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Preface

About the introduction

There are many ways to write the introduction of a PhD thesis. The

possibilities arc almost infinite. And one could imagine that with so many different

possibilities this should be an easy task. Well, to me this was the part that scared me

most. Honestly, the presentation is almost nothing compared to this. I know myself

quite well by now to admit that writing introductions is not my best aptitude. 1 am

not saying this to warn anyone, just because this is true. I would say my

introductions tend to not introduce much. There was one of these nights when

Markus and I were working until late and at some point we started talking about the

progress of our "thesis writing". Obviously I mentioned my panic about writing

introductions. Then we grabbed the stack of theses from the shelf and started reading

them to each other. So many different ways... I even got to the absurd point of

counting the number of pages that every one had written. This is called despair.

Anyway, I had to decide how to write mine and then I thought of all possible readers

of this thesis. First, there is the committee, the people that have to read it even if

they do not want to. They know the field well enough to skip this part and go directly

to results chapters. So, I do not plan to teach them anything, but try to give them a

pleasant reading. There are also those people who want to learn about computer

simulation and really understand what I did. Well, I am not the best teacher in the

world and 1 am sure that there are numerous excellent books which would be much

more didactic than me. To these folks I will mention the references that were useful

to me. So, to make a long story short, I kept thinking about a bunch of people that

might read this thesis and finally I got to my mom. Yes, this one will surely read my

thesis and will be proud of it. Even if it is totally rubbish. There was this day, she

told me once, when all the mothers started talking about their sons in this sort of

teatime reunion. She said the others were saying things like "My daughter is studying

law" or "My son will soon become an engineer". When it was her turn, she said

something like "Well, honestly, I have no clue what Daniel exactly does". 1 am
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Summary

With the evolution of computational power of the recent years, computer

simulations have become more and more used to study the most diverse

subjects. In science, new fields of study based on computer simulation

have arisen, which changed the way scientific research was being

performed. Instead of the commonly used experimental route only,

nowadays to examine a certain problem, both experiments and simulations

are carried out. These arc different but complementary approaches. At one

hand, experimental data is needed for simulators to construct their models

and validate their simulations. On the other, a computer simulation may

assist experimentalists to interpret their data and even provide ideas for

new experiments. This thesis focuses on the analysis of experimental data

of complex interpretation using computer simulation. We use classical

molecular dynamics (MD) to study problems in the area of physical

chemistry and structural biology. First, we provide a brief introduction to

MD simulation, how it relates to experimental data, and the methods used

to obtain the results of the thesis. In the first part of the results, we discuss

about free energies, energies and entropies of small molecules in solution.

In the second and third chapters, we investigate the methodology and the

influence of different pathways to obtain these quantities as a function of

a particular reaction coordinate. In the two following chapters we analyze

the solvation process of hydrophobic molecules in urea aqueous solution.

In chapter four we provide an alternative interpretation of the solvation

process based on the hydrocarbon-solvent energetic and entropie

contributions. In chapter five we investigate «eo-pentane-urea interaction

in solution by separating its free energy of association into energetic and

entropie contributions. The second part of the results concerns structural

biology and examines experimental data coming mostly from nuclear

magnetic resonance (NMR) experiments. Chapter six focuses on a known
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problem in NMR model structure generation. It happens if more than one

conformer exists in solution, thus contributing to the NMR signal and,

when assuming that only one structure exists, structurally inconsistent

experimental data may appear. We investigate this issue by simulating a

nine-residue /3-peptide. In chapter seven a twenty-residue /?-peptide is the

molecule used to examine the influence of temperature, ionic strength,

solvent and force field in MD simulations, and the results are compared to

NMR experimental data. Finally, the last two chapters focus on protein

structures. In the eighth chapter we present a study on the stability of the

Arc Repressor protein structure under high-pressure. NMR experiments

showed that it denatures into a structure that is not its native one and we

investigate this problem using MD. In chapter nine, we show how MD

simulations were able to resolve a seeming contradiction between

experimental data coming from NMR and X-ray crystallography on the

catalytic mechanism of Cyclophilin A. In the last chapter, a short outlook

about the relation between experiment and simulation in the area of

physical chemistry and structural biology is given.
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Zusammenfassung

Die Verbesserung der Rechenleistung von Computer in den letzen Jahren

hat dazu geführt, daß Computersimulationen immer beliebter wurden, um

verschiedene Prozesse untersuchen. In der Wissenschaft sind neue Gebiete

entstanden, die sich auf Computersimulation stützen und die Wege

wissenschaftlicher Forschung grundlegend verändert haben. Anstatt nur

die gewöhnlichen Experimente durchzuführen, ist es heutzutage möglich,

ein bestimmtes Problem auch mit Hilfe von Simulationen zu untersuchen.

Simulationen und Experiment sind Methoden, die einander ergänzen. Auf

der einen Seite braucht man experimentelle Daten, um Modelle für

Simulationen zu entwickeln und die Ergebnisse der Simulationen zu

vergleichen. Andererseits kann eine Computersimulation dazu dienen, den

Ausgang eines Experiments zu verstehen. Auf diese Zusammenhänge

konzentriert sich die folgende Arbeit. Klassische Moleküldynamik

Simulationen (MD) werden angewandt, um physikalisch-chemische und

strukturell-biologische Probleme zu untersuchen, der Hauptaugenmerk

liegt dabei auf der Interpretation experimenteller Daten. Die Einführung

soll einen Überblick über MD-Simulationen geben, wie sie mit

experimentellen Daten zusammenhängen, welche Methoden angewandt

wurden, um die Ergebnisse dieser Arbeit zu erhalten. Im ersten Teil der

Resultate werden freie Energien, Energien und Entropien kleiner

Moleküle in Lösung besprochen. Im zweiten und dritten Kapitel wird die

Methodik und der Einfluß des Verwendung verschiedener Wege, um diese

Ergebnisse als Funktion bestimmter Reaktionskoordinaten zu erhalten,

besprochen. In den zwei folgenden Kapiteln werden Lösungsprozesse von

hydrophoben Molekülen in Harnstoff-Wasser Mischung analysiert. In

Kapitel vier wird eine andere Interpretation von Lösungsprozessen

vorgestellt, die nur Wechselwirkungen zwischen Kohlenwasserstoff und

Lösungsmittel berücksichtigt. In Kapitel fünf wird die Interaktion
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zwischen A^o-Pentan und Harnstoff in Lösung untersucht. Der

Schwerpunkt des zweiten Teils liegt auf struktureller Biologie und der

Untersuchung experimenteller Daten, die hauptsächlich von

Magnetresonanzspektroskopieexperimenten (NMR) stammen. Kapitel

sechs befaßt sich mit Strukturaufklärung mit Hilfe von NMR, wenn mehr

als nur ein Konformer in Lösung vorliegt. Es ist möglich, daß ein

Experiment nicht eindeutige Daten zur Strukturaufklärung hervorbringt.

Dies wird Anhand der Simulation eines /^-Peptids untersucht. Im siebten

Kapitel wird ein jß-Peptid verwendet, um den Einfluß von Temperatur,

lonenstärke, Lösungsmittel und Kraftfeld in MD-Simulationen zu

beobachten. Die Ergebnisse werden mit NMR-Daten verglichen. Die

letzten beiden Kapitel befassen sich mit Proteinstrukturen. Im achten

Kapitel wird eine Studie über die Stabilität des Arc Repressor Proteins in

Abhängigkeit des Drucks durchgeführt. NMR Experimente zeigen, daß es

bei hohem Druck in eine andere Struktur übergeht. Im neunten Kapitel

wird gezeigt, wie man mit MD-Simulationen die scheinende

Widersprüchlichkeit zwischen Date aus NMR- und kristallographischen

Experimenten beim katalytischen Mechanismus von Cyclophilin A

beheben kann. Zuletzt wird ein Blick in die Zukunft der Relation zwischen

Experiment und Simulation im Feld der physikalischen Chemie und

strukturellen Biologie gegeben.
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Sommaire

Grâce à l'évolution spectaculaire de la puissance des ordinateurs ces

dernières années, les simulations numériques sont devenues de plus en

plus utilisées pour étudier nombre de phénomènes dans beaucoup de

domaines. En effet, l'utilisation massive des simulations a révolutionné la

recherche scientifique. Dans de nombreuses études, les expériences

menées en laboratoire et les simulations numériques sont faites de façon

complémentaire. C'est pourquoi les théoriciens sont d'une part à la

recherche de nouveaux modèles qui soient validés par les expériences en

laboratoire, et d'autre part les expérimentateurs appliquent ces modèles

pour interpréter leurs résultats et éventuellement pour donner une

direction à leurs futures expériences. Cette thèse porte sur l'interprétation

de données expérimentales par le biais de modèles numériques. Nous

avons conduit dans ce travail des simulations de dynamique moléculaire

afin de traiter des problèmes de chimie physique et de biologie structurale.

Le premier chapitre donne une brève introduction sur la dynamique

moléculaire, montrant comment celle-ci peut être combinée aux données

expérimentales pour comprendre les résultats de ce travail. Dans les

chapitres deux à cinq, la discussion porte sur un ensemble de petites

molécules en solution, et notamment leur énergie libre, énergie, et leur

entropie. Dans les chapitres deux et trois, nous avons étudié plus

particulièrement la méthodologie utilisée et l'influence de différents

chemins possibles pour une coordonnée de réaction donnée. Au chapitre

quatre, nous avons analysé le processus de solvatation de molécules

hydrophobiques dans des solutions aqueuses d'urée, en nous appuyant sur

une nouvelle interprétation de ce processus, uniquement basée sur les

contributions provenant des interactions de l'hydrocarbure avec le solvant.

Au chapitre cinq, nous avons étudié l'interaction du «eo-pentane et de

l'urée en distinguant les contributions énergétiques et entropiques de
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l'énergie libre d'association. Du chapitre six à neuf, nous avons étudié la

biologie structurale à partir de données expérimentales provenant

d'expériences de résonance magnétique nucléaire (RMN). Le chapitre six

illustre un problème particulier concernant l'obtention de structures RMN.

Ce problème apparaît lorsque plus d'une conformation existante en

solution contribue au signal RMN, auquel cas des données expérimentales

incohérentes peuvent apparaître si on suppose une conformation unique.

L'exemple étudié porte sur la simulation d'un /î-peptide de neuf résidus.

Dans le chapitre sept, un /?-peptide de vingt résidus est utilisé pour

examiner l'influence de la température, de la force ionique, du solvant et

du champ de force dans une simulation de dynamique moléculaire. Les

résultats ainsi obtenus sont comparés avec les données expérimentales de

RMN. Enfin, les chapitres huit et neuf se concentrent sur la structure de

protéines. Dans le chapitre huit, est présentée une étude portant sur la

stabilité de la protéine Arc Repressor sous haute pression. Les expériences

de RMN ont en effet montre une dénaturation de cette structure. Au

chapitre neuf, nous avons démontré comment les simulations de

dynamique moléculaire sont parvenues à résoudre la contradiction liée au

mécanisme catalytique de l'enzyme de Cyclophilin A qui existaient entre

les données expérimentales venant d'une part de la RMN et d'autre part de

la cristallographie au rayon X. En conclusion, le chapitre dix présente une

discussion sur le futur de la relation entre l'expérience et la simulation

dans le domaine de chimie physique et la biologie structurale.
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SUMÂRIO

Graças à evoluçâo do poder computacional dos Ultimos anos, simulaçoes

numéricas tornaram-se frequentemente utilizadas para o cstudo de

inümeros fcnômenos em diversas areas. De lato, a massiva utilizaçâo de

simulaçoes revolucionou o modo em que a pesquisa cientïfica vinha sendo

realizada. Em vez de se utilizar apenas a rota experimental, hoje em dia

expcrimentos e simulaçoes säo conjuntamente efetuados. Estas duas

diferentes maneiras de se conduzir pesquisa cientifica sào na verdade

complcmentares. Por um lado, resultados expérimentais sào necessârios

para que modelos teoricos sejam criados e simulaçoes validadas. Por

outro, simulaçoes podem auxiliar na interpretaçao de dados expérimentais

de anâlise complexa. Este ultimo aspecto é justamente o foco desta tese,

em que simulaçoes de dinâmica molecular de mecânica clâssica säo

realizadas para estudar problemas em fisico-quimica e biologia cstrulural.

Primeiramente, uma introduçâo à metodologia, como esta se relaciona

com os dados expérimentais e os métodos utilizados para obier os

resultados no decorrer desta tese säo apresentados. A primeira parte dos

resultados apresenla estudos relacionados à energia livre, energia e

entropia de pequenas moléculas em soluçâo. No segundo e terceiro

capitulos, a influência da metodologia e do caminho no câlculo dessas

quantidades termodinâmicas em funçào de uma determinada coordenada

de reaçâo é analisada. Nos dois capitulos seguintes, o processo de

solvataçào de moléculas hidroiobicas em soluçâo aquosa de uréia é

investigado. No capitulo quatro, uma interpretaçao alternativa destc

processo baseada somente na interaçâo entre hidrocarboneto e solvente é

dada. O quinto capitulo trata da interaçâo ente neo-pentano e uréia em

soluçâo através da anâlise de sua energia livre de associaçâo e sua

componente energética e entrôpica. Na segunda parte dos resultados,

problemas relacionados à biologia cstrutural säo tratados, com ênfase em
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dados expérimentais provenientes de ressonância magnética nuclear

(RMN). O capitulo seis se réfère a um problema que eventualmente pode

surgir quando estruturas moleculares säo obtidas a partir de dados de

RMN. Se por Ventura mais de uma conformaçâo existe cm soluçâo, a usual

hipötese de que apenas uma unica estrutura contribui para o sinal RMN

deixa de ser valida e inconsistências nas estruturas obtidas podem ocorrer.

Esta questâo é tratada através da simulaçao de um /?-peptidco de nove

residuos. No capitulo sete, um /?-peptideo de vinte residuos é simulado a

fim de se examinar a influência de temperatura, força iônica, solvente e

campo de força em simulaçoes de dinâmica molecular. Os resultados

obtidos sào comparados a dados de RMN. Os dois Ultimos capitulos de

resultados se referem ao estudo de proteinas. O capitulo oito traz o estudo

da proteina Arc Repressor sob alta pressào. Experimentos de RMN

mostraram que esta perde sua estrutura nativa e simulaçoes de dinâmica

molecular säo realizadas para caracterizar essa mudança estrutural. O

capitulo nove lida com a utilizaçâo de dinâmica molecular na

reconciliaçâo de dados expérimentais provenientes de cristalografia de

raio X e RMN que se mostraram aparentemente contraditôrios sobre o

mecanismo de açào da proteina Ciclophilin A. No ultimo capitulo, a

perspectiva da relaçào entre experimento e simulaçao é discutida.
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Chapter one

Introduction

Experiment, simulation, computer, biomolecules

When one is interested to investigate a given phenomenon, there are basically

two different approaches. One can either choose the experimental or the simulation

route and, although different, they arc closely related. The definition of the verb "to

experiment" is, according to the Merriam-Webster Dictionary1 "to make an operation

carried out under controlled conditions in order to discover an unknown effect or

law, to test or establish a hypothesis, or to illustrate a known law". An experiment

provides a true representation of the process of interest, however, it might be a

complex procedure due to numerous reasons. The meaning provided for "to simulate"

is "to make an imitative representation of the functioning of one system or process

by means of the functioning of another; examination of a problem often not subject

to direct experimentation". In this route, a model of the reality is created and, based

on this model, predictions about the process of interest are made. By the definitions

given, one can already think of a relation between the two techniques. The natural

approach to carry out an investigation is first to devise an experiment to study the

matter of interest. If by any reason the experiment is not the ideal solution (costly,

dangerous, provides data of complex interpretation, etc.), a simulation can be used

together with or even instead of the experiment, although the latter is rare. A

simulation can, in principle, always be performed, given that the model used

reproduces the reality at the desired level. Both experimental and simulation routes

are actually complementary and work best together. This relation between simulating

and experimenting has already existed for very long. Since the early centuries,

humanity has created representations of certain objects or situations that were not

suitable to study experimentally. Just as an example, the soldiers of the Roman

Empire used to practice sword strokes against a tree trunk, which later developed

into wooden figures of enemy soldiers armed with lances (the simulation). In this

simple example, we can already see one of the characteristics of simulation and its
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Chapterone

relation with experiment. The general of the Roman Empire probably had received

the results of the latest roman battles, the experimental data, and was not entirely

satisfied. He must have realized that using a simple trunk for training his army was

not accurate enough to describe what happens in reality. He then decides to build the

armed wooden figures, improving the model to be better prepared for the next event

in the battlefield. This solution was definitely safer than putting his soldiers into real

fights against each other, the experimental way. However, it was probably more

expensive than the bare trunks. This compromise between accuracy and performance

in the models is still an issue in simulations today. Moreover, the way by which

experiment and simulation are connected has not changed much. An experiment will

be always needed by the simulators in order to validate their results and further

develop their models. On the other hand, a simulation may be needed to interpret

complex experimental data and even to help designing new experiments.

The invention of computers and its immense development in the past years

have certainly helped both experimentalists and simulators. Particularly, simulations

have profited extremely. In these days it is almost impossible to disengage the use of

computers from performing simulations. Additionally, computer simulations have

become very popular and are applied in almost every area of study: military training,

stock market predictions, weather forecast, drug discovery, etc... In fact, computer

evolution has created new fields of study in science, as for example computational

chemistry.4 The focus of this thesis is the application of computer simulation to study

physical-chemical and structural-biological problems5 with emphasis on the

interpretation of experimental data. In our study, we use the classical molecular

dynamics (MD) simulation6 technique to investigate biochemical processes that lack

a comprehensive interpretation of the experimental data. In the next section, a brief

introduction to the MD simulation method will be given. It is interesting to note that

although the use of computers is fundamental to this study, the laws, ideas and

equations used are already known for quite long time. In the following sections, a

description of the type problems we consider, the type of experimental data we use

and the theory involved to obtain the results from the simulation will be succinctly

discussed. The work presented in this thesis may be divided in two parts. The first

part deals with calculation of free energies, energies and entropies, with emphasis on

solvation and association processes. These processes were investigated because the

interpretations given to solvation experimental data were in many cases dubious.

2
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Chapter two concentrates on the theoretical part and gives an overview of methods to

obtain free energies along a given reaction coordinate from MD simulations. In

chapter three we investigate the influence of pathways to compute association free

energies and entropies. Chapters four and five discuss hydrophobicity by studying

solvation of aliphatic hydrocarbons in a urea aqueous solution and the interaction of

one «eo-pentane with urea inside this solution, respectively. An interpretation of the

solvation process is provided in terms of distinct contributions of the energy and

entropy. In the second part of this thesis we focus more on structural biology,

highlighting the comparison to and interpretation of nuclear magnetic resonance

(NMR) experimental data. In chapter six we study a nine-residue /?-peptide and focus

on the procedure used to obtain NMR model structures when more than one

conformation is populated at a given temperature. In chapter seven we analyze the

influence of varying temperature, ionic strength, solvent and force-field parameters

on the simulation results and compare the simulations results to NMR data. In

chapter eight we present a simulation of the Arc Repressor protein under high-

pressure. NMR experimental data showed that this protein exhibits a different

structure when submitted to such conditions and using simulation we further

characterize the process of conformational change. Chapter nine shows how MD

simulations were used to reconcile seeming contradicting experimental data from X-

ray and NMR on the reaction mechanism used by Cyclophilin A. In the last chapter,

a personal outlook about the future of the relation between experiment and

simulation is provided.

Classical molecular dynamics simulation

The type of simulation we use, classical molecular dynamics (or simply MD),'

is accompanied by three words that qualify it quite well. The first one tells that it is a

classical-mechanical method and quantum effects can be neglected. Processes where

quantum mechanics play an important role, where particles that behave under the

laws of quantum physics (motion of electrons, for instance) are directly involved,

cannot be studied using classical MD simulations. The smallest unit classical MD

can accurately handle is an atom, which is represented by a sphere. However, it is

necessary to correct for the fact that we suppress quantum-mechanical effects. The

solution is to use a set of parameters that is normally adjusted to make simulation

3



Chapter one,

results match experimental data or higher-level calculations including quantum

corrections. This set of parameters is referred to as force-field parameters and are

incorporated into the equations that govern MD. The model and the force field are

very intimately related. In this introduction, a model compatible with the

GROMOS7,8 force field will be shown because this was the one used through this

thesis. Other models and their respective force-field parameters arc available.
"

An

analysis of the consequences of using different force-field parameters is addressed in

chapters five and seven. The second word, molecular, tells us that a molecule is the

entity we are interest in. These molecules are represented by spheres (atoms) held

together through springs (bonds) and interact with each other via a classical potential

energy function f/(rj containing only conservative interactions, thus depending only

on the vector of particle positions r. The potential energy function £/(r] contains

three different types of contributions

lj(r) = Uh AA(r) + U ...(r) + U ,(r). 0)
\ / bonded \ / non-bonded \ / special \ /

The first term in cq. (1) is the bonded term and concerns interactions within a

molecule of atoms that are close together (up to four atoms apart). It contains bond

stretching, angle bending, improper dihedral-angle distortion (which maintains the

proper hybridization character for particular atoms in classical simulations) and

torsional-anglc rotation. These interactions provide the energetic penalty when

deviating from ideal values and have generally a harmonic functional form derived

from a Taylor expansion.17 The dihedral angle is the exception and depicts a

trigonometric form derived from a Fourier series18 due to the 360° periodicity of the

torsional angle.

^-(r)=£^M,)2+Xk(e-e„)2+
<2)

bonds
Z bond

Z

angles,

X ^(£-£,)2+X -A;[l-cos(/p + <5)
improper dihcdial

dihcdial angles
armies
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The letters b, 0, £, and q> are the variables related to the mentioned properties. All

remaining letters are force field parameters to be adjusted. The symbols with the "0"

label in the subscript represent the values considered "ideal" for the property. The

second term in eq. (1) is called the non-bonded term and deals with interactions of

atoms that are further than two bonds apart within the same molecule and atoms in

different molecules. The non-bonded term has two contributions. The first term is the

Lennard-Jones term19 and describes the van der Waals20 part, which consists of the

atomic repulsion due to electronic overlap and the attraction due to London

dispersion21 interactions. The second term is called Coulomb term22 and it deals with

the interactions between partial electric charges in the atoms.

^
h
-h(')=Z

non-bonded \ / i—J

fc c
N

__LL__i
12 6

Kr r
jatom

pult'S. pan

atom 47E£()£1 T

(3)

In eq. (3), r represents the interatomic separation, 4^e0 is a constant and fi the

medium relative dielectric permittivity. All other symbols are force field parameters.

Additionally, a third term might be present representing an external potential, such as

steady electric fields, penalty potentials, restraining potentials, etc. For instance, one

may want to force a certain dihedral angle to stay around a reference value that does

not appear often during the simulations. In this case, a harmonic dihedral-angle

restraining potential may be applied

dihedral
, .

