, the axes stay much more stable than when water is the solvent. The root-mean-

square fluctuations of the axes in the wa2.0c simulation are 0.09nm, 0.19nm, and 0.25nm for the

x-, y-, and z-axis respectively, in the ar2.0r simulation they are O.Olnm, 0.03nm, and 0.03nm.

The shortest box edge found in the three standard argon simulations, ar2.0r, arl.5r, and arl.Or

is always around 2.8nm, which is twice the cut-off radius for the long-range interactions. In

the case of arl.Or, marked with an asterisk (*) in table 7.2, the shortest axis get even shorter

than the cut-off radius, causing the simulation to fail after 40ns. For the longer axes, no trend

can be observed. In the two simulations with integral charge, again a quadratic prism is found,
whereas the simulation arl.5r, where the solutes are charged 1.5e, is the only one that shows the

box deformation effect but does not find a quadratic prism as final box shape. Shortening the

long-range cut-off radius in the argon simulation, ar2.0r_small, the shortest axis is again slightly
bigger than twice the cut-off radius, and the shape is as in the previous example a non-regular
rectangular box. The volume decreases considerably compared to the other argon simulations.

This is to be expected since the loss in electrostatic repulsion can not be compensated by the loss

in attraction arising from the van der Waals interaction, which is much shorter ranged.
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Box edge lengths

wa2.0c 400

2 3

simulation time (ns)

Figure 7.1: Edge lengths of the computational box of the wa2.0cA00 simulation. 27 Mg2+ ions

in water, startingfrom a cubic box at T=400K.

7.5 Discussion

The presented results show a strong influence of the density of simulated charges on the box

shape using anisotropic pressure coupling. If the charge density is low, the edges of the simu¬

lated box deform rather isotropically, as in the wal.Oc simulation, and in the high-temperature
simulations. If the critical charge density is exceeded, the box deforms towards an ideal shape.
An explanation could be that the simulated ions, together with a dynamic water shell behave as

large, isotropically repulsive spheres in a smaller number of solvent molecules. These spheres or

balls then try to minimize interactions thus ending in a kind of closest (or, in this case, the furthest

away from each other as possible) packing. The radial distribution functions magnesium-water

oxygen and magnesium-magnesium all show clear structure. With the charge being decreased,

these balls would become smaller and softer, so the effect is dampened or even disappears. For

the high-temperature runs, molecules move more, the balls become softer, and the volume acces¬

sible is much higher, so the effect also disappears. Using infinite periodic boundary conditions,

where one takes many more interactions into account, the effect gets stronger and the box shape

converges faster. In argon, the convergence is much slower. On the one hand, the electrostatic

interactions are less screened by the completely apolar solvent, and the ions can feel each other

much more strongly. On the other hand, the argon atoms do not cluster around the ions, so the

simulated spheres are effectively smaller. A possible test system to evaluate the assumption that

one effectively simulates repulsive spheres would be a system consisting of 27 Lennard-Jones
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particles. There, like in the real system, one has isotropic spheres, trying to position in a closest

packing. The problem with such a test system is the very small size, the cut-off radius has to be

chosen extremely small, and the temperature has to be adjusted to a value which corresponds to

the ionic system. The very small cut-off radius has the disadvantage that cut-off artifacts become

non-negligible compared to the system energy and thus could mask the desired effect. Finding
the right pseudo-temperature to maintain a liquid system is also not a trivial task. The test sys¬

tem would be very sensitive to small changes leading to either a frozen system or to vaporization,
which cases both have to be avoided. A simulation of 27 argon-like particles using a cut-off of

0.4nm at a pseudo temperature of 4K showed a similar box-deformation effect. A rectangular
box is found after several microseconds of simulation. After this box shape has been reached, the

noise in energy is extremely high with the fluctuation of potential energy being about ten times

the value of the potential energy.
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