_,
1 , n2 (4)

rnïbDaint/ \_ X1
_

ir Iff) — If) I

special \ / £-4 /) restraint v ' 'ii&liaini/

icslrained

dihedral

angles

An example of the use of dihedral-angle restraining in MD simulations is presented

in chapter nine. Last but not least, the third word that comprises the name of the

simulation method is dynamics, meaning that the coordinates of the molecules evolve

in time and generate a trajectory (set ai~ position and velocities). In MD simulation,

the propagation of the atomic coordinates is accomplished by numerically integrating

Newton's second law23
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m—- = f = -Vt/(r
,

dt2 x !

where m is the particle mass and f the conservative force (independent of the

particles momenta). Several methods to carry on this integration are available.

Since the potential energy function u(r) does not depend explicitly on time, the

problem consists in calculating the energy and the force for the current

configuration, and having a starting set of coordinates and velocities (momenta) for

all atoms in the system.

In the way the method is presented, classical MD would produce a collection

of configurations for a fixed number of particles (N) occupying a fixed volume (V)

and having a total constant energy (E), or in other words, it would generate a NVE

ensemble. Normally experiments are carried out under conditions where the

temperature (ï7) and pressure (P) are held constant instead of energy (E) and volume

(V). In these cases, the configurations generated approximate either a NPT or NVT

ensemble, depending whether the pressure (P) is also kept constant or not. Therefore,

in order to justly compare the results from the MD simulation with experimental

data, several methods to keep the temperature and pressure constant were devised

and detailed descriptions are available in the literature."
"

In chapter eight, for

instance, we compare experimental data measured at different pressures to our

computer simulations and the effect of high-pressure on the folded structure of a

protein is studied.

Solvent representation

Another important point is how the environment, i.e. the solvent, is

represented in computer MD simulations. The natural environment for processes

involving biomolecules is the condensed phase and it is known that the solvent plays

a fundamental role. Therefore, to have a simulation that correctly describes reality,

the solvent cannot be omitted and must be included somehow. There are several

methods to account for solvation.34 One approach is to include the solvent as a

continuum (implicit representation), having only the molecule of interest (solute) at

atomistic resolution. The explicit solvent degrees of freedom are removed and treated
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using a mean-force approximation. Additionally a drag and a stochastic force are also

incorporated into the equations and hence this method is known as stochastic

dynamics (SD).35 There arc also quite a few implicit solvents methods referred as

continuum solvation methods derived from the generalized Born model. These

methods are used to estimate solvation free energies, often together with MD or SD

simulations. As discussed before (eq. (5)), it is necessary to calculate the total

potential energy and its gradient for each atomistic configuration to evolve the

system in time, thus removing an explicit representation of the solvent degrees of

freedom reduces computation time drastically. Although being fast and providing

reasonable qualitative predictions, implicit solvent methods are of limited accuracy.

A discrete (explicit) representation of the solvent is often necessary in order obtain

more precise results. The major solvent effects that may considerably affect the

results and arc neglected in an implicit representation are hydrogen bonding and

entropy contributions. However, having explicit solvent leads to some

approximations, such as introducing physical boundary conditions to the system. It is

impossible to simulate an infinite space of solute and discrete solvent. So, one of the

many approaches in explicit solvent simulations is to confine the solute in a finite

periodic simulation box that has periodic copies of itself in all directions. To give an

idea of the size of systems feasible to simulate with current computer power, typical

edges of cubic boxes are in the order of tenths of nanometers and include about 10

solvent molecules. These boxes are still small because in many cases the non-bonded

potential energy ^non.bonded(r), especially the Coulomb term in eq. (3), still has non-

negligible contributions to the energy at atomic separation distances of the order of

the box edges. Several methods have been devised to overcome this problem and they

can basically be divided into cutoff-based methods37"40 and lattice-sum methods.41"44

All simulations presented here use cutoff-based methods for both non-bonded

contributions (with a reaction-field correction39 for the Coulomb potential, eq. (3)).

Validation and comparison to experimental data

Before drawing conclusions and making predictions from computer simulation

data, one has to first validate the results. Still, since the times of the ancient Roman

Empire, this is customarily done by comparison to experimental data. The usual way

to do this is to compare values of observables obtained from the simulation with

7
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experimentally measured properties. In an experiment, an observable (Qobs) is a

result of an average (denoted by ()) over time and space of the signal Q produced

by a certain molecular conformation. It represents the expectation values of the

property Q weighted by the probability n of a given molecular conformation to occur

integrated over all momenta and coordinates

(eJ=JJö(p,r)W(p,r)4»dr. (6>

In MD simulations, cq. (6) cannot be used to calculate the averages because it is

impossible to carry out the integration over all possible states. However, if relevant

configurations to obtain the average are sampled during the simulation, the average

of Q can be obtained using this finite set of pertinent configurations. In other words,

the probability distribution n in the simulation has to correspond to the real

probability distribution of the system. Additionally, in MD the averages obtained are

time averages, since new configuration are generated by time integration of

Newton's second law23 (eq. (5)). Therefore we have to assume that, given sufficient

time, the relevant conformations are sampled regardless of the starting set of

coordinates and velocities, and that this time average obtained is equal to the

ensemble average. This is called the ergodic hypothesis. In MD simulation averages

are obtained by

where / is time and Tthe simulation time.

Several experimental techniques, such as calorimetry, nuclear magnetic

resonance (NMR), X-ray crystallography, among others, provide observables that are

used to validate simulations and perform force field development. Their character is

typically cither energetic (enthalpy of vaporization, heat of formation, solvation free

energies) or structural (structure factors, nuclear Overhauser enhancements

(NOEs), J-coupling constants, chemical shifts). In this study we mainly discuss
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experimental data for solvation free energies (chapters four and five) and NMR

primary (NOEs and 3J-coupling constants) and secondary (NMR derived model

structures) data (chapters six through nine). A more detailed overview on how MD

simulation can contribute to investigate these sorts of data is given further in this

chapter.

A simple description of MD simulation and its possible applications was

given. Additional details about MD simulations can be found elsewhere. ' '

Free energy, energy and entropy differences

In nature, the likelihood that a (closed) system in a state A makes a transition

into a state B is given by the relative free energy and the barrier height between

them. This free energy depends on the system conditions and may have several

contributions. For instance, in a system where the number of particles (N) the volume

(V) and the temperature (T) are constant (NVT ensemble), the free energy F, known

as Helmholtz50 free energy, has direct contributions from the energy (U) and the

entropy (S) of the system

AF^AU-TAS. (8)

In the greater part of experiments, normally the pressure (P) instead of the volume is

constant. In this case, the free enthalpy G, called Gibbs51 free energy has

contributions from the enthalpy H and entropy S.

AG=AU + PAV~ TAS = AH - TAS. (9)

All these macroscopic thermodynamic quantities have their own meaning and

knowledge of them is crucial to understanding the way nature works. In computer

simulations, there are several methods to determine these quantities based on

statistical mechanics.52,33 Essentially, these methods can be divided in two classes.

The first class comprises perturbation methods54 and the second class integration

methods.55 Several references in the literature discuss in detail these two

approaches.56"58 In chapter two, a comparison of some of these procedures for

obtaining free energies of molecular association, i.e. the free energy as function of

molecular distance, is presented. Throughout this thesis the thermodynamic

9
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integration (TI) technique is often used, thus a short description will be presented for

the ATT1 ensemble. The classical Hamiltonian59,60 J-f(function that describes the state

of a system in terms of the coordinates and momenta) gives information on

microscopic states sampled during the simulation. Two different states A and B have

their respective Hamiltonians, which can be coupled through a parameter X. One

possibility to couple the two states may be written as

^(p,r,A) = (l-A)^1(p,r,A) + AJ^(p,r,A). (10)

The free energy can be computed via integration of the partial derivative of the total

coupled Hamiltonian with respect to the coupling parameter X along a certain path

connecting A and B

„
çKldtf(x)\

^

(II)

dx

By using standard thermodynamic relations that link the energy and entropy to the

free énergie, one can obtain the remaining terms in cq. (8). The energy expression is

given by simply taking the difference between the potential energy averages between

the two states

AUA_,^(^(x))-(:if(x))À (12)

The entropy can be calculated using eq. (8) or using a Tl relation of the covariance

of the Hamiltonian and its X derivative.

AS
xn

A >tf
kT2 ["^l-wM^l dX,

(13)

61
where k is the Boltzmann' constant
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Solvation of small molecules

The process of solvation can be defined as the transfer of a molecule (solute,

u) from a fixed position in the gas phase to a fixed position in solution (solvent, v) at

certain thermodynamic conditions.62 In experiment, free energies, energies and

entropies can be measured from calorimetry experiments and relate to each other by

eq. (8), which can be rewritten as

AF
,
= AU

,
-TAS

,
.

O4)
SO/V sfl/l so/v

Interpretation of the solvation process in several solvents and mixtures of solvents

has been given by analyzing these quantities.6364 However, further separation of the

energy and entropy in terms of solute (u) and solvent (v) contributions was shown to

give new insinghts on the interpretation of the solvation process.57 65,66
Direct

measures of the separate solute (u) and solvent (v) contributions cannot be obtained.

In computer simulation, the solute-solute, solute-solvent and solvent-solvent

contributions can be calculated and analyzed individually (see chapters four and

five). For a solvation process, the coupling parameter in the Hamiltonian (eq. (10))

indicates the level of interaction between solute and solvent. If X=l, solute and

solvent are fully interacting, whereas if X = 0, there is no solute-solvent interaction.

So, the difference between the Hamiltonians 'Ha and J~Cb is the presence of the solute

(modulated by X), thus solvent-solvent interactions do not depend explicitly on the

coupling parameter X. The Hamiltonian J-f^ may be written as

^(p,r,A) = ^(p,r,A) + ^(p,r,A) + ^(p,r) (15)

= ^„(p,r,A) + ^,(p,r,A) + ^(p,r)'

By using this relation together with eq. (10), the solvation free energy obtained by IT

(cq. (11)) simplifies to

/a(.^)+^))\
5"/v Jo\ aA /
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The solvation energy when the solute and solvent contributions are separated is

AU
solv

1

A-l

kT

J'
Jo

ax

(17)

and the solvation entropy can be written as

AS
it>/v

ÄrJoL\ 3A

9(^.U)+^,U))\
{7r)

Id(.9fJX)+^M))\
dX f

A

\ SA /A

rfA

—

J

^
9(^-U) + ^-U))^ _{:M- )

/9(^-W + -^,U))\

^

rfA.

dX

(18)

One can note that the last term in the solvation energy (eq. (17)) is equal to the last

term in the solvation entropy (eq. (18)) and when using eq (14), solvent-solvent

contributions cancel and hence do not contribute directly to the solvation free

energy.

AT
.
=AU +AU -TAS -TAS

iü/V uu uv UU It

(19)

where AU
m

and AU
m

are the first and the second term in eq. (17), respectively, and

TASm and TASuv are the first and the second term in eq. (18), respectively. The

solvent-solvent contributions are only included indirectly through the ensemble

averages (...) (they are included in the probability function n in eq. (6)). In chapter

four, thermodynamic quantities related to the solvation of hydrophobic particles in

water and urea (co-solvent) aqueous solution are discussed and interpreted based on

solute-solvent contributions. In chapter five all solute and solvent contributions are

12
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calculated as a function of hydrocarbon-co-solvent distance and individually

discussed.

An alternative to TI to compute solvation free energies that is suitable for

small molecules is called test-particle insertion (PI). It is based on Widom's

theorem67 and consists of inserting a molecule (solute) into a system of N molecules

(solvent). The difference in potential energy due to the insertion can be calculated

and the free energies can be obtained from

/ (-{(J
-U ))

A/^-Wexp -^ ^
«fr \ kT

\ V J

if the number of insertions with low energy is large enough. This method was used in

chapter four to obtain solvation free energies for a methane solute.

Structure of biomolecules

There are essentially two possibilities to use experimental data in MD

simulations. The first is to directly use experimental observables as target during the

simulation by applying restraining potentials, as shown for example in eq. (4). The

second way is to perform a (free) simulation and check whether the given observable

is fulfilled. Structural models of biologically relevant molecules are normally

derived from observables obtained in circular dichroism (CD), nuclear magnetic

resonance (NMR) or X-ray crystallography experiments. CD is often applied to

proteins and the observed signal indicates presence of secondary structure elements.

This technique, however, is considered not suitable for a detailed structural

evaluation due to the lack of information on the overall 3-dimensional protein

structure.

Experimental observables come in the form of a time and spatial average (eq.

(6)). In other words, the signal observed depends on all conformations of all

molecules in solution or in the crystal and on the duration of the measurement. The

function providing the probability distribution of conformations at given conditions

(ft, eq. (6)) cannot be derived from an experiment and determining a structure (r)

using eq. (6) can be a real challenge. There are several techniques to obtain model

13
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structures from experimental data and it goes beyond the scope of this introduction to

discuss them here.6*-69 In summary, we can separate the data coming from an

experiment as primary (observables) and secondary (data derived from the

observables, e.g. structures). Agreement between simulation and primary

experimental data is commonly preferable because the secondary data are generally

based on some assumptions made in order to perform the structure evaluation. For

instance, one typical approximation is to assume that there is a single dominant

structure and this structure is fully responsible for the signal observed. In the

following section, we briefly comment how experimental data coming from X-ray

crystallography or proton NMR experiments can be used in MD simulations. In

chapter nine we show how MD simulation could reconcile seemingly contradicting

X-ray and NMR experimental data.

X-ray crystallography

The primary experimental data coming from X-ray crystallography is a

diffraction pattern from the incident X-rays on the system of interest, which is in the

crystalline form. This pattern can be converted to structure factors, which are related

to the electron density and atomic positions. Crystal structures are derived in X-ray

experiments by performing an atom-positional energy minimization with the primary

experimental data included as restraints. This methods works well because the

molecules in the crystal are relatively static and it is reasonable to assume that the

signal comes from only one conformation. It is possible to directly use the primary

data from X-ray crystallography and impose the structure factors observed as targets

via distance restraints in the simulation.7071 However, the most used manner to

compare experimental data with molecular dynamics results is to calculate the atom-

positional root-mean-square deviation (RMSD) between the structures generated in

the simulation and the reference X-ray derived structure (secondary data). By

following the time-series of the RMSD, one can observe whether the structures

sampled during the simulation time are deviating from the reference structure.

Another possibility is to qualitatively compare the measured experimental ^-factors

(which can be obtained from the structure factors) with the atom-positional root-

mean-square fluctuations (RMSF). B-factors have thermal origin and are related to

the RMSF.

14
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Solution NMR

In structural molecular biology, the experimental data from solution NMR

suitable for comparison to MD simulation are mostly nuclear Overhauser

intensities45"47 (NOEs), J-coupling constants and chemical shifts. For large molecules

these data normally come from homonuclear (protons, usually) 2-dimensionaI NMR

experiments (double spin excitation). A NMR experiment basically consists of

applying a magnetic field to a sample along a certain known axis (usually z-axis),

splitting the nuclear spin energy levels in two (parallel or antiparallel to the magnetic

field) and promoting spin excitations (applying radiation pulses) to observe the

energy difference between the states (size of the splitting). Additionally, relaxation

limes (time required to bring the spins back to thermal equilibrium after a pulse

excitation) T\ and T2 along the longitudinal (z) and transverse (x,y) axes to the

reference magnetic field, respectively, can be measured. The T\ relaxation relates to

spin-lattice (surrounding spins) interactions and involves energy transfer in the

system because of changing in spin population. The 7'2 relaxation relates to the

heterogeneous environment of individual spins (spin-spin) and does not change the

energy of the system (loss of phase correlation), being an entropie process.

Chemical shifts are related to how different the resonance energy of a certain

probe is when compared to Tetramethylsilane (TMS, (CH3)4Si), which is used as a

reference compound. The NMR signal does not only depend on the type of the atom

that is being examined, but also on its environment. This means that protons that

experience different chemical vicinities will exhibit distinct signals. J-coupling

constants are related to the spin-spin interactions due to non-equivalent neighboring

protons and for 2-dimensional experiments generate a so-called COSY (correlated

spectroscopy) spectrum. This spin-coupling is only observed if the atoms are very

close, linked by few atomic bonds. 3J-coupling constants concern vicinal protons

(separated by 3 bonds) and hence relate to dihedral angles. Empirical relations are

normally used to compute chemical shifts72 and 3J-coupling constants.
"

The

empirical formula that relates a V-value to a dihedral angle 0 is called the Karplus

relation73

3./(H^,HÄ) = tfcos20 + /?cos<9 + c,
(2l)
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where a, b and c are constants that depend on the type of atoms defining the dihedral

angle. The dihedral angle 0 is defined by UA, II« and the two linked atoms that are

connected to the hydrogen atoms.

NOEs occur in atoms that are close in space. They are related to the

longitudinal T\ relaxation through dipole-dipole interaction in a multidimensional

NMR experiment and generate a NOESY (nuclear Overhauser and exchange

spectroscopy) spectrum. The intensity of the NOE signal is dependent on the nature

of the nuclei (protons, in this case) and an autocorrelation function of the interatomic

vector (r) between the two protons. The expression for a NOE intensity contains an

average over this autocorrelation function and a common and simple approach is to

leave angle variations of the vector r out of consideration and calculate the average

distance (norm) either as lr 3\2 or as tr^), where r = \r\. The former approach applies

when the atomic fluctuations relax much faster than molecular tumbling, which is in

turn slower, e.g. in case of proteins.74 The latter approach applies in the opposite

case. Thus, the upper distance bound for a given proton pair can be derived from

experimental intensities. The average proton-pair distances can also be easily

computed from the MD simulations. So, if the average distance calculated is larger

than the experimental distance bound, we say that a NOE bound violation has

occurred. Other approaches in comparing NMR NOEs and MD simulation may also

be used,75 but will not be discussed here. Unfortunately, there are yet other problems

concerning a comparison of experiment and simulations. Experimentally, it is

common that is not possible to discern the signal coming from specific hydrogen

atoms, either because they are indistinguishable or because the correct

stereospecificity cannot be determined. A frequently used solution is to create a

pseudo-atom in a spatial point corresponding to the mean position of all the hydrogen

atoms involved and add multiplicity corrections if a different signal is acknowledged

to arise from an average of several equivalent protons.
6

In MD simulation an

additional problem appears when using a united-atom force field, in which aliphatic

hydrogen atoms arc summed into the carbon atoms. In this case, virtual atom

corrections must be applied.7 This technique consists in constructing the position of

the missing hydrogen atom based on the geometry of neighboring real atoms in the

simulation.
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Secondary NMR data, i.e. NMR derived model structures are also standardly

compared to MD simulation similarly to the way it is done in crystallography:

calculating the atom-positional RMSD and RMSF. The procedure that is commonly

adopted to obtain such structures is to assume a single dominant structure and

perform energy minimizations followed by simulated annealing (elevating the

temperature in an attempt to escape local minima) using ideal bond and angle values

and restraining potentials targeted to the experimental values. However, molecules in

the condensed phase at normal atmospheric conditions form a dynamic system where

the molecules are in constant motion. Therefore, ambiguities or contradictions may

occur when obtaining model structures from NMR data. The first happens if not

enough observables (NOEs or V-values) are acquired, so during the process of

structure evaluation more than one structure satisfies the experimental data.

Contradictions may occur when the average signal comes from several relevant

structures. If a single structure is not dominant, the signal will be "contaminated" by

other conformers and a sensible single structure might not satisfy the data. MD has

turned out to be a very useful tool concerning these issues since it provides the

probability distribution (n in eq. (6)) of conformers. In chapter 6 we use MD

simulations to find the relevant structures of the ensemble and we were able explain

the origin of the contradicting NMR data.
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Chapter two

A COMPARISON OF METHODS TO COMPUTE A POTENTIAL

OF MEAN FORCE

Summary

Most processes occurring in a system will be determined by the relative free

energy between two or more states, because the free energy is a measure of the

probability of finding the system in a given state. When the two states of interest are

connected by a pathway, usually called reaction coordinate, along which the free

energy profile is determined, this profile or potential of mean force (PMF) will also

yield the relative free energy of the two states. Twelve different methods to compute

a PMF are reviewed and compared with regard to their precision for a system

consisting of a pair of methane molecules in aqueous solution. We analyze all

combinations of type of sampling (unbiased, umbrella biased or constraint biased),

how to compute free energies (from density of states or force averaging) and type of

coordinate system (internal or Cartesian) used for the PMF degree of freedom. The

method of choice is constraint-bias simulation combined with force averaging for

either an internal or Cartesian PMF degree of freedom.
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Introduction

Statistical mechanics1 tells us that the probability of finding a molecular

system in one state or another is governed by the difference in free energy between

those states. So, important quantities such as binding constants, adsorption constants

and solubilities are directly related to free energy differences. The advent of ample

computing power has made it possible to use computer-generated statistical-

mechanical ensembles of configurations of a molecular system for the computation

of free energy differences.2"5 However, this task is not straightforward, because it

requires sampling of the most probable configurations belonging to the states of

interest, which may be hampered by long relaxation times of the system. During the

past decade, a variety of methods have been proposed to efficiently sample the

configurational space of molecular systems for the determination of relative free

energies.7"18 In one particular class of such methods, the two states of interest are

connected by a pathway, often referred to as the reaction coordinate, along which the

free energy profile is determined, yielding the difference in free energy between the

end states. Such a free energy profile is also called a potential of mean force (PMF),

because one way to obtain it is to integrate the mean force along the pathway. In

the present study we assess the efficiency of up to twelve different techniques to

obtain the PMF from MD simulations using as test system two methane molecules in

water. The PMF between two methane molecules in aqueous solution has been

extensively investigated,20"38 thus making this system an appropriate choice for the

present study. The PMF between two hydrophobic solutes in aqueous solution is of

relevance to understand the hydrophobic effect, which plays a major role in

processes such as protein folding and ligand binding.

Theory

The (absolute) free energy F of a given system of constant number of particles

N, volume V and temperature Tis just a number,

F = -kT\nZ, (1)

in which k is the Boltzmann constant, T the temperature and Z the canonical partition

function,
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Z = (hÎNN\f*jje-HM/"dpdq. (2)

It contains a 6/V-dimensional integral over all particle (generalized) coordinates

q^(qrg2,...,q3Nj and their conjugate momenta p = yprp1,...,pil^,J of the Boltzmann

factor of the Hamiltonian//(p,q). The normalization constant in (2) contains the

Planck constant h, a measure of the elementary volume in phase space, and the factor

N\, which should only be present in (2) when the N particles are indistinguishable/

The probability 7np,q) of finding the system in a configuration defined by p and q is

proportional to the Boltzmann factor exp(-//(p,qV/V/j,

,-»(».•»/« (3)

So, the ensemble average (ö)of a quantity ö(p,q) that is defined in terms of phase-

space configurations (p,q) is

jJQ(P,q)e-"{"V" dpdq (4)

The integral in (2) is only computable for the smallest systems.40 However, if one is

only interested in differences in free energy, the problem becomes tractable, because

a relative free energy between two (metastable) states of a system may be expressed

as an ensemble average such as in the right-hand side of (4) that may be easier

evaluated than the integral (2). In this case, one would like to determine how the free

energy of a system changes as a function of a change of a model parameter X or of

the positions of a subset of particles in the system. In the latter case, one wishes to

express the free energy of the system as a function of a specific coordinate R,
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R(q)^R(qi,q2„..,qw), (5)

sometimes called a reaction coordinate, which is a function of the positions of the

particles in the system. For example, such a reaction coordinate can be a hydrogen-

bond distance41 or a torsional angle42 or linear combinations of such quantities.4344

Application of (5) restricts the system to a hypersurfacc ^(q) in phase space, so the

free energy Fr, the partition function Z« and the reaction-coordinate probability Pr

on this hypersurface become the relevant quantities to be determined.

The phase-space probability nJp^R'J to find the system at a particular

value R' of the reaction coordinate R is

KR (p,q; R') = n(p,q)ö(R'- R(q)). (6)

Using (3) and integrating over phase space yields the reaction-coordinate probability

P*{R')>

l\e-"^ö(R'-R(q))dPdq (7)

or, in terms of the independent partition function

ZR{W) = (h1NN\fl jje-"(vq)/uS(R<- R(q))dpdq (8)

we have

P,(R-) =^. <9>

and thus, by rearranging (9) and using (1), for the ^-dependent free energy we find
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FR(R') = -kTinPR(R')-kTlnZ. (10)

The function Fr(R') is called a potential of mean force (PMF) along the (reaction)

coordinate R, because one may write

/ \ / \ cR'dF(R") (11)

and -dFR{R"}ldR" is called a mean force.

In principle, there arc three possibilities to compute relative free energies

Fr(R") as a function of i?' from an ensemble obtained by computer simulation:

1. from a standard simulation without applying any bias (NB, no bias),

2. from one or more simulations in which the system is restrained to the vicinity

of the hypersurface i?(q] by applying one or more biasing or restraining or

umbrella43 potential energy terms (UB, umbrella bias),

3. from simulations in which the system is constrained46 to move on the

hypersurface Ryq) by applying constraints (CB, constraint bias).

In each of these three cases the function ^(^') can either be computed by

determining the degree of occurrence of particular configurations, i.e. by calculating

Br{R') from the phase-space density of states (KR{p,q;R')), or by phase-space

averaging of the force fR(p,q;R'j along the reaction coordinate. This leads to six

different methods for obtaining Fr(r'} .

When calculating a potential of mean force using ensembles generated by

molecular simulation, a slight complication may arise in regard to the choice of

reaction coordinate ^(q). Generally, molecular dynamics (MD) simulations of

molecular systems are carried out using a Cartesian coordinate system and Newton's

equations of motion in order to avoid the much more complex and non-linear

Lagrange equations that are to be solved when using internal or non-Cartesian
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coordinates.47 Thus one generally has the case q^r, with r = yrrr2,...,r2X) indicating

the Cartesian coordinates of the N particles and

I-L I

in which m, is the mass of particle / and V[rj the potential energy function of the

system. When the chosen reaction coordinate function i?(rj is non-linear in the

Cartesian coordinates r, the projection of the free energy onto the reaction coordinate

R[r) leads to the emergence of an additional term in the potential of mean force.

This term depends on the determinant ./(i?,Qj of the Jacobian matrix

j(r,Q2,...,Q^n) that defines the transformation from the 3A/ Cartesian coordinates

r = (r;,r2,...,r3A,) to the 3/V (internal) coordinates Q = (Q{,Q2,...,Q3N), of which one,

e.g. the first one, is equal to R, so Q{^R.]2M After this transformation the

configurational part of the /?-dcpcndent partition function reads

ZR(w) = constant\\e ^^ "MW»S(R>- R(Q))dQ ,
(13)

in which v(r(Q);R'\ is the potential energy for a configuration r with Ryrj = R\ For

example, for two particles with Cartesian coordinates n and r2 one may choose as

reaction coordinate R(r) the interparticle distance

R = fa-r2Î (14)

The transformation from the Cartesian coordinates (r,,r2J to the coordinates

(rrR,6,(p) involving polar coordinates R, 0, and (p of particle 2 with respect to

particle 1 leads to
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\j(R,e)\ = R2 sinG. (15)

This results in a term +2kT\nR' in the potential of mean force

FR(R') = -kT\nPR(R') + 2kT\nR'+constant (16)

for this choice of reaction coordinate.12,49 ft accounts for the increasing volume of

configuration space belonging to R' for increasing R'. This becomes also apparent

when expressing Fr(R') as function of the radial distribution function

g(R') = PK(R<)/4n(R'f. (17)

Inserting (17) into (16) one finds

Fx(R') = -kT\ng(R')t (18)

where the constant term was chosen such that

\imFA(R') = 0 (19)

If the reaction coordinate Rir) is chosen as a distance along a fixed (Cartesian) axis

in the system, e.g. ^(r) = |jc, -*2| (and yL= y2= z^ z2=Q), the term 2kT\nR' does

not occur in the potential of mean force,5
"

FR(R') = -kT\nPs(R') +constant. (20)
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In summary, we have available twelve different ways to obtain the potential of

mean force for a reaction coordinate, e.g. defined as the distance between two

particles in a molecular system, by combining the following possibilities:

1. simulation: no bias (NB), umbrella bias (UB) or constraint bias (CB);

2. averaging: the occurrence of configurations 7tR(n,r;R') (OA) (density of states

Pr(R')) or the force /Ä(p,r;/?') (FA) along the reaction coordinate R(r)

(mean force -dFR(R')/dR');

3. type of Ä-coordinate: Cartesian (CR) or internal (IR) reaction coordinate.

Methods

Potential of mean force from unbiased simulation (NB)

From an unbiased (NB) MD simulation of two methane molecules in water, the

occurrence of configurations with the methane-methane distance equal to R\ PR{R),

and the mean force (fR} can be calculated for all R'. The potential of mean force

(IR) is then given by (16) or (18) or with respect to a reference distance R\ one may

write

FR(R<) = -kTlng(R') + kr\ng(R'a) + FR(R'0) (21)

and

^(^^-^(/«(^.^"-^»"(^•oJ+^K)- (22)

The terms independent of R' arc constants that are chosen such that the lunctions

Fr(R') have the same offset. The statistical error in the obtained curves will depend

on the degree of sampling of the different ranges of R'-values. R1 -values that

correspond to high-energy configurations will be poorly sampled. Eqs. (21) and (22)

represent methods (NB, OA, IR) and (NB, FA, IR), respectively. The corresponding

methods that make use of sampling along a fixed axis in Cartesian space, (NB, OA,
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CR) or (NB, FA, CR), have not been applied because the likelihood of finding

configurations for which, e.g. p?, -x2\ = R' and yi -y2 = zx =z2 =0 is very small.

Potential of mean force from umbrella-biased simulation (UB)

Poor sampling of a particular range of #'-values can be avoided by addition to

the Hamiltonian #(p,r) of a biasing or restraining or umbrella potential energy

term,45 which focuses the sampling on this range. For example the function

r(*(r);jO-^'(*(r)-*)' <">

restrains the configurations of the system harmonically to the Ä-coordinate value Ro.

This (strongly) enhances (if Kr >0) the probability of finding configurations with

R{r)= Ri) in the restrained simulation. Other forms than (23) or more than one

restraining or umbrella potential-energy term centered at different #0-values may be

used to cover a wider range of R -values. The inclusion of the restraining potential

energy function V in the simulation leads to a (restrained) reaction-coordinate

probability42 /^ (-#'), which can be related to the (unrestrained) probability PR(R') as

follows.12 Multiplying in the right hand side of eq. (9), both the numerator and

denominator with the factors

JJe-[»(P.^"(J«(rK)]/«^r (24)

and

jje-t"(^'K'K)y»-5(Ä,_Ä(r))d^r (25)

we find
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PR (*') = P; (tf')(,-'"('?(rH)/Ä/ )(e+,"W>Vu )
{

.
(26)

The factor in the middle of this product (eq. (26)) contains an ensemble average (...)

over the unrestrained simulation, which can be written as an ensemble average (...)

over the restrained simulation,12

e-t
' {R(<U>)fr\

=

/ +» r(«(rK)/« \
'

(27)

If the restraining function Vr is a function of the reaction coordinate R, as is the case

in eq. (23), the ensemble average (...) ,

at /?(r)= R' over the restrained simulation

in the third factor of eq. (26) simplifies to

en/r(*'A)/*\ (28)

Inserting cq. (26) into eq. ( 16) and using eqs. (27) and (28) we find for method (UB,

OA, IR)

FÄ(Ä') = -ÄrinP;(Ä') + 2A7,ln(/?')-r(/?,;Ä,J-i-itrin/e+rWr)^^2'\ + constant. (29)

The last two terms are independent of R', thus need not be calculated, which yields

FÄ(Ä') = -mng'(/?')-r(Ä^'J + r(ÄV^o) + *7'lng'(Ä'0) + ^(Ä'ü), (30)

with

gr(/e') = p;(/^)/4^')2. (3i)
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Eqs. (29) or (30) has been used in ref. f42].

The average of the restraining force fR(R')=-dVr(R';R0)/dR' equals the

opposite of the average (physical) force (fR(R'j) along the ^-coordinate. Thus, the

former can be used to obtain Fr(R'),53M method (UB, FA, IR),

FAR1=-Qdr(R"^ (32)

Using a harmonic-restraining function (23), the ensemble average in (32) becomes

(Kr(R(r\- Rq ]) . Alternatively, one could also remove the biasing restraining

force fl(R') from the total force fR'"'(R') calculated during the simulation and

obtain fJr') as if an unbiased simulation had been performed

FAR1=-Qf:r'(R1+^A (33)

In methods (UB, OA, CR) or (UB, FA, CR), the restraining should be done

along a fixed axis in Cartesian coordinates, e.g. for ^(rj = p;1
- x2\ = xl2,

yt=y2 = zl=z2 = Q,

V^R(r);Rn) = ^2K:(xi2-RQ)\U;(y^/2+z^zl) 04)

with /T »AT'.50 Calculating the density of states (with R* = xu) for method (UB,

OA, CR), one arrives at

FÄ(^) = -^TnP;(i?«)-r(i?';Ä;) + r(/?;;/rJ + WTnP;(^J + FÄ(^). (35)

This formula has been used in refs. [50-5255j. When averaging the restraining force

one has (Rn = x]2) for method (UB, FA, CR)
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F,(Ä')=-C(ar(/r''/0/^l/r^',+^(/v)-
(36)

Using a harmonic restraining function (34) the ensemble average in (36) becomes

(Kr(x[2- RA) .
Another possibility, as mentioned before, would be to remove

the biasing from the total force to obtain FR(R{)

F*W=-J'(rM+^(Ä";Ä,.H/"+^(ÄJ (37)

Potential of mean force from constraint-biased simulation (CB)

As an alternative to umbrella-biased simulation, poor sampling of a particular

range of IV-values can be avoided by constraining the system to particular R'-

values.46,56"59 Using the constraint

R(*)=*t (38)

the 3/V Cartesian coordinates r may become dependent on each other. When the

chosen reaction-coordinate function P[rJ is non-linear in the Cartesian coordinates

r, the projection of the free energy onto the reaction coordinate R(vj leads, as

before, to the emergence of an additional term in the potential of mean force.

Moreover, constraining of the Ä-coordinate to a value Rc introduces yet another term

and factors in the PMF,48 which is due to the fact that the momentum conjugate to

the ^-coordinate is zero. These terms and factors represent the so-called metric

tensor effects.

It has taken about 25 years to adequately describe the effects of constrained

degrees of freedom on the density of states and mean forces along the unconstrained

degrees of freedom of a system. Starting from the pioneering work of Fixman

metric-tensor effects were investigated for simple systems.61"65 The statistical
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mechanics of chain molecules with flexible, but infinitely strong restrained internal

degrees of freedom was compared to that with hard-constrained internal degrees of

freedom.66"71 Next, the effects of constraints upon the potential of mean force were

explored.912'48-49-58-72"79 The most comprehensive treatments can be found in f48-76"78].

Here, we shall only give the formulae with regard to a distance constraint of the type

(IR)

*(rHri-r2| = ^ (39)

or a distance constraint along a Cartesian (x-) axis (CR)

R(r) = \xl-x2\ = Rt and y{ = y? = z] =z2 =0. (40)

The term and factors that emerge in the expressions for F^R'j contain a determinant

of the \3Nx3Nj mass-metric matrix or tensor

G = JTMJ, (41)

which can be obtained by transforming the kinetic energy of the unconstrained

system from Cartesian coordinates to internal coordinates.48 The [3N x 3/VJ Jacobian

matrix characterizing this transformation is

'

dr} (42)

in which one of the 3/V (^-coordinates equals R. The (3/Vx3A) diagonal matrix M

contains the masses of the particles. Unfortunately, the calculation of G or its

determinant is only possible for simple systems containing a few atoms.
' ~

However, Fixman did show that only the determinant of the Nc x Nc matrix H

containing the derivatives of the Nc constraints Q< with respect to the Cartesian

coordinates r is required,
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H = (rl) Mr, (43)

with

v
dr

J

(44)

Since we have only one constraint qc = Rc, we have

N

lH|=H=2>r^-^ {45)

or using either (39) or (40)

m. + m„

H =
^ ^

mjn2

(46)

Since |h| does not depend on the value of R, the expressions for FR\R'} based on the

density of states or the mean constraint forces are simple. Using the density of states

we have48

^(«) = -Wln(,<"*1'W|j(Ä-)|/|j(«.)|^+f,^). (47)

This expression has the form of the perturbation formula for free energy

calculations,80 but the Boltzmann factor within the ensemble average ()R is

weighted with the ratio of the determinants of the Jacobians at R' and Rc. Using

constraint (39) this ratio is
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K^H/rtoH*'/*)'- <48>

whereas using constraint (40) it equals one. Thus for method (CB, OA, IR) we have

F,[R-) = -mn(e-^-^l" (R'/r)\ + F„(r), (49)

and for method (CB, OA, CR) we have

FR (*') = -kT\n(e-lr{*'W*-])/" ) + FR (r ). (50)

The former expression has been used in f49,81"|, while the latter was used in [82].

In the (CB, FA, IR) case, the average of the constraint force fR(R') equals the

opposite of the average (physical) force (fR(R'j\ along the ^-coordinate. Thus, the

constraint force can be used to obtain FR(R')12,48 for method (CB, FA, IR),

^(Ä') = +0^(Äl^+ 2*7'In(/f,/Äo)+^(Ä«)- (51)

Here, we have assumed that the constraint is enforced using the Lagrange multiplier

technique, e.g. using the procedure SHAKE.83 The obtained value for the Lagrange

multiplier determines the constraint force fR'(#')•12-84'85 Expression (51) has the form

of the thermodynamic integration formula.19 Alternatively for method (CB, FA, IR),

the projection of the unconstrained forces due to H^) along the constraint can be

used to obtain Fr(R'J,

FÂR1 = -C{fAR%dRn+FR{R,o)- (52)
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In case of (CB, FA, CR), eq. (51) without the \n(R'/R\) term,

FR(R') = +^(f;(R"))RidR"+FR(R\) (53)

can be used for the constraint forces and eq. (52) for the projection of the constrained

forces.

Computational details

The simulations were performed using the GROMOS05 software package.86

Force field parameters for methane were taken from the 45A3 GROMOS united atom

force field.84,8788 J he water model used was the SPC model.89 The system is

composed of two methanes (initially at 0.56 nm distance) and 1000 water molecules

in a cubic box using periodic (minimum image) spatial boundary conditions and was

equilibrated for 1 ns at constant temperature (298 K) and pressure ( 1 atm), held

constant using the weak coupling technique90 with relaxation times of 0.1 and 0.5 ps

respectively (isothermal compressibility k, = 4.575xlO"4 (kJ mol"1 nm" ) ).

Production simulations were carried out at constant temperature and constant volume

(3.11 nm cubic box-edge length). MD equations of motion were integrated using 2 fs

time steps. Long-range interactions were treated using a triple-range scheme with

cut-off radii of 0.8 nm (where the interactions were updated every time step) and 1.4

nm (for which interactions were updated every fifth time step) and a reaction-field

permittivity of 61.91 Configurations were saved at every 0.5 ps for the calculation of

probabilities or energies (OA) and forces (FA). In the (NB) setup, the simulation

covered 500 ps equilibration and 8 ns production. For (UB, IR), (UB, CR), (CB, IR),

(CB, CR) cases, 17 simulations of (100 ps equilibration) 400 ps each were performed

at different methane separations (0.35 0.38 0.41 0.44 0.47 0.5 0.53 0.56 0.59 0.62

0.65 0.69 0.73 0.78 0.83 0.88 0.96 nm). The starting coordinates and velocities were

taken from a previous study in which the system had been equilibrated for 2 ns using

many fixed methane-methane distances.92 In the case of (UB, IR), a distance

restraining potential-energy term (eq. (23)) between the two methane molecules was

used. The force constants used were 3000 (from 0.35 to 0.65 nm), 2300 (from 0.69 to
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0.73 nm), 1500 (from 0.78 to 0.88 nm) and 900 (0.96 nm) kJ mol
'
nm 2. In the (UB,

CR) simulations, the restraining potential-energy term eq. (34) was used with force

constants Kr as mentioned before and force constants Kr 500 times larger. In the
x y*

(CB, IR) simulations the methane pair distance was constrained using the SHAKE

algorithm (relative tolerance of 10"'°). In the (CB, CR) simulations the methane

molecules were position-constrained84 along the jc-axis. In (NB) simulations the

methane-methane distance is continuous along the /^-coordinate and not discrctized

as in the other cases, thus the distances computed along the ^-coordinate have to be

put into bins. The precision of the results was estimated by selecting different bin

sizes for calculating the probability or density of states along the reaction-

coordinate. In (UB) simulations the methane-methane distance is piecewise

continuous along the /^-coordinate. Overlapping distributions or the weighted

histograms analysis method93 (WHAM) were used to obtain the (OA, UB) PMF

curves. The error bars for the (OA, CB) methods were estimated by averaging the

PMFs obtained by moving forth or back along the reaction coordinate (perturbation

formula). In the (FA) methods, the block averaging method94 was used to the

compute the errors in the forces and these were integrated to estimate the error in the

PMFs.

Results and discussion

Of the twelve methods presented, only ten were used. The two methods that

use an unbiased simulation to obtain the density of states or mean force along a fixed

axis in Cartesian space, (NB, OA, CR) and (NB, FA, CR), were not applied, because

they provide much poorer statistics than the corresponding methods that use internal

coordinates, (NB, OA, IR) and (NB, FA, IR). The PMFs for the ten methods are

presented in Figure 1. They are based for each method on 8.5 ns of simulation. As

ay t

reference PMF, we have used a PMF obtained earlier for this system, using

constraint-bias simulation along a fixed axis in Cartesian space and averaging the

projection of the force along R (CB, FA, CR), eqs. (40) and (52), sampling over 2 ns

for each of the 43 RL values (from 0.3 to 1.3 nm, the range for the methane-methane

separation) and cubic spline smoothening of the PMF (black solid line in Figure 1).

In order to compare the various PMF curves, we used /t'0=0.4nm and set FR(R\j

equal to the value of the reference PMF.
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Figure 1 Potential of mean force (PMF) of methane-methane association in water. The various

panels show the results of the different methods used, see labels within parentheses. The black full

line depicts a reference PMF, obtained via method (CB, FA, CR) with very long sampling and

smoothed using cubic spline fitting92 as a guide for the eye. The PMFs obtained were fitted to the

reference PMF such that at a distance of 0.4 nm both curves coincide. In (NB, OA, IR) and (NB,

FA, IR) different colors denote different bin sizes along the Ä-coordinate: orange 0.005 nm, red

0.01 nm, green 0.02 nm and blue 0.04 nm. For (UB, OA) and (UB, FA) methods, the PMF was

averaged on bins of 0.01 nm (red curves). The matching of the PMFs in (UB, OA) was done using

overlapping distributions (red) or weighted histograms93 (green). The red curve in (CB, FA, IR)

and (CB, FA, CB) was obtained by removing the biasing restraining force from the force calculated

in the simulations whereas the green curve was obtained by averaging the restraining force. For

(CB, OA) methods, the green and blue line corresponds to the PMF obtained for the forward and

reverse perturbation, respectively. For (CB, FA, IR), the green curve represents the results using

the constraint (SHAKE) force and the red curve those using the projection of the unconstrained

forces along the constraint. For (FA) methods, error bars were obtained by integrating the errors

of the average force (obtained using block averaging) along the reaction coordinate R. They are not

displayed if not enough points were available to perform the estimation.

40



A COMPARISON OF MmiODS TO COMPUTE A POTENTIAL OF MEW FORCF

Using an unbiased simulation (NB) the density of states (OA), eq. (21), or

force (FA), eq. (22), along the /^-coordinate is collected in bins that determine the

resolution of the PMF. The upper panels of Figure 1 display the results for four

different bin sizes. Overall, good qualitative results were achieved for an unbiased

simulation. The PMF is reasonably well reproduced, although poor sampling is

observed for short methane-methane distances (OA). For large distances the mean

force becomes small and noisy (FA).

In the case of umbrella sampling (UB), 17 umbrellas were used. The PMFs for

the density of states with internal coordinates (OA, IR) (second row, left panel in

Figure 1) and Cartesian coordinates (OA, CR) (third row, left panel in Figure 1) were

calculated using eqs. (30) and (35), respectively. The density of states (OA) was put

into bins (bin size of 0.01 nm) and averaged for each bin. The curves obtained for the

17 /?o-values were matched using overlapping distributions (using the reference PMF

for the matching) or weighted histograms93 (WHAM). Averaging the restraining

force (FA), eqs. (32) and (36), yields smoother results (second and third row, right

panels in Figure 1). For Cartesian coordinates, the obtained PMF shows more

variation along the reaction coordinate R than when using internal coordinates.

Removing the restraining force from the total force, eqs. (33) and (37), yields the

best result for umbrella sampling, which is understandable because the averaging

done by binning the forces is more accurate than averaging of the restraining force at

a given reference /?-valuc.

In the case of constraint-bias simulation (CB), 17 Rc-values were used at

which the perturbation formulae (OA), eqs. (49) and (50), were used. Substantial

variations between the PMF curves when performing the forward and reverse

perturbation were found (fourth and fifth row, left panels in Figure 1). Averaging of

the force (FA), eqs. (51), (52) and (53), yields also in this case better results (fourth

and fifth row, right panels in Figure 1). In the case of (CB, FA, IR), the use of eq.

(52) instead of eq. (51) yields essentially the same PMF (green curve in fourth row,

right panel in Figure 1).

Considering all twelve methods, we sec that force averaging (FA) is to be

preferred over counting the density of states (OA). When comparing unbiased (NB) to

umbrella- (UB) or constraint-biased (CB) simulations with force averaging (FA), we

see that biased techniques, (UB) or (CB) are the methods of choice. In contrast to

unbiased (NB) simulation, biased simulations allow one to focus and extend sampling
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around particular /î-values so as to reduce the overall error. Compared to constraint-

bias simulations, umbrella-sampling has the slight complication of requiring a choice

of form and strength of the restraining potential-energy term. For the simple reaction

coordinate considered here, the use of an internal constraint distance (IR) or a

constraint distance along an axis in Cartesian space (CR) makes practically no

difference. We note that calculating the density of states (OA) from a constrained

simulation (CB), e.g. using (49) or (50), is a form of the free-energy perturbation

formula,80 while averaging the force (FA) from a constrained simluation (CB), e.g.

using (51) to (53), is a form of thermodynamic integration.

Conclusions

Which of the twelve methods to obtain a potential of mean force (PMF) is the

method of choice in a particular case will depend on the type of system and degree of

freedom along which the PMF is to be obtained. Generally, force averaging will

yield better converged results than counting the density of states. If the free energy

along the reaction coordinate varies much more that several kT (where k is the

Boltzmann constant and T the temperature), unbiased simulation will not produce

sufficient statistics for ranges of /^-values for which the free energy is high. Both

umbrella and constraint biasing require the determinant of the Jacobian matrix, |J|,

to be computable. Constraint biasing also requires the determinant of Fixman's H-

matrix, |h|, to be computable. These requirements are easily met for simple PMF

degrees of freedom, such as the atom-atom distance considered here, but may become

more complex for other PMF degrees of freedom, e.g. a torsional angle. Compared to

umbrella biasing, constraint biasing has the advantage that form and strength of the

umbrella restraining function need not be chosen. Generally, the method of choice is

constraint-bias simulation using force averaging.
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Chapter three

Pathway dependence of the efficiency of

calculating free energy and entropy of

solute-solute association in water

Summary

In this study we investigate two alternative pathways to compute the free

energy and the entropy of small molecule association (A/%,„( and ASaswc) in water.

The first route (direct pathway) uses thermodynamic integration as function of the

distance R between the solutes. The mean force and the mean covariance of the force

with the energy in solution are calculated from molecular dynamics (MD) simulation

followed by integration of these quantities with respect to the reaction coordinate R.

The alternative approach examined (solvation pathway) would first remove the

solutes from the solution using thermodynamic integration as function of a solvation

coupling parameter X, change the solute-solute distance in vacuo and then solvate

back the solute pair at the new separation distance. The system studied was a pair of

CH4 molecules in water. We investigate the influence of the CH4-water interaction

strength on the obtained AFaSsoc and ASassoc values by changing van der Waal s and

Coulomb interaction and evaluated the accuracy and efficiency for the two pathways.

We find that the direct route seems more suitable for the calculation of free energies

of hydrophobic solutes while the solvation pathway performs better when calculating

entropy changes for solutes that have a stronger interaction with the solvent.
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Introduction

The association of hydrophobic solutes in aqueous solution is related to many

fundamental biochemical processes in nature and therefore has been amply

investigated in the past years. Calculation and interpretation of the free energy as a

function of the hydrophobic solute separation (AFaiS0C), also called the potential of

mean force (PMF), has shed light on phenomena such as complexation,

hydrophobicity and even protein folding.1"3 Not only the study of the PMF is of

importance but also the understanding of its energetic (AEass0l) and entropie (ASas,ol)

components as a function of solute-solute distance, especially of the solute-solvent

components,
4"7

where the solute (u) comprehends the hydrophobic molecules and

solvent (v) the remaining environment. Computationally, there are several ways to

obtain AFasSüi and ASassoc by cither unbiased or biased computer simulation.
"

In

either case, however, one straightforward, commonly used technique is to directly

calculate the force (-dE/dR) and energy (E) in solution and use the thermodynamic

integration relations

/BEy
A/^' = f ( — ) dR (1)

and
14

kTh[\ öR/r
N /K\dR/R

dR (2a)

/<rJ'.
r

dE..

dR \ UU,W j ft

fdE„

dR
dR + 'Mf-(E„\ (2b)
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to obtain the potential of mean force and the entropy for a given distance r-r{. The

first term in eq. 2b we call the solute-solvent entropy TASr^uv. In the relations

above, E is the total conflgurational energy of the system, R is the reaction

coordinate (solute separation), k is the Boltzmann constant and T the temperature.

I he uu, uv and vv indices denote that the energy and its derivative refer to solute-

solute, solute-solvent and solvent-solvent interactions, respectively. In general, the

relation for AF,mw (eq. 1) exhibits a good convergence, whereas the formula for

ASaii0l (eq. 2) converges more slowly, this is because the first relation is an integral

over the first moment of the energy derivative (average), while the second formula is

an integral over the second moment (covariance of the energy and its first R-

derivative). The entropy covariance relation (eq. 2a) becomes more useful when

separating the contribution into solute-solute, solute-solvent and solvent-solvent

parts (cq. 2b). First, the solvent-solvent entropie contribution is known to be equal to

the solvent-solvent conflgurational energy Evv/T for this type of process,91416 and the

calculation of this average exhibits a faster convergence than the covariance relation.

Second, a satisfactory convergence of the covariance involving only the solute-solute

and solute-solvent terms is obtained because these terms experience smaller

fluctuations than the covariance involving the total energy E. A second possibility to

obtain ASasuK is to use the relation14

ta C"i >/"
_ rp

"
assoc {D )

e.g. by obtaining AFa^„L at two different temperatures and using numerical

differentiation. Yet it remains to be seen whether this commonly used direct pathway

is indeed the most efficient.
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III

(separation)

vacuum

ÏÏ
(desolvation)

IV
(solvation)

solution

(separation)
r-,

Figure 1 Scheme of the proposed thermodynamic cycle. The first pathway (direct) of solute-

solute association is represented by I, where the grey particle is pulled away from the white

one in solution. The second pathway (solvation) is the sum of II, III and IV, where first the

solute pair is taken out of the solution at a distance rY, pulled apart in vacuo (which process

does not contribute to AAF„„ or AA6V«„, because the direct solute-solute interaction between

the white and grey particle is excluded from the calculation) and put back in solution at

separation distance r2. Since the free energy and entropy are both state functions, both

pathways should yield the same AAFassoc or AASaxsitc values.

Alternative pathways to compute AFaxxoc or ASIUS0C could be chosen and were

explored recently for AF„.,.MC.17 One possibility would be to take the solute pair at a

distance n out of the solution, change the distance in vacuo to r2 and then

reintroduce the solute pair into solution at the new distance r2. This pathway yields

the same AF^.'2 and ASr^ values as the direct route because together with the

latter pathway it closes a thermodynamic cycle and therefore the total free energy AF

and entropy AS over the cycle should be zero (both arc state lunctions). Figure 1

shows a scheme of the two proposed pathways: I being the direct one and 1I+III+IV

being the alternative (solvation) pathway. Along the latter, the free energy change in

step III can be computed easily through eq. 1, while the entropy change (eq. 2) in

vacuo is zero for a pair of atoms. The free energies and entropies of solvation for
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steps II and IV at a fixed distance r, can also be calculated using thermodynamic

integration,

^<ilM (4)

and

TASr' ±M\M$i, dX,
(5a)

krJo

dE„,

dX
\ im,uv f

'dE„

i,,X

uu.uv

l\ dX
t r,,A

dX + \^vv),A-, \Ew)r A=0

(5b)

where X denotes a coupling parameter the regulates the strength of the interaction of

the solute pair with the solvent, being equal to 1 when solute and solvent are fully

interacting and equal to 0 when solute and solvent do not interact. An alternative way

to obtain the entropy rather than by using eq. 5 would be to use the relation

TAS^ = AEl,lv-AF^. (6)

with

A£^=<£>?. ,-(£>._„, (7a)

(e \ -(f ) +(E \ -(E ) (7b)
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In an effort to compare the accuracy and efficiency of the two pathways (I and

Il+III+IV), we performed molecular dynamics (MD) simulations for a system

comprised of two methane (CH4) molecules in water and calculated the PMF and

entropy associated to the process of pulling the solutes apart via the two, direct and

solvation, pathways. Without loss of generality, the solute-solute interaction was

excluded from legs I and III, hence the work corresponding to step III of the

solvation pathway is zero. This interaction was also excluded in the direct

calculation I, but it can easily be computed and added to the PMF. Excluding the

direct solute-solute interaction from legs I and III of the two pathways implies that

the PMF can be considered as the PMF of solute-solute association in water relative

to the one in vacuo (a AAFa^0c)- We will therefore call this the relative PMF of

association, in contrast to the absolute one in which the direct (gas phase) solute-

solute interaction is included. Three solute pair separations were chosen for the

solvation pathway, which are the minima (at 0.4 and 0.7 nm) and the maximum (at

0.56 nm) of a CII4-CII4 absolute solution PMF.18 We assess the accuracy of results

by computing the maximum errors inherent to each of the two pathways in relation to

the total computational effort to obtain the quantities. In order to examine the

relation between the results and the intensity of the hydrophobicity, the CH4

interactions with the solvent were altered (diminished or enhanced) by modifying the

solute-solvent van der Waals C6 attraction parameter (halved or doubled) and by

changing the charge state of the CH4 solute pair (+ 0.5 e and -0.5 e).

Methods

The simulations were performed using the GROMOS05 software package.19

Force-field parameters for methane were taken from the 45A3 GROMOS united-atom

force field.20,21 The water model used was the SPC model.22 The system is composed
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of two methane molecules and 1000 water molecules in a cubic periodic box. This

system was equilibrated for 1 ns at constant temperature (298 K) and pressure (1

atm), held constant using the weak coupling technique23 with relaxation times of 0.1

and 0.5 ps respectively (isothermal compressibility K.t =4.575xl0"4 (k.l mol"' nm ) ).

The production MD simulations were done at constant temperature and volume (3.11

nm cubic box-edge length). MD equations of motion were integrated using 2 is time

steps. Long-range interactions were treated using a triple-range scheme with cut-off

radii of 0.8 nm (where the interactions were updated every time step) and 1.4 nm (for

which interactions were updated every fifth time step) and a reaction-field

permittivity of 61.24 Position constraints were used to keep the solutes at the desired

distance. In the direct pathway (Figure 1, I), the constraint forces and energies were

evaluated at every 0.5 ps. Simulations were 2 ns long at each of the 43 constrained

distances (0.3 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45 0.46

0.47 0.48 0.49 0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.6 0.62 0.65 0.67

0.69 0.7 0.71 0.73 0.78 0.83 0.88 0.96 1.05 1.14 1.3 nm), yielding a total of 86 ns of

simulation. In the solvation pathway (Figure 1, II+T1I+IV), along each of the

solvation legs II and IV 100 ps of equilibration were followed by 400 ps of data

collection for each X point (25 in total, 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0.55 0.6 0.625 0.65 0.675 0.7 0.725 0.75 0.775 0.8 0.85 0.9 0.95 1), yielding a total

of 12.5 ns of simulation. Along both, direct and solvation, pathways, the R or X

values for the calculation of E(R) and dE/dR or E(X) and BE/dX values were chosen

such as to obtain a smooth PMF curve, with a higher density of R- or A-values in

regions with higher curvature. After integration, the AFaiUH and ASa^,>c curves

obtained were shifted to zero at the CH4-CH4 distance of 1.3 nm and smoothed by

cubic-spline interpolation. The errors for the quantities calculated were estimated

using the block averaging technique.
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0.3 0.4 0.5 0.6 0.7 0.8

r [nm]

1.1

Figure 2 Relative potential of mean force (PMF) of the CH4 pair (solute-solute interaction

excluded) in solution obtained by the direct calculation (pathway I in Figure 1, cq. 1). From

top to bottom, the panels show the results for the standard CH4 van der Waals and Coulomb

interaction with water, with the attractive van der Waals C6 (CH4-OW) parameter halved, with

this parameter doubled, and with the CH4 pair charged (+0.5 e, -0.5 e). The dotted curves

represent the PMFs averaged over the first and second nanosecond of simulation per Ä-value

while the solid curve is averaged over 2 ns of simulation per Ä-value. The dot-dashed curves

show the vacuum CH4-CH4 interaction energy and the dashed one shows the absolute solution

PMF (solute-solute interaction included). The dashed vertical lines indicate the distances for

which the solvation (legs II and IV in Figure 1, cq. 4) of the position constrained CH4 pair were

calculated: (approximate) minima and maximum of the standard (absolute) PMF in solution.
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Results and discussion

Integration of the mean forces using eq. 1 gives us directly the relative PMFs,

which are depicted in Figure 2. There is almost no variation when using the first or

second (dotted lines), or both nanoseconds (solid lines) of simulation, showing that the

results must be indeed well converged. The relative AFassOL (solute-solute interaction

excluded) behaves as expected for two hydrophobic particles in a polar solvent. The

most favorable configuration would be achieved if the two CH4 solutes were on top of

each other (AAF^K =-13.1 kJ mol"1). The three upper panels show the effect of

changing the van der Waals interaction of the solute with water. Halving the C6 (CH4-

OW water) van der Waals parameter weakens the attraction and increases the repulsion

between the solutes and water. The PMF (solute-solute interaction excluded) response

to this modification (second panel of figure 2) shows much lower values at short

separation distances (AAF^( =-18.7 kJ mol ') and a slightly lower maximum. This is

expected since the system wants to promote solute association. The opposite behavior

is observed when decreasing the hydrophobicity by doubling the f6 (CH4-OW water)

van der Waals parameter (third panel of Figure 2). In this case, the solvent separated

minimum shifts to shorter distance (0.65 nm) and becomes deeper. Still, the solutes are

hydrophobic particles and extrapolation of the curve to r = 0 shows that solute

superposition would be the most favorable configuration ( AAF^ = -4.0 kJ mol" ).

The bottom panel shows the results when the hydrophobicity is annihilated completely

by adding opposite partial charges (+ 0.5 and -0.5 e) to the CH4 solute pair. It is now

extremely unfavorable for the solutes to be close together (AAF^* =78.5 kJ mol" )

since water would like to interact with each of them and therefore the relative PMF is

purely repulsive. When adding the vacuum CH4 solute-solute potential energy to the

solid curves in Figure 2 we recover the absolute solution PMF (dashed curves). The

two first minima at solute separations of 0.4 nm and 0.7 nm and the first maximum

where the solutes are 0.56 nm apart for the standard CH4 interaction (topmost panel)

were the distances chosen to perform the solvation pathway calculations (eqs. 4-7, legs

I and III in Figure I). Table 1 shows values of absolute and relative AFa^0t for these

distances obtained using the two different pathways. The results deviate from 0.05 to

0.7 kJ mol"1 between both pathways and are within the expected range.18 The largest

discrepancies arise when the solutes are hydrophobic when the energy differences are

small. Still, the differences arc within the statistical error. The statistical errors of both

pathways become larger for larger AAFaiSOc values, as seen in the charged CH4 case.
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For the direct pathway, these errors tend to increase with solute separation due to error

accumulation over the /?-intcgration. Still, they are quite small. The errors made in the

solvation pathway are about twice as big as the errors in the direct pathway, however,

they are not dependent on the distance R since the integral is always carried out from

X = 0 to X = i and the sampling per X value is the same for all cases. Keep in mind,

however, that the sampling along the direct pathway is much more extensive. For

instance, to achieve the point on the direct pathway where the solute-solute separation

distance is 0.7 nm, a total of 68 ns of simulation were used. The solvation pathway

comprised a total of 25 ns (12.5 ns) of sampling for any (additional) solute separation.

However, to obtain the whole PMF curve via this pathway, more solvation/desolvation

calculations at fixed solute separations would be required.

Table 1 Work (AFa„llc) of the process of separating the CH4-OH4 solute pair from a distance r,

to r2 obtained via the direct pathway (I) and via the solvation pathway (II+II1+1V) (see Figure

1). The values inside parentheses refer to the relative work AAFB„„e (excluding the direct

solute-solute interaction). A negative value means that energy is released from the system

whereas a positive one indicates that work has to be performed. Free energy values are in kJ

mol"1, distances in nm. Errors are estimated by block averaging.

standard van der Waals C6 (CH4-OW)

distance

ri r2

0.4 0.56

0.56 0.7

0.4 0.7

AFr[^
tissoi

direct(I)

pathway

3.4 ± 0.5

(2.7 ± 0.5)

-1.5 ± 0.8

(-1.8 ± 0.8)

2.0 ± 0 7

(0.9 ± 0.7)

( AAF\^2 )

solvation

(II+IV)

pathway

4.1 ± 1.6

(3.4 ± 1.6)

-17+ 1.6

(-2.0 ± 1 6)

2.4 ± 1.6

(1.4 + 1.6)

halved van der Waals C6 (CH4-OW)

distance AF^ (AAF^f2

r\

0.4

r2

0.4 0.56

0.56 0.7

0.7

direct (I)

pathway

6.1 ± 0.4

(5.4 ± 0.4)

0.0 ± 0.7

(-0.3 + 0.7)

6.1 ± 0.7

(5.0 ± 0.7)

)

solvation

(II+IV)

pathway

5.7 ± 1.8

(4.9 ± 1.8)

0.3 ± 1.9

(0.0 ± 1.9)

5.9 ± 1.7

(4.9 + 1.7)

doubled van der Waals Cfi (CH4-OW) charged CH4 (+0.5 e, -0.5 e)

distance

0.4 0.56

0.56 0.7

0.4 0.7

AF'1^"2 (AAFri^2)
asuH v /wot '

direct (I)

pathway

-2.3 + 0.6

(-3.1 + 0.6)

-0.9 ± 1.1

(-1.2 ± 1.1)

-3.2 ± 0.9

(-4.3 ± 0.9)

solvation

(II+IV)

pathway

-2.4 ± 1.1

-3.1 ± 1.1)

-1.0 + 1.2

-1.3 ± 1.2)

-3.4 ±"l.l

-4.4 ± 1.1)

distance

0.4 0.56

0 56 0.7

0.4 0.7

A/"1""4
iiwa

direct (I)

pathway

3.3 ±0.6

(-21.2 ±0.6)

-0.9 ± 1.2

(-12.4 ± 1.2)

2.4 ± 1.0

(-33.6 + 1 0)

( AAFr' ~"2
)

solvation

(II+IV)

pathway

3.0 + 2 1

(-21.5 + 2.1)

-08±2.1

(-12.2 ± 2.0)

2.3 + 2 1

(-33.7 ±2.1)
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rfrnn]

Figure 3 lhe entropy of the CII4 pair (solute-solute interaction excluded) in solution obtained

by the direct calculation (pathway I in Figure 1). The dashed curves represent the association

entropy TASaSil/t. (eq. 2), the full line curves the solute-solvent contribution TASaii0l^, and the

dot-dash curves the association entropy TAS„SSIIC obtained from eq. 3. From top to bottom, the

panels show the results for the standard CH4 van der Waals and Coulomb interaction with

water, with the attractive van der Waals C6 (CH4-OW) parameter halved, with this parameter

doubled, and with the CH4 pair charged (+0.5 e, -0.5 e). The dotted curves represent the

solute-solvent entropy averaged over the first and second nanosecond of simulation per Ä-value

while the solid curve is averaged over 2 ns of simulation per Ä-valuc. The dashed vertical lines

indicate the distances at which the solvation/desolvation (legs II and IV in Figure 1, eq. 5) of

the position constrained CH4 pair was performed.
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Table 2 The relative entropy times the temperature (TAASa,utc) of the process of separating a

CH4-CH4 solute pair from a distance r^ to r2 obtained via the direct pathway (I) and via the

solvation pathway (II+III+IV) (see Figure 1). The values inside parentheses refer to the solute-

solvent contributions only. For the direct pathway, the upper pair of values is obtained via cq.

2 and the lower value via cq. 3. For the solvation pathway, the upper pair of values is obtained

via eq. 5 and the lower pair via eq. 6. TAAStiS0C values are in kJ mol"1, distances in nm. Errors

are estimated by block averaging.

standard van der Waals C6 (CH4~OW)

distance TAAS^ ( TAAS^2llv )

0.4 0.56

0.56 0.7

0.4 0.7

direct pathway

(D

-1.2 ± 7.4

(-2.6 ± 0.6)

-4.8 + 4.1

-0.2 + 5.3

(0.6 + 1.1)

0.3 ± 7.5

-1.3 + 6.2

(-2.1 ± 0.9)

-4.5 ± 6.6

solvation pathway

(II+IV)

0.4 ± 8.2

(-2.0 ± 3.7)

-1.3 + 7.5

(-3.7 ± 1.6)

-2.0 + 6.4

(-1.2 + 3.9)

0.2 ± 5.4

(1.0 + 1.6)

1.6 ± 7.2

(-3.2 ± 3.6)

-1.1 + 6.4

(-2.7 ± 1.6)

halved van der Waals C6 (CII4-OW)

distance

r2

0.4 0.56

0.56 0.7

0.4 0.7

TAASI:2 ( TMS£,\ )

direct pathway

(1)

-2.3 ± 6.4

(-3.8 ± 0.5)

-4.6 ± 3.5

0.7 ± 6.1

(1.5 ± 1.0)

0.9 ± 6.5

-1.6 ± 6.4

(-2.4 ± 0.9)

-3.7 ± 5.8

solvation pathway

(II+IV)

2.0 ± 7.8

(-3.8 ± 4.4)

2.0 ± 6.7

(-3.7 ± 1.8)

-0.5 ± 7.8

(0.6 + 4.9)

-0.2 ± 6.3

(0.9 ± 1.9)

1.5 ± 8.3

(-3.1 ± 5.4)

1.8 + 6.5

(-2.8 ± 1.7)

doubled van der Waals C(, (CH4-OW)

distance

charged CH4 (+0.5 *?,-0.5 e)

r2

0.4 0.56

0.56 0.7

0.4 0.7

TAAS;>:;2 iTAASl-l*)

direct pathway

(I)

-2.4 ± 6.3

(-1.4 ± 1.1)

-3.9 + 5.3

-0.7 + 5.0

(1.1 ± 1.9)

2.8 ± 9.2

-3.2 + 5.6

(-0.3 ± 1.6)

-1.7 ± 8.3

solvation pathway

(II+IV)

-3.5 ± 7."3"

(-1.8 + 3.8)

-3.1 ± 6.3

(-1.4 ± 1.1)

-1.1 + 5.7

(-0.1 ± 3.2)

-0.2 + 4.8

(0.8 ± 1.2)

-4.5 ± 6.7

(-1.8 ± 4.0)

-3.3 + 5.5

(-0.6 + 1.1)

distance

0.4 0.56

0.56 0.7

0.4 0.7

taas;;j;2 ( TAAsi::2m )

direct pathway

(I)

-2.2 ± 5.5

(-28.4 ± 2.7)

-2.0 ± 5.6

1.2 ± 6.6

(-9.5 ± 5.0)

0.3 ± 10.2

-1.1 + 6.4

(-37.9 ± 4.4)

-1.7 ± 8.9

solvation pathway

(II+IV)

-4.7 ± 7.4

(-31.7 + 5.6)

-0.3 + 5.2

(-27.4 ± 2.1)

-6.1 ± 6.5

(-13.0 ± 4.8)

-2.0 + 4.4

(-8.1 ± 2.0)

-10.8 ± 7.1

(-44.8 ± 5.4)

-2.3 + 5.1

(-36.3 ± 2.1)
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For the free energy of association AFassot. ,
the direct pathway (I) seems to

perform better. Now let us examine whether this conclusion also holds for the

entropy ASassoc- Figure 3 depicts the relative entropy of association ASasSoc obtained

via the direct pathway as a function of the CH4-CH4 separation obtained using eq. 2

(dashed lines) and eq. 3 (dot-dashed lines) together with the solute-solvent

contribution in eq. 2b (solid lines). The first three panels show the entropy change

for the hydrophobic particles and we see the behavior anticipated for this type of

system.7 The ASass0l curves are difficult to converge. The solute-solvent part of the

entropy shows much less noisy character and a clear shape. For hydrophobic solutes

in aqueous solution, generally the PMF minima are determined by the solute-solvent

entropy For the dipolar (charged) CH4-CII4 pair, the solute-solvent entropy and the

(relative) PMF behave similarly: both decrease with increasing solute separation. As

the ions separate, stronger ordering of water is induced due to the larger solute dipole

moment.

Comparing the TAASaxsoc\nv curves obtained from the first and the second

nanosecond of simulation, larger deviations than for the PMF's (Figure 2) arc

observed. The relative entropy differences (TAASaxx0c and TAASax.u>c.nv) obtained for

the two pathways are shown in fable 2. The difference between the values calculated

range from 0.1 to 7 kJ mol"1. The inclusion of solvent-solvent terms substantially

increases the errors. We note, however, that these terms do not contribute to the

à.FasiOC values, so do not determine the mechanism of association. Therefore, we

consider solute-solvent entropies ( TAA50.„0C,HV) only. As expected, the errors from the

subtraction method (eq. 6) are much smaller than from the covariance formula (eq. 5)

since both free energy AFxoiv (eq. 4) and energy AExoiv (eq. 7) converge faster than

the covariance. The averages from eq. 5 become apparently unsatisfactory for the

charged CH4 case, given that the other two TAASass0c values agree with each other to

within 1.6 kJ mol"1. When the solvation pathway is chosen to compute the entropy, it

should be used with eqs. 6 and 7 instead of eq. 5. The averages obtained from the

direct pathway compare well to those obtained from this solvation pathway. For the

direct route, the errors are more dependent on the strength of the CH4-water

interaction, increasing with increasing interaction: halved, standard, doubled and
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charged. For the halved and standard cases, the errors are still smaller than the ones

made along the solvation route. However, slightly in the double and clearly in the

charged CH4 case, the errors along the direct pathway become larger. This is due to

the fact that along the direct pathway there is only the covariance formula (eq. 2) to

obtain the entropy and for systems in which fluctuations tend to be large, eq. 2

slowly converges. The use of eq. 3 does not seem to yield more precise results.

Recently, the PMF of methane-methane association in water was studied using

the same alternative (direct and solvation) pathways used here. However, the

methodology to obtain the free energies was different and no entropies were

calculated. Umbrella sampling was used along the direct pathway and the particle-

insertion technique for the solvation pathway. Since the particle-insertion technique

only works for small solutes, the conclusion that for larger particles umbrella

sampling along the direct pathway converges faster than particle-insertion sampling

along the solvation pathway comes as no surprise.

Conclusions

In this study we assess two different pathways to compute free energies and

entropies of association of two CH4 solutes in water. In principle, the relative

efficiency of both pathways, the direct and the solvation ones, depends on the range

and number of distances for which these quantities are to be determined: for a larger

range and fewer number of distances (/c-values) the solvation pathway will become

more efficient than the direct one and vice-versa. In terms of accuracy, our results

show that the direct pathway (eq. 1; Figure 1, I) is more efficient to calculate free

energies AAF„<,<,0c than the solvation pathway (eq. 4; Figure 1, II+III+IV). Even

though the error in the direct pathway increases as we perform the integration over

the solute-solute distance R, for the free energies they are still smaller than the errors

made in the solvation pathway, even for large solute-solute separation distances. For

the solvation pathway, the AAFa{s0C error is in general independent of the strength of

the interaction between solute and solvent. When computing the solute-solvent

entropy of association AASa„(H.uv, the situation partially reverses and the solvation

pathway turns out to be more efficient when the solute-solvent interaction becomes

stronger. The precision of the covariance that has to be calculated to obtain the

entropy by the direct pathway (eq. 2) decreases with decreasing hydrophobicity. The
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entropy along the solvation pathway can be computed by subtracting (eq. 6) the free

energy AF\aiv from the energy AEsoiv, which makes the entropy ASxoiv converge faster,

leading to smaller errors. In terms of efficiency, the relative advantage of the two

methods depends on the quantity, AFasSo<. versus ASaxX0c, and on the number of

distances versus A-values used to compute these quantities. Along the direct

pathway, fewer simulations may be needed but longer sampling is required to

converge the averages. Along the solvation pathway, the inconvenience is that, when

the PMF or entropy curve is to be obtained for many distances, very many

simulations are needed (many for each fixed solute-solvent distance). In

compensation, less X values and shorter simulation periods arc usually required to

converge the averages. The solvation pathway offers an efficient alternative to the

commonly used direct pathway when one is interested in computing relative

entropies of association for small solutes that have a strong interaction with the

solvent.
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Chapter four

Computer simulation studies on the solvation

of aliphatic hydrocarbons in 6.9 m aqueous

urea solution

Summary

We report solvation free energies for six aliphatic hydrocarbons in 6.9 M urea-

water mixture obtained by molecular dynamics simulations. Hydrocarbon transfer

free energies from water to the urea solution are also presented. Our calculations

predict that, except for methane, aliphatic hydrocarbons are more soluble in 6.9 M

urea than in water, in satisfactory agreement (deviations smaller than 2 kJ mol"1)

with experimental transfer free energies reported in the literature. An analysis of

solute-solvent contributions to the solvation enthalpies and entropies indicates that

urea enhances the solvation of hydrocarbons compared to pure water due to a

favorable van der Waals interaction with the solute whereas the solute-solvent

entropy opposes the hydrocarbon transfer. Radial distribution functions between the

solute and the solvent are examined and together with an analysis based on

Kirkwood-Buff (KB) theory indicate a weak preferential urea-hydrocarbon binding.

The entropie penalty related with solute urea association is discussed in terms of the

molecular interactions in solution.
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Introduction

Urea is a well-known protein dénaturant and much used as such in protein

folding/unfolding studies. Yet, the precise mechanism by which urea denatures a

protein is not wholly comprehended and a number questions remains unanswered.

For example, it has been debated whether urea weakens hydrophobic interactions or

directly interacts with the protein amino acids by competing with intra-molecular

protein hydrogen bonding.1 Some authors support the second view,2"4 whereas others

argue that both mechanisms are equally relevant.5 6
In a number of studies mixtures

of urea and water have been analyzed, both in structural terms
"

as well as

regarding thermodynamic quantities.1920 Molecular dynamics (MD) simulations of

proteins21 22
or helical secondary structure elements of proteins"" solvated in such

mixtures have been carried out and analyzed with an eye to the effects of urea on

protein conformational stability and unfolding pathways. However in order to

understand the driving forces for urea induced unfolding, it would be of interest to

know the influence of urea on the solvation behavior of individual amino acid

fragments or more general on the non-polar moieties that are part of a protein. The

free energy of association of methane with methane2,24 and of urea with aromatic

hydrocarbons25 in urea-water mixtures have been investigated by Monte Carlo and

MD simulations with the aim of understanding the basic interactions responsible for

protein folding and denaturation. The effects that urea may have on the equilibrium

aqueous solvation thermodynamics of non-polar molecules is the subject of the

present study.

Strong temperature dependencies of enthalpy and entropy changes associated

with non-polar solute transfer from an organic phase to water (i.e. large heat capacity

changes of solute transfer) are characteristic for hydrophobic hydration. A second

characteristic is that the transfer process is determined by an unfavorable entropy

change at low temperature while being determined by an unfavorable enthalpy

change at high temperature.26 Unlike at high temperature where hydrogen bonds

between water molecules arc sacrificed at the expense of an unfavorable enthalpy

change, at low temperatures, the tendency of water to maintain its hydrogen bonded

structure prevails, a phenomenon that is expressed by the Frank and Evans model

that assumes water to create a low-entropy hydrogen-bonded "fence" surrounding

non-polar solutes. This view has led many researchers to examine the effects of urea
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(and other co-solvents) on the water structure in order to elicit the microscopic

origins of the effect of urea on solubilities of non-polar molecules.

Alternative views based on statistical mechanical treatments of solvation have

appeared in the literature28"33 and claim that any structural solvent reorganization

around the solute is irrelevant to solvation, and thus to hydrophobic hydration. The

argument used in these studies is based on the fact that any solvent reorganization

around the solute is exactly energy-entropy compensating, therefore not contributing

to the solvation free energy.34,35 Recently, Graziano examined thermodynamic data

of non-polar solute transfer from water to 7 M aqueous urea.
'

"

He concluded that

hydrocarbons larger than ethane are more soluble in the urea solution than in water

due to a more favorable solute van der Waals interaction energy than the opposing

difference in the work of cavity formation. The work of cavity formation is the only

relevant entropie contribution to the solvation free energy and was analyzed based on

Scaled Particle Theory (SPT). Experimental transfer enthalpies and entropies,36

which contain compensating solvent reorganization contributions, are however both

positive. This fact may lead one to falsely conclude that the process is driven by a

favorable entropy change while being opposed by unfavorable changes of the

enthalpy.

The analytical work of reference31 has served as a motivation of our computer

simulation investigations. Because we use computer simulation techniques based on

atomistic force fields, our purpose has been two-fold. First, we seek to validate a

recently parameterized urea-water force field20 by reproducing experimental data of

solvation in aqueous urea. Secondly, we intend to contribute to the atomic level

picture of solvating non-polar solutes in this system. We report solvation free

energies of methane, ethane, propane, «-butane, iso-butanc, and neo-pentanc in 6.9 M

urea obtained by test particle insertion (methane) and thermodynamic coupling

parameter integration techniques to compute free energies. The calculated solvation

free energies agree satisfactorily with experimental data and reveal a strong

dependence on the aliphatic hydrocarbon size in accordance with experimental and

theoretical results.24,31"33,36 In addition to the solvation free energies, we have

analyzed the solute-solvent contributions to the solvation enthalpies and entropies,

which can be interpreted analogously to the solute-solvent interaction energy and

cavity formation work reported by Graziano.3132 These contributions will be shown

to confirm the solute-solvent energy driven salting-in (enhancement of solvation)
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together with the entropy driven opposition to cavity formation, theoretically

predicted using scaled particle theory (SPT). The relative behavior of these quantities

when varying the solute size is analyzed and determines the results of the transfer

process. A Kirkwood-Buff analysis37,38 of solute-solvent radial distribution functions

is presented to investigate preferential interactions between urea and the non-polar

solute. To examine solvation of the solute excluded volume, cavity-solvent radial

distribution functions have been calculated from MD simulations performed in the

absence of attractive van der Waals forces between the solute and solvent.

Differences and similarities between structural aspects of cavity solvation and the

solvation of the respective solutes have recently shown to provide useful information

on the extent to which the solute-solvent entropy may influence co-solvent-solute

binding.3940

In section 2, the theoretical methods and computational details will be

described. Our simulation results are presented in section 3 and summarized in

section 4.

Methods

All the simulations were performed using the GROMOS96 software package.41

The 6.9 M urea-water mixture is comprised of 153 urea and 847 water molecules in a

cubic box with periodic boundary conditions. The force-field parameters for this

solvent mixture were taken from a urea model20 that is compatible with the simple-

point-charge (SPC) model for water.42 The solutes were modeled based on the

GROMOS96 aliphatic hydrocarbons parameterization4^ with the exception of

methane whose parameters have been described elsewhere.39 The bond lengths were

kept constant using the SHAKE algorithm44 with a relative geometrical tolerance of

10~4. The simulations were carried out at constant pressure and temperature

conditions using weak coupling45 to a thermostat with a temperature of 298 K and to

a manoslat with a pressure of 1 atm. The weak coupling relaxation times for the

thermostat and manostat were 0.1 ps and 0.5 ps,45 respectively. A triple-range cut-off

scheme for evaluating non-bonded interactions was applied with radii of 0.8/1.4 nm,

beyond 1.4 nm a reaction-field force was applied to account for the truncation of the

explicit electrostatic forces. The relative dielectric permittivity of the reaction field

was set to 54.46 Inside the smaller radius the non-bonded interactions were evaluated
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every time step (chosen at 2 fs) whereas between the radii they were updated only

every fifth time step. All systems were equilibrated for at least 500 ps before

calculating the various properties. The conditions described above are the same for

all simulations, unless stated otherwise. Radial distribution functions gS/ (r) for pairs

of species S (solute) and / (solvent) were obtained from 2000 ps of simulation. The

radial distribution functions were used to evaluate the Kirkwood-Buff (KB)

integrals37,38

G„ = 4k f '<l
r

•V Jo

The upper integration limit Rc represents the radius of a correlation volume in which

the solution structure differs from that in the bulk and thus gs differs from unity.

Denoting the number density of species (solvent) / by p ,
the quantity p}GSj is the

excess coordination number of speciesy around the solute S and equals the difference

in the number of solvent species./ in the correlation volume after and before placing

the solute S in the centre. In the absence of preferential solvation, the solute will

expel solvent molecules from the correlation volume and pGs is negative for all

solvent species j. Urea (u) binds preferentially over water (w) to the solute if

v = i\XGsu-°sw) is positive.

'The solvation free energy, solute-solvent energy/entropy, as well as the solute-

solvent radial distribution functions for methane were calculated using test particle

insertion (TPI).39 A total of 125000 methane insertions were attempted at randomly

chosen positions in each of the 1000 configurations extracted from the 1000 ps

system trajectory at I ps intervals. For the larger hydrocarbons we have used the

thermodynamic integration (TI) procedure47,48. The TI formula for the solvation

Gibbs energy, AGS, is given by

cJdU (X)\ (2)

AG, = f (—2^) dX.

Jo\ dx L
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where X is the coupling parameter, £/hv(a) denotes the potential energy function

describing the total solute-solvent interaction and (•--) denotes an average over an

isothermal-isobaric ensemble with Hamiltonian HyXj. It is assumed that only the

solute-solvent interaction Uin in the Hamiltonian H depends on X. The parameter X

regulates the strength of U such that X=\ denotes the full interaction whereas X=0

means none. Soft-core solute-solvent interactions were used to avoid singularities of

the free energy and entropy derivatives when annihilating (X-ïQ) interaction sites.

The ''softness" of the interaction was set by choosing the soft-core parameter

oc/j=0.5. The simulation times for each value of X, varied from 250 ps to 1250 ps

depending on the degree of convergence obtained. In Figure 1 the behavior of the

free energy derivative as a function of X is illustrated for propane in 6.9 M urea

together with the respective errors obtained from block averaging.

SOr

-J.—..1 i„

0.7 0.8 0.9 1

Figure 1 Free energy derivative of solvating propane in 6.9 M urea-water. The error bars were

obtained from block averaging. Simulation times per A-point ranged between 250 ps to 1250 ps.

In addition to the free enthalpy of solvation AGS we have calculated the

solute-solvent energy AUuv, which reflects the energy change due to establishing

interactions between the solute and the surrounding solvent molecules, and the

solute-solvent entropy ASm, which expresses a reduction of the conflgurational
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freedom of the solvent by having a solute present at some fixed position. This is an

excluded volume effect in case of non-polar solutes. The solute-solvent energy and

entropy TI formulae are:40,51

AU =hj (X=l)\ 0)

and

r^=^M^\-^kv^\ dX

(4)

In equation (4), k denotes Boltzmann's constant and T is the temperature. The

solvation enthalpy and entropy contain, in addition to the solute-solvent

contributions (3) and (4), a solvent reorganization term that quantifies the change of

the solvent-solvent energy due to the formation of a molecular-sized cavity in the

solvent. However, this contribution adds to the solvation enthalpy and entropy in

such a way that it exactly compensates in the solvation free energy,
' which

therefore reads

AG. = AU -TAS
.

(5)
S uv uv

Although the change of the solvent potential energy due to solute insertion has no

direct effect on AG^,, the nature of solvent-solvent interactions in the liquid are of

prime importance in rationalizing AGS. The solvent potential energy affects AUur

and TASin only indirectly because it enters equations (3) and (4) only through the

NPT ensemble averages. Solvent-solvent interactions determine the solvent density

and in denser solvents, AUuv and ASm. may take larger negative values. Moreover,

the solvent-solvent interactions determine the capacity or "flexibility" of the solvent

to open up molecular-sized cavities of the proper size and shape to accommodate the

solute. This molecular-scale flexibility has shown to be a determinant factor

affecting the probability of finding a suitable cavity52,53 and may determine the

magnitude and sign of the solute-solvent entropy change in solute transfer processes

between liquid solvent phases.'
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Results and discussion

Thermodynamic analysis

The thermodynamic solvation quantities of the aliphatic solutes and the

respective effective hydrocarbon solute diameter30 are shown in Table 1. The first

block contains the simulated (computed through eq. (2)) and experimental (obtained

by combining the values of transfer to neat water30 and from water to aqueous urea" ')

solvation free energies in 6.9 M urea-water mixture. In the second block are

displayed the simulated39,4' and experimental30 solvation free energies for neat water.

The third block shows the measured36 and calculated transfer free energies of the

aliphatic hydrocarbons from water to 6.9 M aqueous urea. In addition, solute-solvent

energy (computed using eq. (3)) and entropy components (computed using eqs. (2)

and (5)) arc included. Calculating the entropy components through cq. (4) yields only

small differences compared to using eqs. (2) and (5). The entropy values differ on

average by 0.5 kJ mol"1, with the largest difference being 1.5 kJ mol"1 for /-butane.

The simulated AGS values in 6.9 M urea arc slightly too low (the solubilities

are overestimated). The discrepancy between the calculated results and the

experimental values amounts to 0.3 k.f mol"1 for methane and about 1-2 kJ mol for

the larger hydrocarbons. The statistical error in the TI calculations is approximately

1 kJ mol \ whereas for methane, whose solvation quantities were calculated with

TPI, the error is one order of magnitude smaller. The dependence of the solvation

free energies on the solute size is presented in Figure 2. The experimental trends in

both water and 6.9 M urea are well reproduced and have a so-called K-shape

characteristic for hydrocarbon solvation in water and aqueous urea.31 The bottom

panel in Figure 2 shows the hydrocarbon transfer free energies. Since in pure water

the hydration free energies are well reproduced and the salting-in effects caused by

addition of urea are overestimated, the calculated transfer free energies

AAGS - AGS (6.9 M urea) - AGS (pure water) (6)

are too low. The simulated values (full line) are shifted down by about 1-2 kJ mol"

in comparison with the experimental transfer data (dashed line). As a result, our
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model predicts salting-in for hydrocarbons larger than methane instead for those

larger than ethane, which is observed experimentally.
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Figure 2 Solvation free energies of aliphatic hydrocarbons in 6.9 M urea-water mixture (upper

panel), in neat water (middle panel) presented versus the hydrocarbon diameter a. The

transfer free energies from water to 6.9 M urea-water are shown in the lower panel.

Simulation: solid lines. Kxperiment: dashed lines. See also Tabic 1.
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The solute-solvent energy AA(/bv and entropy changes TAASuv of solute

transfer are also shown in Table 1. For all solutes, the transfer process is favored by

the solute-solvent energy change while being opposed by the change of solute-

solvent entropy. We again note that the experimental solvation entropies and

enthalpies30 are both positive indicating an apparent entropy-driven salting-in by

urea. The solvation enthalpy and entropy, however, contain, in addition to the solute-

solvent contributions calculated here, the exactly compensating solvent-solvent

(solvent reorganization) terms. It is not possible to calculate the value of these terms

to a reasonable degree of accuracy, since they are ensemble averages over all solvent

degrees of freedom.54 I he entropie opposition to solvation, TAASin, will be negative,

if by addition of urea to water the flexibility of the medium with regard to

spontaneous opening up of suitable solute cavities decreases40. This quantity would

have had a positive sign, on the other hand, if due to weak urea-water interactions

the medium could create empty molecular-sized cavities more easily. I his molecular

scale flexibility largely depends on the strength of the interactions between solvent

components. When, for example, sodium chloride is added to water, strong ion-water

interactions hamper spontaneous opening of cavities close to hydrated ions, which

leads to an entropy-driven salting-out of non-polar solutes. Cavities in sodium

chloride/water are preferentially hydrated,39 because bulk water very efficiently

reorganizes close to small cavities, whereas ion hydration waters cannot. In aqueous

urea the solute-solvent entropy change favors the salting-out of non-polar solutes

too, were it not for the fact that this effect is ovcrcompensated by a favorable solute-

solvent energy of urea interaction with the solute leading to the observed salting-in

effect. In analogy to what happens in sodium chloride/water one may postulate that

urea is strongly hydrated, inhibiting the formation of solute-sized cavities close to

urea molecules. Yet, solute-urea interactions are energetically favorable causing

solute association with urea being entropically more expensive compared to a

situation in which the solute is preferentially hydrated, i.e. direct solute-urea

interactions compete with strong water-urea hydrogen bonding interactions.

Therefore, solute-urea association occurs at the expense of a strong excluded volume

(entropy) penalty. In the next section we confirm the picture established here by

analyzing the solvent structure close to the hydrocarbons and to repulsive

hydrocarbon cavities. Our simulation results yield a microscopic picture that
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.24.31,36

supports the conclusions previously drawn by other authors
' ' that the addition of

urea enhances the hydrophobic effect for small solutes (entropy dominates) but

weakens it for the larger ones (energy dominates).

Figure 3 Hydrocarbon/solvent radial distribution functions g(r) (urea: solid lines, water:

dashed lines). The atoms involved are the most central atoms of the hydrocarbons, the urea

carbon and the water oxygen. The vertical dotted lines indicate the integration limit used in

evaluating first shell coordination numbers, for urea (n„) and water (nw) given in Table 2.

Structural analysis

Figure 3 depicts the solute-solvent radial distribution functions g(r) for water

(dashed lines) and urea (solid lines) molecules around the aliphatic hydrocarbons.

The atoms chosen for computing the gfn's were the water oxygen, the urea carbon

and the most central hydrocarbon atom. All hydrocarbons show a very well defined

first-shell solvation peak for each of the two mixture components with the urea peak

being higher for ethane, propane, n-butane, and weo-pentanc. The water peaks are

narrow and sharp for methane, /-butane and «eo-pentane. This shows that water
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packs around those solutes in a well-defined shell. However, for the less spherical

aliphatic solutes (ethane, propane, and «-butane) the water distribution is less

narrow. This broadening, although less distinct, is also observed for the urea peaks

that are generally higher and wider than the water peaks for the hydrocarbons larger

than methane. To obtain a better picture of what is happening at the molecular level

we have integrated the distribution functions up to the first solvation shell inclusive

whose radius is depicted by the dotted vertical lines in Figure 3. The first shell

coordination numbers and their ratios are listed in the first three columns of Table 2.

Table 2 Hydrocarbon solute first shell coordination numbers «„ for urea and nw for water,

Kirkwood-Buff excess coordination numbers p„GSu and pwGs» and preferential binding

parameter v=pu(Gs„-GSw). The ratios nulnw are given for first shell coordination numbers

around a hydrocarbon "solute" and around a "random" point in the solution.

solute

solute solute

n«lnw

solute

njn„,

random

PuGsu

solute

PwGsw

solute

V

solute

methane 3.2 15.3 0.21 0.25 -0.17 0.00 -0.27

ethane 4.8 15.6 0 31 0.26 1.42 -5.96 2.45

propane 4.5 19.2 0 23 0.27 -0.40 0.07 -0.41

/-butane 5.8 20.8 0 28 0.28 -0.67 -6.04 1.76

«butane 5.9 20.3 0.29 0.26 »0.96 -6.43 2.12

weo-pentane 6.2 21.8 0.28 0.26 -0.02 -5.13 0.91

The urea/water ratio increases slightly with increasing solute size. Except for

methane and /-butane, the values are slightly larger compared to the situation in

which n,/nw is calculated using a random point in the liquid, rather than the solute

itself, to define the origin (fourth column). Therefore, a weakly preferential direct

urea-solute interaction occurs in these systems. To further examine preferential

solute-urea binding, we have calculated excess coordination numbers from the

evaluation of KB integrals (eq. 1). These results are presented in the fifth and sixth

column of Table 2 for urea and water, respectively. Preferential binding parameters

v- pu(GSu- GSw) are listed in the last column and are positive except for methane and

/-butane. Because the KB integrals converge slowly with increasing integration
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distance R, we have used the average value of Gs between 1.0-1.5 nm in order to

average out long-range noise. As an example, Figure 4 shows excess urea (solid

lines) and water (dashed lines) coordination numbers as a function of the integration

distance Rc (eq. (1)) for methane and neo-penta.ne. The horizontal lines indicate the

average coordination numbers in the range from 1.0 to 1.5 nm.
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Figure 4 Excess coordination number pjGSj of urea (j=u, solid lines) and water (j=w, dashed

lines) as a function of the distance R to methane (top panel) and «t'o-pentanc (bottom panel).

The values for pjGsj shown in Table 2 have been obtained using the average (thick dotted line)

over the range 1.0-1.5 nm.

Preferential urea interaction with neo-pentane occurs through direct (small R)

as well as indirect (large R) contributions while water is expelled at all distances R.

For the other solutes, urea excess coordination numbers oscillate around zero with

increasing R, and converge to a positive value at distances larger than 1.0 nm. For

water the excess coordination numbers are all negative and lower than the values for

urea. These results lead us to conclude that water is expelled by the solute whereas

urea tends to weakly bind the hydrocarbon.
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Figure 5 Hydrocarbon-cavity/solvent radial distribution functions g(r) (urea: solid lines, water:

dashed lines). The atoms involved are the most central atoms of the hydrocarbons, the urea

carbon and the water oxygen. The vertical dotted lines indicate the integration limit used in

evaluating first shell coordination numbers, for urea (n„) and water (/>„,) given in Table 3.

Because the direct solute-urea interaction results from a favorable van der

Waals energy change (AAi//v<0), it is of interest to investigate how repulsive

hydrocarbon cavities are solvated. The cavities can be obtained by switching off the

attractive CVterm in the van der Waals interactions in the simulations. Solvation of

solutes with only the excluded volume (Cl2-) part of the hydrocarbon-solvent

interaction involves breaking of solvent-solvent interactions without providing in

return an attractive solute-solvent interaction. The solvation structure of repulsive

hydrocarbon cavities provides information on local solvent environments for which

cavity formation is most likely to occur. The cavity-solvent radial distribution

functions obtained are shown in Figure 5. All cavities are preferentially hydrated. In

other words, cavities are created more easily in the vicinity of water molecules rather

than urea indicating that urea is strongly hydrated in comparison to the hydration of a

water molecule in bulk water. The cavity-solvent g(n's show a strong urea
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expulsion from the first as well as from the second solvation shell. Table 3 shows the

first shell cavity coordination numbers nu and nw.

Table 3 Hydrocarbon solute cavity first shell coordination numbers n„ for urea and n„ for

water, Kirkwood-Buff excess coordination numbers puGs„ and pwGSyr and preferential binding

parameter v=pB(6AH-G.v,l). See also caption of Table 2.

njn„, puGsu p»G,s«. V

random cavity cavity cavity

0.20 -0.88 0.23 -0.92

0.24 -1.46 0.39 -1.53

0.22 -1.67 0.40 -1.74

0.23 -1.95 0.46 -2.03

0.23 -1.55 0.29 -1.60

0.25 -1.11 0.05 -1.12

The ratio n,/nH ("cavity"') has decreased significantly over the situation in

which the attractive part of the van der Waals interaction was present ("solute")

(Table 2). We note that the values of n,/nw at random positions are different between

Table 2 and Table 3, because the radii of the first solvation shell of the solutes

(Figure 3) differ from those of the cavities (Figure 5). fhe excess water coordination

numbers obtained from the KB analysis have increased indicating that cavities are

preferentially hydrated. Hence, based on solute excluded volume arguments only,

aliphatic hydrocarbons are preferentially hydrated in 6.9 M urea, fhe attractive van

der Waals solute-solvent energy, however, drives association of urea with the

hydrocarbon solutes. I he latter process occurs at the expense of a negative entropy

change ( TAAS <0).

Conclusions

We have calculated solvation thermodynamic quantities of six aliphatic

hydrocarbons in 6.9 M aqueous urea using molecular dynamics simulation. Solvation

free energies were obtained and analyzed for non-polar molecules of increasing size:

methane, ethane, propane, /-butane, «-butane and /7<?o-pentane. The transfer free

cavity
cavity

methane 1.8

ethane 2.4

propane 2.5

/-butane 2.6

/t-butane 2.8

/i^o-pentane 3.7

««. njn,„

cavity cavity

17.2 0 10

24.4 0 09

30.8 0.08

33.1 0.08

34.3 0 08

32.6 0.11
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energies of the hydrocarbons from water to the mixture were also computed. Our

results compare well with the experimental data, the discrepancies being within kT.

The calculations also reproduce the F-shape observed in the free energy as a function

of increasing hydrocarbon size. A decomposition of the free energy into the pertinent

entropie and energetic contributions has shown that the solute-solvent entropy

opposes the transfer process whereas the solute-solvent energy favors it. For small

solutes (methane) the solute-solvent entropy change dominates and the transfer is

unfavorable. With increasing solute size, the attractive van der Waals solute-solvent

energy compensates for an unfavorable solute-solvent entropy change, which causes

the free energy to change sign and the transfer process to become favorable. Our

results support the previous work by Graziano,31 who achieved the same conclusions

by a different approach. A structural analysis of the molecular dynamics trajectories

provided additional information about the interaction between urea and the solutes.

Solute-solvent radial distribution functions were analyzed to see how the

composition of the solvation shells of the solutes changes with solute size and shape.

Less spherical solute shapes yield broader and less well-defined peaks, whereas the

more symmetrical solute shapes yield narrow and sharp peaks. The excess

coordination numbers of solvent components obtained by computing the Kirkwood-

Buff integrals show a weak preferential binding of urea to the non-polar solutes. In

addition, the solvation structure of repulsive hydrocarbon cavities was analyzed by

switching off the attractive van der Waals term in the hydrocarbon-solvent

interaction. In this case hydrocarbon-sized cavities occur more often in the vicinity

of water rather than of urea molecules. Based on this evidence and the fact that with

the full interaction a direct urea association with the solute is observed, we conclude

that solute co-solvent binding is promoted by an attractive van der Waals interaction

while being entropically opposed due to strong urea hydration.
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Analysis of jv^o-pentane-urea pair potentials

OF mean force in aqueous urea

Summary

Urea is often used as a dénaturant in protein folding/unfolding studies because it

alters the way hydrophobic solutes and water affect one another, fhe solvation

structure of neo-pentane and urea in 6.9 M urea aqueous solution are investigated by

analyzing the neo-pentane-urea potential of mean force (PMF) as function of the

neo-pentane-urea separation obtained from molecular dynamics simulations. The

PMF is decomposed into its enthalpic (//) and entropie (S) contributions, which are

further separated into solute (neo-pentane-urea pair) and solvent (urea, water)

contributions. Statistical-mechanical ly, enthalpic and entropie contributions arising

from solvent-solvent interactions do not contribute directly to the PMF because they

exactly cancel each other. By excluding the solvent-solvent parts, we see that the

first minimum in the PMF is due to a combination of contributions coming from the

neo-pentane-urea pair self-enthalpy and from the entropy related to the interaction of

the neo-pentane-urea pair solute with the remaining solvent molecules. The enthalpy

of a rteo-pentane-urea pair solute and the remaining urea and water molecules acts

against neo-pentane-urea association because this association prohibits the

remaining solvent to interact with the urea molecule belonging to the solute. In

addition, ranges of interest in the PMF are structurally and energetically

characterized in terms of hydrogen bonding, non-bonded energies and number of

neighboring molecules of a given type. This leads to a consistent thermodynamic and

structural picture of hydrophobic co-solvent interaction in aqueous urea.
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Introduction

Solvation of aliphatic molecules in aqueous urea solutions has been explored

over the years, both experimentally and theoretically,1"4 as an effort to better

understand the mechanism by which urea denatures proteins. One of the

interpretations given to the solvation process is based on the reorganization of

solvent configurations around the hydrophobic particle.1,3"7 In this view, at high

temperature urea-water hydrogen bonds are broken to allow the interaction with the

aliphatic hydrocarbon, whereas at low temperature urea disrupts the low-entropy

water cage that surrounds the solute. However, it has been shown that solvent

reorganization does not directly affect the solvation free energies because of exact

statistical-mechanical enthalpy-entropy cancellation.8"12 Thus, another explanation

for the hydrophobic solvation process has emerged based on the solute-solvent

components of the solvation enthalpy and entropy.12"16 Because of the mentioned

exact cancellation of solvent-solvent enthalpy and entropy, the solute-solvent

components drive the solvation process. The present work is a continuation of our

previous study16 where we examined the solvation of hydrophobic solutes in urea-

water mixtures using molecular dynamics (MD) simulations. In this study,
6
we have

given an interpretation of the solvation process based on the solute-solvent (uv)

solvation energies and entropies for a series of non-polar solutes. It was concluded

that the solute-solvent enthalpy drives the solvation in aqueous urea solution for

these molecules, while the solute-solvent entropy opposes it (for any solvation

process, this term is negative). For small hydrophobic solutes, the energy

contribution does not overcome the entropy cost to open up a cavity in the solvent to

accommodate the solute. As the hydrophobic solute increases in size, the favorable

solute-solvent enthalpy turns out to be larger in magnitude than the entropie cost and

the free energy of solvation in aqueous urea becomes negative. The phenomenon

responsible for this enthalpy gain is a direct hydrocarbon-urea interaction. In other

words, urea molecules rather than water preferably surround the hydrocarbon. To

corroborate our interpretation, we here investigate the hydrocarbon-urea solvation

structure by calculating potentials of mean force (PMFs) and their enthalpic and

entropie components separated into solute-solute (uu), solute-solvent (uv) and

solvent-solvent (vv) contributions. The solute chosen for our study is not a single

neo-pentane molecule, but a neo-pentane-urea pair, while the solvent comprehends
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the remaining urea molecules and water. /Veo-pentane was chosen as the aliphatic

hydrocarbon in the solute pair because it is the largest hydrocarbon molecule without

internal non-hydrogen torsional degrees of freedom (we use a united aliphatic

hydrogen atom force field). The number of hydrogen bonds, the non-bonded energies

and the solvent composition around the neo-pentane-urea pair were determined in

the regions of maxima and minima of the PMF in order to obtain a spatial picture of

the solvation process that matches the thermodynamic one. The effect of varying the

force-field parameters is also reported.

Theory

Since our analysis focuses on the neo-pentane-urea pairs, the formulae will be

described accordingly. Yet, the relations given are also valid for neo-pentane-water

pairs or pairs containing any other co-solvent. Simulations were performed at

constant pressure (p), but the p V contributions to the enthalpy (V is the volume of the

system) are very small and were neglected in the calculation. Values for the

quantities presented in this section are shown in Figure 1 and will be discussed in the

results section. The PMF was obtained by first computing the neo-pentane-urea

radial distribution function (RDF) g„eMKnhi,K_wt,{r) ant^ tnen using the relation

Giw{nT) = -ABT\n(g„eo^n,mc_UKll (r)), ( 1 )

where r is the distance between the central atom of neo-pentane and the carbon atom

of a urea molecule, kn is the Boltzmann constant and T is the temperature. The

entropy was calculated via a finite-difference approach." First the PMFs at higher

and lower temperatures were obtained and then the relation

S(rT)- GPMi{nT+AT)-Gmh(r;T-AT) (2)
V ' ;

2AT

was used. In this approach it is assumed that the heat capacity varies linearly with

the temperature over the selected range.17 The enthalpy // is calculated from

H(r;T) = Gvur(r;T) + TS(r;T). (3)
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It can be separated into solute-solute (uu), solute-solvent (uv) and solvent-solvent

(vv) contributions

M(r;T) = H,m(r;T)+Hjr;T) + Hvv(r;T). (4)

In eq. (4) the solute is a neo-pentane-urea pair and the solvent comprises the rest of

the system (urea and water molecules). The self-enthalpy //„„ term can be calculated

by evaluating the average neo-pentane-urea potential energy U(r) from gas phase

simulations where the solute pair distance is held fixed at a distance r. We note that

this uu term and not the uv of eq. 4 term correlates to the uv term of our previous

study,16 in which the solute was a neo-pentane molecule only. The Huu term could

also be calculated from the solution simulation. The uv term is calculated by taking

every neo-pentane-urea pair from the solution, computing its distance r and the

energy between the given neo-pentane-urea pair and all other urea and water solvent

molecules averaged over all the possible pairs and over the whole trajectory (the

internal pair energy uu is obviously excluded). The resolution of the PMF and its

contributions along the r-coordinate depends on the bin size chosen along r. Several

bins sizes were tried and, unfortunately, the results at short distances are dependent

on bin size due to the lack of sampling of short distances (where the curve is very

steep) in the unbiased simulations, fhe top panel of Figure 2 shows the variation of

the results for different bin sizes and the lower part displays the number of pairs

contributing at each distance for a bin size of 0.01 nm. The choice of bin size is a

compromise between sampling/averaging and resolution. We decided to use a bin

size of 0.05 nm leading to a maximum error of about 0.7 kj/mol. The solvent-solvent

(vv) part of the enthalpy is simply obtained by subtracting the uu an uv terms from

the total enthalpy. The entropy S can also be separated in solute-solute (uu), solute-

solvent (uv) and solvent-solvent (vv) contributions

S(r;T) = Slitl(r;T) + SMV(r,T) + Svv(r;T). (5)

Because the entropie Svv term does not explicitly depend on r, it is exactly equal to

the Hvv enthalpic contribution divided by the temperature T

Sw{r;T) = T-lHw{r;T), (6)

90



Analysis of wo-pfntane-urea pair potent iai s of mean force in aqueous urfa

and needs not be explicitly calculated. The solute self-entropy Suu can be computed

from gas phase simulations where the solute pair distance is held fixed by

constraining the positions of the central atoms and using the relation

M--èrh'mrwM^ +>.
<7)

Again, the Suu term could also be obtained from the solution simulation. The entropie

S„v term can be determined by a simple subtraction of Suu and Svv from S (eqs. 5-7).

From the obtained Suv and IIHV the PMF can be recovered8"11

£„„,,„(r,T) = Hm(a;T) + Hm (r;T)- TSm(r;T)- TS,iv(r;T) (8)

Methods

The neo-pentane/water/urea system studied was taken from the simulation at

X=\ (full interaction) from our previous work on aliphatic hydrocarbon solvation.

The molecular system consisted of 1 neo-pentane, 153 urea and 847 water molecules

(6.9 M urea solution). The MD simulations at constant temperature and pressure were

extended up to 10 or 50 ns using the GROMOS96 software package1819 with the

same simulation parameter settings. Two different combinations of force-field

parameters for the solvent molecules were used: GROMOS 53A6 urea with SPC

water21 and KBFF urea22 with SPC/E water.23 The first solvent parameter set is

labeled as 53A6 and the latter as KBFF. The neo-pentane molecule was modeled

using GROMOS 53A6.20 In addition to the simulations at 300 K, which were 10 ns

long, two other temperatures (270 K and 330 K) were also simulated in order to

calculate the entropy via finite-differences (see theory section). They were 10 ns

long for the simulations using the 53A6 solvent parameters and 50 ns for the KBFF

ones. To calculate the (gas-phase) neo-pentane-urea pair solute-solute energy and

entropy, stochastic dynamics simulations in vacuo were performed with the central

carbon atoms of urea and of neo-pentanc positionally constrained at 20 different

equally spaced intermolecular distances, from 0.42 nm to 0.99 nm, beyond which the

neo-pentane-urea energy and entropy become constant. Configurations were saved at

every 1 ps for analysis. A hydrogen bond is defined geometrically: the maximum

hydrogen-acceptor atom distance is 0.25 nm and the minimum donor atom-hydrogen-

acceptor atom angle is 135°.
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Figure 1 Thermodynamic quantities as function of ree«-pentane-urea distance r. The first panel shows

the Gibbs free energy (PMF) (obtained from eq. 1), its entropy (obtained from cq. 2) and enthalpy

(obtained from eq 3) components. The results for the KBFF force-field parameters (50 ns) arc plotted

in full lines, those for the 53A6 force-field parameters (10 ns) in dashed lines. The vertical dashed

lines define regions of maxima and minima of the PMF that are used to compute the structural and

energetic data shown in Figure 4. The second and the third panels depict the enthalpy and entropy

components, respectively, separated into solute-solute (uu), solute-solvent (wv) and solvent-solvent

(vv) contributions, where a ntfo-pentane-urea pair is defined as solute and the remaining urea and

water molecules as solvent. The bottom panel shows a comparison of the PMF as obtained from the

«fO-pentane-urea radial distribution function (eq. 1) with the one obtained by adding the solute-

solute (uu) and solute-solvent (uv) enthalpy and entropy contributions (cq. 8).
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Figure 2 Statistics when calculating the solute-solvent (wv) energies from MU simulations for a

solute consisting of a «eo-pentane-urea pair as function of their separation r. Upper panel:

variation of the solute-solvent enthalpy according to the bin size chosen along the r axis. Lower

panel: number of zieo-pentane-urea pairs per bin with a bin size of 0.01 nm, as obtained from 10 ns

of simulation (10000 configurations) of 1 weo-pentanc and 153 urea in 847 water molecules.

Results and discussion

Two different combinations of force field parameters (KBFF and 53A6) were

used to study the neo-pentane-urea interaction. The main difference observed

between the results lies in the time required to achieve convergence, fhe 53A6

model for urea is a flexible version24 of the OPLS urea model,25 which exhibited too

much urea aggregation.22 Even though the 53A6 version24 alleviates this effect, some

aggregation is still observed and this slows down the overall mixing and hence

longer simulations are needed to converge the averages. Nevertheless, the results

obtained by both combinations of force-field parameters yield qualitatively the same

picture (Figure 1, dashes lines) so we only present the KBFF ones.
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Figure 1 displays the thermodynamic data for the neo-pentane-urea interaction

as a function of their distance r. The top panel displays the Gvu\(r;T) obtained from

the logarithm of the radial distribution function (cq. 1), the total entropy -TS(r;T)

(eq. 2) and enthalpy H(r;T) (eq. 3). The PMF shows two minima, one around 0.5 nm

and another at 0.85 nm. Both first and second minimum in the PMF have a favorable

contribution from the total enthalpy, while the total entropy is only favorable at the

first minimum. Upon decreasing r, the entropy becomes favorable near the PMF

maximum at 0.7 nm, close to the first maximum in the enthalpy. This shows that the

shape of the PMF curve is largely dominated by the enthalpy H although we observe

strong total enthalpy-entropy compensation. The second panel shows the

decomposition of the enthalpy into its individual contributions. The Huu contribution

to the enthalpy favors the neo-pentane-urea interaction, especially at short distances,

in agreement with what one expects. Furthermore, this interaction, together with the

solvent-solvent part, is responsible for the first minimum in the total enthalpy. The

solvent-solvent part of the enthalpy (or solvent reorganization) is closely related with

hydrogen bonding and total non-bonded energies (see below). This term is fully

responsible for the second minimum in the total enthalpy. So, while the first enthalpy

minimum appears by a combination of the direct neo-pentane-urea solute self-

enthalpy and the solvent-solvent contribution, the second minimum is entirely

formed by favorable solvent arrangement around the solute. The shape of Hvv shows

that even at short distances, where one urea molecule directly interacts with neo-

pentanc, the solvent molecules organize in an energetically favorable manner. The

maximum in the Hvv curve arises from a transition between these two different

solvent configurational arrangements. The solute-solvent enthalpy //,„, is strongly

repulsive, especially at short solute separation distances. The fact that the Huv term is

strongly opposing neo-pentane-urea association can be interpreted as the reaction of

the solvent to the "donation" of one urea molecule to interact with neo-pentane, since

the remaining of the solvent molecules would like to interact with this urea molecule

as well.

The third panel shows different contributions to the entropy. As said before,

the TSVV term is exactly equal to its energetic counter part Hvv (statistical-mechanical

enthalpy-entropy cancellation).8"12 fhe solute self-entropy TSUU dies out very quickly

as the neo-pentane-urea separation increases. It gives an unfavorable contribution to

neo-pentane-urea association at close separation due to the reduction of
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configurational freedom of these molecules, according to what one would expect.

The -TSltv part depicts a strong minimum at 0.5 nm and then practically dies out

beyond 0.7 nm. This contribution quantifies the reduction of the configuration space

accessible to the solvent caused by attractive solute-solvent interactions and by the

solute excluded volume.26 In going to smaller distances r, the decrease of -TSUV

indicates an increase in configurational freedom of the solvent. In large part this is

due to loss of solute-solvent interactions (increase of FIUV) at small r.

The bottom panel in Figure 1 offers a comparison of the PMF obtained via the

RDF with the one obtained by excluding the canceling solvent-solvent contributions,

or in other words, subtracting the solute-solute and solute-solvent entropy (TSUU and

TSIIV) from the corresponding enthalpy (Huu and IIuv) (eq. 8). The correspondence

between the two curves is perfect. The curves show that the solute self-enthalpy and

solute-solvent entropy are together responsible for the first minimum in the PMF.

The latter contribution governs the general shape of the PMF.

Figure 3 Snapshot taken from the simulation trajectory, which shows «w-pentane (center, not all

atoms arc shown) surrounded by urea and water molecules. The solvent colors indicate in which

region the molecules are: blue if they belong to the first minimum, red if they belong to the first

maximum or green if they belong to the second minimum of the PMF curve (see Figure 1).
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Figure 4 Number of hydrogen bonds, van der Waals (vdW) and Coulomb plus Reaction Field

(CRF) energies and total number of solvent molecules per molecule type (w: water; u: urea)

per shell (respectively, from top to bottom) defined by the vertical dashed lines in the PMF as

function of /t?«-pentane-urea distance r (top panel in Figure 1). The contributions are

normalized by molecule type (indicated by the first letter, w or u, in the legends) and shown in

different colors.
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After this first analysis, we decided to examine in more depth the minima and

maxima of the PMF curve in an attempt to correlate its shape with structural and

energetic quantities such as number of hydrogen bonds, non-bonded urea and water

energies and average number of neighboring molecules. The vertical dashed lines in

the top panel of Figure 1 separate the three chosen distance ranges. For each of these

three shells around neo-pentane the urea and water solvent molecules were selected

based on the distance of their centers of geometry to the neo-pentane central atom.

An example of a configuration formed around the hydrocarbon is given in Figure 3.

The first panel in Figure 4 shows the number hydrogen bonds, the second the van der

Waals (vdW) energies, the third the Coulomb plus reaction field (CRF) energies and

the last the number of molecules per molecule type in a particular shell. All

quantities are separated into contributions per molecule type (urea or water) and are

normalized with respect to urea or water other according to which letter (u or w) is

the first that appears on the legend in the panels. Hydrogen bonds between, and non-

bonded interactions with, molecules in different shells were not taken into account.

Hence, the data provide information on the solvent-solvent structure and solvent-

solvent energy within the shells themselves. When hydrogen bonds and non-bonded

interactions between the shells arc taking into account, much of the spatially

resolved information averages out. The number of hydrogen bonds as function of the

neo-pentane-urea distance first decreases and then slightly increases. This decrease

is mostly due to hydrogen bonds involving water molecules, either water-urea or

water-water hydrogen bonds. The CRF energies show a similar behavior, as one

could expect since hydrogen bonds constitute the strongest electrostatic interactions

in the system. The total energy of the system (sum of the vdW and CRF parts) is

amply dominated by electrostatics and thus variations of the vdW energies are

basically negligible. The average number of molecules per shell shows different

behavior between water and urea. While for water this number increases as the neo-

pentane-urea distance becomes larger, for urea it first somewhat decreases and then

increases. This suggests that water is expelled from the neo-pentane surroundings,

whereas urea is pushed towards the hydrocarbon. However, we see a larger number

of hydrogen bonds in the region close to neo-pentane, which at first glance might

look contradictory. Unlike solvent molecules in the second (or third) shell, which,

across both the inner and outer shell surfaces, share hydrogen bonds with solvent

molecules in the neighbouring shells, solvent molecules in the first shell can only
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share hydrogen bonds with solvent molecules located outside the outer surface.

Because shared hydrogen bonds are not counted in our analysis, solvent molecules in

the first shell would form just as many hydrogen bonds as solvent molecules in the

other shells in case part of their hydrogen bonds would be pointed in the direction of

the solute. The larger number of hydrogen bonds observed in the first shell (top panel

in Figure 4) however indicates that the solvent molecules reorganize to optimize

hydrogen bonding among them. This effect correlates with the observed decrease of

IIVV in Figure 1 (second panel). The results presented in Figure 4 mainly refer to the

dominant solvent-solvent interactions and thus correlate to the Hvv contributions

shown in Figure 1. For instance, the total number of hydrogen bonds curve

corresponds well to the Hvv and -TSVV curves: when the number of hydrogen bonds

increases, Evv and -TSVV decrease and vice-versa.

Conclusions

We presented a molecular dynamics simulation study of the neo-pentane-urea

interaction in 6.9 M urea solution. The neo-pentane-urea potential of mean force

(PMF) was calculated and decomposed into enthalpic and entropie parts that were

further separated into solute-solute, solute-solvent and solvent-solvent contributions,

where a neo-pentane-urea pair is defined as solute and the remaining urea and water

molecules as solvent. The total enthalpy H has its first minimum formed by

contributions from the neo-pentane-urea pair enthalpy (Huu) and the solvent-solvent

enthalpy (IIVV), the latter also being responsible for the solvent separated minimum.

On the other hand, the enthalpy of the solute pair with the environment (Huv) strongly

opposes the solute contact-pair formation because this process would withdraw one

hydrated urea molecule from the bulk solvent. Considering the entropies, the solute-

solvent contribution (TSUV) favors neo-pentane-urea contact pair formation by

increasing the configurational freedom of the solvent molecules when the molecules

of the solute pair are in close contact. When removing the canceling solvent-solvent

parts (HVy and TSVV) from the PMF, we see that the entropie contribution arising from

the neo-pentane-urea solute and the remaining urea and water solvent molecules

(TSuv) together with the neo-pentane-urea self-enthalpy (Huu) are responsible for the

shape of the neo-pentane-urea PMF. This might seem contradicting our previous

report16 where we examined the process of solvating one neo-pentane molecule
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(solute) in a solution of urea and water (solvent) and concluded that it is the neo-

pentane-urea energy that drives the solvation process while the corresponding

entropy opposes it. However, in the process studied here, the hydrocarbon is already

in the solution and we consider the solvation structure of one neo-pentane molecule

with one urea molecule that also belongs to the solute in our definition, thus making

this process a different one. Alternatively, we may interpret the process we study

here as solvating a neo-pentane-urea pair solute as function of its neo-pentane-urea

separation. Taking into account the difference between solvating a neo-pentane-urea

pair in contrast to solvating a single neo-pentane,
6

the results of both studies

complement each other. Analysis of hydrogen bonding, non-bonded energies and

average number of molecules in the vicinity of neo-pentane as function of the neo-

pentane-urea distance shows that solvent molecules in the first solvation shell of

neo-pentane organize to optimize their mutual hydrogen bonding. In this respect

hydrophobic solvation in 6.9 M aqueous urea is similar to that in water at the same

conditions (300 K, 1 atm). This structural and thermodynamic picture of neo-

pentane-urea association explains the properties of hydrophobic solvation in aqueous

urea solution.
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Chapter six

Interpreting NMR data for ^-peptides using

MOLECULAR DYNAMICS SIMULATIONS

Summary

NMR is one of the most used techniques to resolve structure of proteins and

peptides in solution. However, inconsistencies may occur due to the fact that a

polypeptide may adopt more than one conformation. Since the NOE distance bounds

and ./-values used in such structure determination represent a nonlinear average over

the total ensemble of conformers, imposition of NOH or V-value restraints to obtain

one unique conformation is not an appropriate procedure in such cases. Here we

show that unrestrained MD simulation of a solute in solution yields a conformational

ensemble that is largely compatible with the experimental NMR data on the solute.

Four 100 ns MD simulations of two forms of a nine residue /^-peptide in methanol at

two temperatures produced conformational ensembles that were used to interpret the

NMR data on this molecule and resolve inconsistencies between the experimental

NOEs. The protected and unprotected forms of the /^-peptide adopt predominantly a

72//0-helix in agreement with the qualitative interpretation of the NMR data.

However, a particular NOE was not compatible with this helix indicating the

presence of other conformations. The simulations showed that i/^-helical structures

were present in the ensemble of the unprotected form and that their presence

correlates with the fulfillment of the particular NOE. Additionally, all inter-hydrogen

distances were calculated to compare NOEs predicted by the simulations to the ones

observed experimentally. The MD conformational ensembles allowed for a detailed

and consistent interpretation of the experimental data and showed the small but

specific conformational differences between the protected and unprotected forms of

the peptide.
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Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy has established itself as a

potent method for structure determination of biological molecules in solution.
"

The

procedure for structure evaluation by NMR involves a number of steps. Different

NMR experiments produce NOESY or ROESY spectral intensities, which can be

converted into a set of spatial distance bounds for specific pairs of atoms. However,

the inter-atomic distances and their fluctuations arc not the only quantities that

determine NMR relaxation rates and thus NOESY or ROESY cross-peak intensities,

but there is also an additional contribution from intra-molecular motions to the

observed signal by their timescales and their orientational correlations. These

contributions have been investigated earlier,4"6 and are left out of consideration in the

present article, in which neither the effect of spin diffusion is investigated. After

acquiring as many as possible of such distance bounds, model structures are derived

and should not violate those distances bounds. This is standardly done by performing

a simulated annealing geometry optimization in the presence of the distance

restraints representing the experimental NMR Nuclear Overhauser Effect (NOE)

distance bounds, ideal bond distances and angles values.7 This procedure generally

works fine for proteins and peptides that adopt a single dominant conformation, but

if this is not the case, problems may arise. First, ambiguities may arise when

different conformations reproduce the experimental data likewise. A striking

example was observed when considering the CD spectra of different conformations

of ^-peptides.8 A similar example using NMR data has also been reported." In the

case of NMR, there are generally not enough independent NOE distance bounds

measurable to establish a complete structure uniquely.910 Often parts of the protein

remain structurally undetermined. These are left unspecified or determined using

only force-field data. In the latter case, such parts of a protein or peptide are

characterized by a large structural variety in the set or bundle of NMR model

structures reported in structure data banks. Second, different mutually excluding

NOE signals may arise from distinct structures that are comparably relevant to the

ensemble of structures in solution. These generate inconsistencies between NOEs

that cannot be resolved using a single structure, as pointed out before in several

studies.911"13 This problem occurs especially when dealing with small and flexible

peptides, which are characterized by a variety of internal motions and conformations.
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NOE intensities can be related to nonlinear inter-proton distance averages of the

molecule during the NMR experiment. When it happens that the ensemble of

structures in solution is dominated by more than one conformation, the commonly

used assumption that all NOEs originate exclusively from one structure is no longer

valid and the nonlinear distance averages contain contributions from different

conformers. In this case, irrespective of whether the multiple conformations do or do

not lead to structurally inconsistent NOE signals, Molecular Dynamics (MD)

simulations14 using a high-quality force field can contribute to a correct

interpretation of the experimental data by providing an atomic resolution picture

based on a statistical-mechanically correct ensemble of structures and may in

addition yield information about the dynamic processes involved. MD can therefore

be a complementary and reliable tool in structure refinement of bio-molecules. For

instance, it is nowadays feasible to simulate the reversible folding of small peptides

starting from an extended conformation and to generate an accurate

folding/unfolding equilibrium.68101113"26 With such information it is possible to

identify the relevant conformations and assess their weight in the ensemble of

structures in solution. In the present work we address an improved interpretation of

NMR experiments by the use of long-time MD simulations of bio-molecules in

solution based on a high-quality force field, which enables the resolution of seeming

inconsistencies in the experimental data. We show the predictive power of

unrestrained MD simulation using a thermodynamically calibrated force field to

interpret NMR data and to elucidate the relation between measured values of NMR

observables and the corresponding three-dimensional structures for a /?-nonapeptide

in solution.

/^-Peptides belong to a class of compounds sometimes alluded to as

foldamers,27,28 because of their ability to form stable secondary structure elements

even with as few as only four yS-amino acids.29 This exceptional characteristic makes

them very convenient for folding studies. ' '

"

They differ from a natural a-amino

acid by an extra carbon atom in the backbone. T his opens up the possibility to study

folding as a function of the type of side chain, the stereochemistry and the position

of the side chain at the backbone (a or /?). The molecules chosen for this study were

protected and unprotected forms of the /?-nonapeptide shown in Figure 1.
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Figure 1 Molecular formula of the /ï-nonapeptide studied. The terminal groups are omitted and

denoted by R and R'. Tn the protected case R=Boc ((CH3)-0-(C=0)-) and R' = Bn (-CH2-C6II6)

and in the unprotected case R=II2 and R'=H. The arrows indicate the hydrogen bond pattern

characteristic of the 12/10- and .^-helices. The /2//0-heIix (upper part) is characterized by 10-

(solid line) and 12- (dashed line) membered hydrogen-bonded rings whereas the 5/^-helix

(lower part) would show /4-membered hydrogen bonded rings (dotted line).

fhe /^-peptide chain is comprised of nine residues of alternating ß Iß

substituted amino acids and consists of three sequences of three amino acids, namely

valine, alanine and leucine. The protected form bears the Boc group at the N-

terminus and the Bn group at the C-tcrminus. fhe unprotected form has both termini

protonated, the most probable charge state in methanol. It was concluded based on

NMR and CD experiments that this peptide most likely adopts a /2/70-helical

conformation independent of its protection state.n The protecting groups seemed

only to make the /2/70-helix more stable. It was suggested that this is due to the Boc

ester carbonyl oxygen participating in an additional /2-membered hydrogen bonded

ring.32 However, three NOEs of the unprotected form were mentioned to be

incompatible with a /2/iO-helix and were not considered in the structure

determination.32 fhis indicates that the molecule may also adopt other relevant
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conformations than this helix. In order to investigate the conformational ensembles

of both forms of the /i-peptide nonamer in methanol, simulations at 298 K and 340 K

without any conformational NOE or 3J-value restraints were carried out (for further

details see the methods section). The ensembles of structures from the simulation

trajectories were analyzed in terms of conformational space sampled, structural

properties such as hydrogen bonding and in terms of the level of agreement with the

available NMR data (NOE intensities and V-coupling constants). The inconsistencies

mentioned above were considered and further investigated by analyzing inter-proton

distances after performing a conformational cluster analysis. In addition, all possible

inter-proton distances on the peptide were calculated to verify whether the structures

obtained would predict NOEs not observed experimentally. The uniqueness of the

NMR data for each form of the peptide was examined by cross comparisons of the

experimental and simulated data for both forms (the experimental data of the

protected form of the peptide was compared with the simulated data of the

unprotected form and vice versa), fhis analysis would indicate if the data available

would be able to distinguish between the protected and unprotected forms.

Methods

All MD trajectories were generated using the GROMOS96 software

package.33,34 The force field parameters for the protected and unprotected /i-peptides

were taken from the 45A3 GROMOS united atom force field.31-35'36 The non-standard

building blocks for the protecting groups Boc and Bn were constructed based on the

same set of parameters. The starting structure for the /?-peptide was a fully extended

conformation (in which all backbone dihedral angles are set to 180°) placed in the

center of a truncated octahedron box (minimum solute to (square) wall distance of

1.4 nm and periodic boundary conditions) filled with 3319 (protected form) or 2797

(unprotected form) methanol molecules (standard GROMOS96 methanol solvent

model).33,37 The MD simulation parameter settings were similar to those of other ß-
f M I 1 I "^ 0 "}

peptide simulations done previously in our group. Preceded by 1 ns ol

equilibration, two 100 ns long simulations at constant temperature (298 K and 340 K)

and pressure (latm), held constant using the weak coupling technique38 with

relaxation times of 0.1 and 0.5 ps respectively, were performed for each of the two

forms of the /J-peptide. The experimental data had been obtained at room temperature
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and the other higher temperature (340 K) was chosen to improve conformational

sampling. All bonds were kept rigid using the SHAKE39 method with a relative

geometric tolerance of 10~4 and the MD equations of motion were integrated using 2

fs time steps. Long-range interactions were treated using a triple-range scheme with

cutoff radii of 0.8 nm (where the interactions were updated every time step) and 1.4

nm (for which interactions were updated every fifth lime step) and a reaction-field

permittivity of 32 for methanol. Configurations were saved at every 2 ps for analysis.

Atom-positional root-mean-square difference (RMSD) between pairs of structures

was calculated after superposition of the backbone atoms of residues 2 to 8. The

structures used as helical references were built based on ideal values for the

backbone dihedral angles for the 12/10- and i/^-helices.40 A conformational cluster

analysis, as described in earlier studies,16 was performed on the separate and

combined trajectories of the protected and unprotected /J-peptides using structures at

20 ps intervals and a RMSD similarity criterion of 0.12 nm. fhe criterion for

defining a hydrogen bond was the standard one used with GROMOS, where the

maximum hydrogen-acceptor atom distance is 0.25 nm and the minimum donor atom-

hydrogen-acceptor atom angle is 135°. NOE distance bound violations were obtained

by comparing the nonlinear averaged proton-proton distances (direct r
6

averaging,

which is appropriate for small molecules)1241 from the simulation with the upper

bound distances derived from the experimental NOE intensities32 (strong intensity

0.30 nm, medium intensity 0.35 nm, weak intensity 0.45 nm). Pseudo-atom

corrections (0.09 nm for CH2, 0.10 nm for CH3, 0.22 nm for (CH^2 and (CÏ13)3) were

applied to the experimental upper bounds and the virtual atom creation technique
"

was used for the hydrogen atoms attached to carbon atoms, because a united-atom

force-field was used. 3J-coupling constants were calculated from the simulations via

the Karplus relation:42

ij(\m,\\ß) = acos2e + bcosB + c 0)

where a, b and c are equal to 6.4, -1.4 and 1.9 Hz,45 respectively. We note that these

values for the parameters have been calibrated to data for «-peptides and not ß-

peptides.
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1 20 40 60 80 100 1 20 40 60 80 100

time [ns]

Figure 2 Time series of the backbone atom (N, Cß, Ca, C)-positional root-mean-squarc

distance (RMSD) with respect to ideal 12/10- (black) and 3I4-(rcd) helices. Only residues 2-8

are included in the RMSD calculation. The results of the protected ^-peptide stand on the left

side and those of the unprotected on the right. The top panels refer to the 298 K simulations,

the bottom panels refer to the 340 K ones.

Results and discussion

Figure 2 shows the atom-positional RMSD for the backbone atoms with

respect to 12/10- (black lines) and 3]-i-(rcâ lines) helical model structures. Indeed,

eventually all simulations sample predominantly the /2//0-helix. Nonetheless, the

mode and frequency in which this happens are distinct. At 298 K the protected form

(upper left) samples the i/^-helix for approximately 40 ns before adopting the 12/10-

helix. At 340 K (bottom left), the protected molecule reaches the dominant native

12/10-helical structure ten times faster. The 5/v-helix is not sampled. When

comparing the simulations at different temperatures after the point (60 ns) at which

at 298 K the molecule folds into a i2/70-helical conformation, it can be seen that at

high temperature the folding/unfolding equilibrium with respect to the /2//0-helix is

shifted to the unfolded state and the folding/unfolding process is occurring more

frequently as one would have anticipated. The same is observed for the unprotected

molecule which folds almost directly into a /2//0-helix at low (upper right) and high
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(bottom right) temperatures. Ihe 3/,<-helix is not seen at all in the 298 K simulation

and is sampled twice at 340 K. The sampling of more diverse conformations at a

higher temperature is expected because the molecule has more energy to explore

other conformations. Ihe 72/iO-helical conformation seems to be slightly more

stable for the protected molecule than for the unprotected one (after it is formed for

the first time), which might be due to the formation of an additional hydrogen bond

to the carbonyl oxygen of the Boc group mentioned before. 1 he occurrence of

hydrogen bonds with a population of at least 5% is given in Table 1. 1 he first column

identifies the residues and respective hydrogen bond donor and acceptor atoms

involved, the subsequent columns show the hydrogen bond populations for the two

simulations at both temperatures and for the NMR derived model structures of both

forms at room temperature.

Table 1 Occurrence (in %) of backbone hydrogen bonds. The first column identifies the

hydrogen bond and the subsequent columns show the populations larger than 5%. The values

are grouped according to the si?e and type of the resulting hydrogen-bonded ring (last

column). The averages over the experimentally derived NMR model structures32 are also

calculated, the number of model structures being shown within parentheses.

protected molecule

H-Bond MD NMR (8)

298 K 340 K 298 K

unprotected molecule type ot

MD NMR (13) H-bond

298 K 340 K 298 K ring

2NH-30 32 30 100 43 25 8 10

4NH - 50 39 69 63 83 54 23 10

6NH - 70 43 62 88 75 55 69 10

8NH-90 23 22 25 53 43 - 10

3NH - BocO . _ 13 _ - - 12

5NH- 20 25 48 13 62 38 46

'

12

7NII- 40 43 69 25 85 48 54 12

9NH-60 36 46 38 53 41 39 12

1NH-30 19 7 - - 5 8 14

2NH - 40 19 - - - 5 - 14

3NH - 50 27 - - - 8 - 14

4NII- 60 33 - - - 5 - 14

5NH- 70 35 - - - - - 14

6NH-80 25 - - - - - 14

7NH-90 22 - - - - - 14
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The conclusions drawn from the RMSD analysis are consistent with the

hydrogen bond analysis. The J/</-helix is only well formed in the protected case at

low temperature while at high temperature there is just one hydrogen bond at low

population. Formation of /-/-membered hydrogen bonded rings is also observed in

the unprotected 340 K simulation at the N-terminal half of the molecule. 12- and 10-

membered hydrogen bonded rings are dominant in all cases, confirming once more

that the peptide prefers a /2//0-helix. The hydrogen bonds sampled are in agreement

with the expected hydrogen bond pattern32 shown in Figure 1 (upper panel). A direct

comparison of the hydrogen bonds and the 72//0-helix formed in the simulations of

the protected molecule with those of the unprotected one is not possible at 298 K,

because at this temperature the simulations do not sample the ensembles sufficiently

well to detect differences. However, at 340 K such a comparison between the two

forms of the molecule seems warranted. The y2//0-helix appears slightly more stable

for the protected peptide and the corresponding hydrogen bonds are on average more

populated. The hydrogen bonds present in the NMR derived model structures

indicate the same. Hydrogen bonds involving the Boc group are not present in the

simulations.

So far, the results from the RMSD and hydrogen bond analyses appear to

indicate that the preferred conformation of the peptide in methanol is a 12 /^-helix

as was proposed based on the experimental NMR data. However, it was seen in the

simulations that other conformations are populated too, which may contribute to the

NMR signals. Moreover, the experimental structure refinement of the unprotected

molecule did not make use of all available NOEs, because three of them were

mentioned to be inconsistent with the i2//0-helix indicated by the majority of the

NOEs. These three NOEs connect atoms that are rather far apart in the residue

sequence: residues / and i + j with y-3. Experimentally, those were the only three

observed NOEs for which y = 3 (there were none with />3). So all longest range

NOEs were omitted in the NMR structure refinement of the unprotected molecule.

Therefore, a reinterpretation of the NMR data seems warranted. Are the simulations

consistent with the NOEs, the primary experimental data? If yes, can they be used to

interpret the experimental data and to determine relevant conformations? To address

the first question the NOF, distances and ^./-coupling constants were calculated from

the trajectories and from the set of 8 (protected) and 13 (unprotected) NMR model
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structures.32 A test of the uniqueness of the NMR data for each molecule was also

performed by a cross comparison of the NOE distance bounds and ./-coupling

constants for one molecule with these quantities calculated from the trajectory or

NMR model structures for the other molecule and vice-versa, see Figures 3 and 4. In

both Figures, black color refers to structures of the protected molecule and red to

structures of the unprotected one.
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Figure 3 NOE distance bound violations (left hand panels) and 3/-coupling constants (right

hand panels). The experimental NMR data (74 NOE bounds and 4 3/-coupling constants) cornes

from the protected molecule.32 The topmost panels refer to the 298 K simulation, the

intermediate panels to the 340 K simulation and the bottom panels to the set of model

structures derived by structure refinement based on the NMR data.'12 The black color

represents structures the protected molecule while red stands for structures of the unprotected

form. In the NOE distance bound violation panels the dashed line divides the graphs such that

the NOEs to the left were measured for both the protected and the unprotected molecules (44

NOEs) and those to the right were only observed for the protected peptide. NOEs 45-51 involve

the HN of residue 1 and were not calculated for the unprotected form. In the 3/-coupling

constant panels the dashed line represents perfect correlation between measured and

calculated values. The circles are 3/-values that were measured for both peptides whereas the

squares were measured only for the protected form. The 3/-value for the first valine residue

was only calculated for the protected form.
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In Figure 3, where the experimental data comes from the protected molecule,

the V-coupling constants for the protected molecule (black symbols) compare well

with experiment. V-coupling constants for the unprotected peptide (red symbols), do

not differ much from those calculated for the protected form of the molecule. In

Figure 4, where the experimental data originates from the unprotected molecule, the

calculated 3,/-values do agree better with experiment than in the previous case.

Surprisingly, considering both the protected and unprotected forms of the molecules

with the corresponding experimental V-values, both MD simulations agree better

with experiment than the set ofNMR model structures derived from the data.
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Figure 4 NOE distance bound violations (left hand panels) and 3/-coupling constants (right

hand panels). The experimental NMR data (65 NOE bounds and 4 3/-coupling constants) comes

from the unprotected molecule.32 The topmost panels refer to the 298 K simulation, the

intermediate panels to the 340 K simulation and the bottom panels to the set of model

structures derived by structure refinement based on NMK data.32 The black color represents

structures of the protected molecule while red stands for structures of the unprotected form. In

the NOE distance bound violation panels the dashed line divides the graphs such that the NOEs

to the left were measured for both the protected and the unprotected molecules (44 NOEs) and

those to the right were only observed for the unprotected peptide. In the 3/-coupling constant

panels the dashed line represents perfect correlation between measured and calculated values.

The circles are 3/-valucs that were measured for both peptides whereas the squares were

measured only for the unprotected form. See also the caption of Figure 3.
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The panels on the left of Figures 3 and 4 show the NOE distance bound

violations, fhe MD trajectory of the protected molecule at 298 K satisfies most of

the 74 NOK distance bounds measured for this molecule (Figure 3, black bars in the

upper panel). Only four violations longer than 0.1 nm of NOE bounds are present:

\Hß-3HaRe (NOE number 5), 2HN-3HS (NOE number 54) and 3HN-\\\ß (NOE

number 57) and 5HN-2H^ (NOE number 63), where the residue sequence number

is given in front of the atom name. At 340 K only the first three violations are still

larger than 0.1 nm. The set of NMR model structures shows two violations larger

than 0.1 nm, the second and forth ones mentioned above, fhe patterns of NOFi

distances as observed for the two MD trajectories and the set of NMR model

structures are rather similar. Comparing these patterns for the unprotected (red bars)

and the protected (black bars) trajectory structures, the same observation holds. The

data for the protected molecule cannot really distinguish between the MD or NMR

structures of the protected molecule on one hand and of the unprotected molecule on

the other. When considering the NOE data for the unprotected molecule (Figure 4),

the same conclusion cannot be drawn. Most of the 65 NOE distance bounds are

satisfied by the MD trajectories and NMR model structures of both protected and

unprotected molecules, five NOEs show violations larger than 0.1 nm: \Hß-3Haue

(NOE number 5), 2IIN-5I1/? (NOK number 48), 4HN-5Ila^ (NOE number 51), 6HN-

3H/?(NOE number 54) and 7HN-4H/?^ (NOE number 56). Of these, a single long-

range NOE (number 48), 2IlN-5Hß, stands out. At 298 K it is violated by the MD

trajectory of the unprotected molecule, at 340 K it is violated by the MD trajectory of

the protected molecule, and it is violated by the NMR model structures of both

molecules. Interestingly, this is one of the three weak NOK signals measured only for

the unprotected molecule that were omitted in the NMR structure refinement (NOEs

48, 54, 56) because of their incompatibility with the 12'10-hclix.32 The violation of

this NOE bound is correlated with the absence of 314-helical structures or hydrogen

bonds in the MD trajectories (Figure 2 and fable 1). The rank order of the 4 MD

trajectories with respect to the absence of i/^-helical content is (i) unprotected at 298

K, (ii) protected at 340 K, (iii) unprotected at 340 K, and (iv) protected at 298 K. The

same rank order is observed with respect to the size of the violation of NOE bound

number 48 in Figure 4: (i) unprotected at 298 K shows the largest violation (red bar

in the upper panel), (ii) protected at 340 K shows the second largest violation (black

114



Interpreting NMR data for /J-PEPTiurs using molecular dï namics simulai ions

bar in the middle panel), (iii) unprotected at 340 K shows a minor violation, and (iv)

protected at 298 K show no violation. The violations of NOEs 54 and 56 are small

and not correlated with the absence of i/^-helical structures.

0.25 0.5 0.75 1 1.25

21^-511^ NOE distance [nml

1.5

Figure 5 Distance distributions for the proton pair 2HN-5HjS (NOE number 48 measured only

for the unprotected form) calculated from four 100 ns MD trajectories: black color refers to

the protected molecule and red to the unprotected form. Solid lines are designated to 298 K

simulations and dashed lines to 340 K. The red dotted vertical line represents the

experimentally determined NOE bound. The other vertical lines represent the v-')'
-1/6

averages of the respective distributions. Bottom panel: total distribution based on all

trajectory structures. Other panels: distributions for the four most populated conformational

clusters. Ihe percentage populations are indicated.
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To check the relation between NOE 48 and a Jy^-helical conformation further,

a conformational cluster analysis was performed and the distance 2HN-5H/?

determining this NOE was calculated for each cluster. This kind of conformational

analysis has been described elsewhere.16 The 2HN-5II/? distance distribution for all

the trajectory structures was computed and the results for the four most populated

conformational clusters (numbered from 1 to 4) are depicted in Figure 5. The vertical

lines represent the experimental NOE distance bound (dotted line) and the

corresponding (r b\ distances for the 298 K (solid lines) and 340 K (dashed lines)

simulations. The black color stands for the protected peptide and the red for the

unprotected one. Most of the clusters shown represent a complete or partial 12'10-

helix, where partial means that some hydrogen bonds that determine the full helix

(see Figure 1, upper panel) are missing. In all those cases, the 2HN-5H/? r"

averaged distance lies beyond the NOE distance so the NOE is violated. The only

two cases in which the cluster is either a full or partial J/^-helix are cluster 2 of the

protected molecule at 298 K (solid black line) and cluster 4 of the unprotected

molecule at 340 K (dashed red line) which fulfill the NOE bound. When adding up

all the contributions for all clusters (bottom panel), we see that the bumps around

0.35 nm due to the .^-helical structures make the total r~'' averaged distance

(nearly) satisfy the NOE for those two simulations. In all other cases where the 314-

helix is not or barely sampled and so docs not bring enough weight to the total

average, the NOE is violated. These results are a striking example of how the

presence of pertinent different conformations may complicate the interpretation of

NMR data and may invalidate standard single-structure refinement. Not only could

the unrestrained MD simulations largely reproduce the experimental data, but they

also provided conformational insights and explained seeming inconsistencies

between different NOEs.

Up to now, we have looked whether the available structures fulfill the

experimentally observed NOEs. fhis test is normally the only one used to assess how

good structures are. However, an additional check would be to measure all possible

hydrogen-hydrogen r* averaged distances and check whether we are or are not

predicting NOEs that are not seen experimentally. In other words, if two hydrogen

atoms among the structures show an r"6 averaged distance closer than, let us say 0.3
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nm, a corresponding NOE signal should appear, if not obscured by phenomena such

as peak overlap, spin diffusion or extinction due to rotational tumbling. Typically

one-fifth of the NOE cross-peaks cannot be unambiguously interpreted because of

overlap between different peaks or because of signal contamination by TOCSY

transfers or chemical exchange contributions. Therefore, the absence of predicted

NOEs from the list of observed NOEs is not always significant. 1 his means that the

following analysis should be read with these caveats in mind. Table 2 labels all

hydrogen atoms in the /^-peptide.

Table 2 All hydrogen atoms of the /{-peptides, identified by residue number, hydrogen name

and hydrogen sequence number as used in Figures 6 and 7. Methyl hydrogen atoms that are

treated as one pscudo atom are indicated by an asterisk.

residue

number

hydrogen

name

hydrogen

sequence

number

residue

number

hydrogen

name

hydrogen

sequence

number

residue

number

hydrogen

name

hydrogen

sequence

number

HN 1 4 HN 22 7 HN 43

HB 2 4 II Bl 23 7 HB 44

HAI 3 4 IIB2 24 7 IIA1 45

HA2 4 4 HA 25 7 HA2 46

HG 5 4 IIG 26 7 IIG 47

HD1* 6 4 IID1* 27 7 IID1* 48

HD2* 7 4 HI>2* 28 7 HD2A 49

2 HN 8 5 HN 29 8 HN 50

2 1IB1 9 5 H B 30 8 HB1 51

2 HB2 10 5 HAl 31 8 IIB2 52

2 HA 11 5 HA2 32 S HA 53

2 IIG* 12 5 HG* 33 8 HG* 54

"

3 HN 13 6 HN 34 9 HN 55

3 IIB 14 6 HB1 35 9 HB 56

3 HAI 15 6 HB2 36 9 HAI 57

3 HA2 16 6 HA ~37 9 HA2 58

3 HG1 17 6 HG1 38 9 HG1 59

3 HCr2 18 6 HG2 39 9 HG2 60

3 HD 19 6 HD 40 9 HD 61

3 HEI* 20 6 HEI* 41 9 HEI* 62

3 HE2* 21 6 HE2* 42 9 HE2* 63
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Figure 6 Inter-hydrogen r averaged distance maps for all hydrogen atoms (excluding

terminal groups) in the /7-peptides. The upper panels show the results for (eight) 12/10- and

(eight) 14- helical structures taken from cluster 1 and from cluster 2, respectively, of the MD

simulation at 298 K of the protected molecule. The middle panels show the results for NMR

model structures for the protected and unprotected molecules (8 and 13 structures

respectively). The bottom panels show the experimentally derived distance bounds of the NMR

experiment. The hydrogen sequence numbers on the axes are defined in Table 2. The color code

used is the following: red if the distance is below 0.3 nm (corresponds to a strong NOE), green

if it is between 0.3 and 0.35 nm (medium) or blue if it lies between 0.35 and 0.45 nm (weak).

The black squares are placed along the diagonal.
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An r-6 averaged distance calculation has been done for all possible pairs of

hydrogen atoms except hydrogen 1 (NH). In Figures 6 and 7 the results are shown

depending on the value obtained: red if the distance was smaller than 0.3 nm, green

if it is between 0.3 and 0.35 nm and blue if it is between 0.35 and 0.45 nm. These

figures allow one to distinguish the short-range contacts (close to the main diagonal)

and long range ones, which characterize the secondary structure. Figure 6 shows that

for both molecules the MD simulations and the NMR model structures predict many

more NOEs peaks than are actually observed. As mentioned, this may be due to a

variety of causes, which will not be discussed here. The two upper panels show the

maps for structures taken from clusters 1 and 2 for the MD simulation at 298 K that

represent 12/10- and 5;./-helices respectively. Only 8 structures from each cluster

were considered because this is the number of NMR model structures available for

the protected molecule. The close contacts look very similar, as expected. In cluster

2 the long-range ones lie further away from the main diagonal, because in the 3i4-

helix the rings in the structure are wider and thus bring hydrogen atoms farther along

the chain closer to each other than in the /2//0-helix. We also notice that NOE 48

(2HN-5H/?, pair 8-30) appears only in the i/^-helix being a weak intensity contact.

The distance maps for the NMR derived model structures are presented in the middle

panels. Both maps show the pattern of a /270-helix with great similarity to the

equivalent one discussed before. The two lower panels display the NOE distance

bounds for the protected and unprotected molecules. Comparing in detail all panels

to one another, the discrepancies between predictions of NOEs can be found. Here

we analyze only the protected molecule and short contacts (strong NOEs, red dots),

while excluding intra-rcsiduc hydrogen atom pairs. The 72 /0-helix from the MD

simulation (upper left panel) predicts no strong NOE that is not seen at all

experimentally or is not arising from hydrogen atoms of neighboring residues on the

backbone. The three red dots seen in the long-range portion of the graph, for

instance, are seen experimentally as medium intensity NOEs. fhe NMR model

structures (middle left panel), predict a few more strong NOEs, e.g. two that involve

hydrogen atoms in residues three and five. These contacts are also present in the map

of the 12/10-he\ix (cluster 1) taken from the simulation, but not as strong ones. In the

case of the unprotected molecule, the result is similar. While 13 structures taken

from the first cluster of the simulation at 298 K only predict a few strong long-range
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NOEs, the NMR derived model structures predict a strong NOE between residues one

and three. Figure 7 shows the distance maps calculated over the whole trajectories

for all the simulations. All of them exhibit the /2//0-helix pattern described before

except the simulation of the protected molecule at 298 K, which rather shows a

mixture of 12/10- and /-/-helix patterns, as could be expected. The predicted strong

contacts of the NMR model mentioned above are present in all panels with different

averaged distances.
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Figure 7 Inter-hydrogen r~ averaged distance maps for all hydrogen atoms (excluding

terminal groups) in the /^-peptides as obtained from the 100 ns MD simulations. The upper

panels show the results for the protect and unprotected forms of the peptide at 298 K while the

bottom panels show the corresponding results at 340. See also caption of Figure 6.

120



INTERPRETING NMR DVT A FOR /J-PFPTI DES USING MOLECULAR DYNAMICS SIMULATIONS

20 30 40

population [%]

Figure 8 Relative populations of the 7 most populated conformational clusters from the

combined 100 ns MD trajectories of the protected (black) and unprotected (white) molecules at

298 K (upper panel) and at 340 K (lower panel). On the right axis the type of helix is indicated:

the number is the type of hydrogen-bonded rings (with a population larger than 5 % present),

m stands for "mixed" and p for "partial".

The conformational clustering analysis in combination with a NOE distance

calculation for each cluster provides indications of which conformations of the

ensemble are relevant to the reproduction of the experimental data. In order to know

whether the many different structures sampled during the simulations are common to

both forms of the molecule, a combined clustering analysis (over the combined

trajectories) was done. Such an analysis indicates how much of the conformational

spaces sampled by each of the simulations for the protected and unprotected form

overlap. For each conformational cluster found, its type of helix was determined
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according to the appearance (> 5%) of a particular type of hydrogen bond, see Figure

8. The first (most populated) cluster is a pure /2/iO-helix that is adopted by both

molecules. In addition, /O-membered and to a lesser extend /2-membered hydrogen-

bonded rings appear in most of the other clusters. Few clusters of both molecules

with a relative low population contain /-/-membered hydrogen-bonded rings. The

pure 3j4-hc\\x is found as cluster 2 in the protected form and as cluster 6 in the

unprotected molecule. As expected, the overlap in the conflgurational space between

the two molecules is bigger for the higher temperatures.

Conclusions

Molecular Dynamics simulations of the folding/unfolding equilibrium of the

protected and unprotected forms of the jS-nonapeptide shown in Figure 1 were

presented with the aim of assessing how much such MD simulations can contribute to

a realistic interpretation of experimental NMR data. For each form of the molecule

two 100 ns long simulations at 298 and 340 K were performed and the structures

sampled were compared to primary experimental data such as proton-proton NOE

intensities and V-coupling constants and to the NMR model structures (secondary

data) that had been obtained by standard single-structure NMR refinement. The

primary experimental NMR data, NOE distance bounds and V-values were well

reproduced by the unrestrained MD simulations, equally well as these primary data

were reproduced by the sets of NMR model structures. Moreover, the MD

trajectories seem to predict fewer strong long-range NOEs than the NMR model

structures. The molecular structures were analyzed in terms of hydrogen bonds and

particular helical conformations. The peptide had been expected to adopt a 12/10-

helix according to the NMR data and model structures, which was indeed observed in

the simulations. However, the MD trajectories showed that other conformations were

important as well. A Ji^-helix was sampled by both, the protected and unprotected,

peptides indicating that this conformation must have some weight when evaluating

trajectory or ensemble averages of observables such as NOE intensities and J-

coupling constants. The possibility of other than i2//0-helical conformations had

been deliberately excluded in the NMR single-structure refinement leading to the

model structures, because a single dominant conformation had been assumed and so

three NOEs for the unprotected molecule mentioned to be inconsistent with the

122



INTERPRETING NMR DAI A FOR ß-PLPTIDFS USING MOLECULAR DYNAMICS SIMULATIONS

/2//#-helix were not included in the original structure determination based on

simulated annealing. The unrestrained MD simulations, however, could resolve the

seeming inconsistencies between the NOE intensities. It appeared that a small

admixture of .^-helical conformation to the predominant /2//0-helical conformation

in the ensemble would reproduce the NMR data.

The dominant /2//0-helical conformation seems to be slightly more stable for

the protected molecule than for the unprotected one, in agreement with earlier

analysis32 of the relative NOE intensities for the various proton pairs. However, such

an analysis could not provide information about alternative conformations being

present in the structural ensembles for the molecules, because only (nonlinear)

averages of observables over the ensemble of solution structures can be measured

and a variety of different conformational distributions may lead to the same average.

MD simulations provide not only averages, but also conformational distributions,

which can be analyzed to obtain the weight of particular, e.g. 12/10- or J/j-helical

conformations. Moreover, the necessarily different sensitivities of measured,

nonlinearly averaged, observables to different conformations in the ensemble can be

straightforwardly determined. For the /?-nonapeptide we showed that the intensity of

one particular long-range NOE, the proton pair 2I1N-5H/?, is highly correlated with

the admixture of 3/^-helical conformation in the ensemble of solution structures. This

leads to the conclusion that although both forms of the peptide adopt predominantly a

12/10-hclica\ conformation in solution, the unprotected one also adopts a 3^-helical

conformation to a small extent.

The presented MD simulations of the /^-peptide illustrate the increasing

usefulness of MD simulation of bio-molecules from a practical point of view.

1. Unrestrained MD simulation of bio-molecules in explicit solvent using a

thermodynamically calibrated force field in which solute and solvent are

consistent with each other, can reproduce experimental data, such as NOE

intensities and V-values rather well;

2. Ihe nonlinear ensemble averages over the unrestrained MD trajectories that

correspond to the mentioned observables may agree equally well with the

experimental data averages over model structures obtained from standard

single-structure refinement that uses the experimental data as structural

restraints;
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3. When the conformational ensemble of a molecule in solution is dominated by

more than one conformation, standard single-structure refinement against

experimental data that reflect multiple conformations will lead to inconsistent

or unlikely structures, whereas unrestrained MD simulation will generate the

proper ensemble provided the use of a high-quality force field, explicit

treatment of solvent degrees of freedom, and sufficient sampling;

4. Analysis of the sensitivity of nonlinear averages corresponding to measurable

observables to the underlying conformational (Boltzmann) distribution as

generated by MD simulation may lead to identification of those observables

that are most sensitive to particular conformations. The small conformational

differences between the protected and unprotected forms of the /?-nonapeptide

could be identified by such an analysis.

In summary, unrestrained MD simulation using a consistent, high-quality force

field for both solute and solvent, and including explicitly solvent degrees of freedom

can contribute significantly to a correct interpretation of experimental data in terms

of conformational distributions.

Acknowledgments

We thank Dieter Seebach for suggesting to simulate the peptide. We also

thank Bojan Zagrovic for valuable discussions on the inter-hydrogen distance

calculations. Financial support by the National Centre of Competence in Research

(NCCR) in Structural Biology of the Swiss National Science Foundation (SNF) is

gratefully acknowledged.

The complete list of NOEs for both /^peptides shown in Figure 3 and Figure 4 is

available at the end of this chapter.

124



iNIERPREIING NMR DATA FOR /?-PrPTIDES USING MOLECULAR DYNAMICS SIMULATIONS

References

[1] K Wüthrich, NMR of Proteins and Nucleic Acids; John Wiley & Sons: New

York (1986).

[2] J Cavanagh; WJ Fairbrother; AG Palmer III; NJ Skelton, Protein NMR

Spectroscopy: Principles and Practice; Academic Press: San Diego (1996).

[31 K Wüthrich, Nat Struct Biol, 8 923-925 (200 1).

[41 C Peter; X Daura; WF van Gunsteren, J Biomol NMR, 20 297-3 10 (2001).

[5J KA Feenstra; C Peler; RM Scheek; WF van Gunsteren; AE Mark, J Biomol

NMR, 23 181-194(2002).

[6J C Peter; M Rueping; HJ Worner; B Jaun; D Seebach; WF van Gunsteren,

Chem-EurJ, 9 5838-5849 (2003).

[71 AT Brünger; A Krukowski; JW Erickson, Acta Crystallogr, Sect A: Found

Crystallogr, 46 585-593 (1990).

[8] A Glättli; X Daura; D Seebach; WF van Gunsteren, J Am Chem Soc, 124

12972-12978 (2002).

[9] O Jardetzky, Biochim Biophys Acta, 621 227-232 (1980).

[10] A Glättli; WF van Gunsteren, Angew Chem, Int Edit, 43 6312-6316 (2004).

[11J X Daura; K Gademann; B Jaun; D Seebach; WF van Gunsteren; AE Mark,

Angew Chem, Int Edit, 38 236-240 (1999).

[12] X Daura; 1 Antes; WF van Gunsteren; W Thiel; AE Mark, Proteins, 36 542-

555 (1999).

[13] R Bürgi; J Pitera; WF van Gunsteren, J Biomol NMR, 19 305-320 (2001).

[14] J Norberg; E Nilsson, Q Rev Biophys, 36 257-306 (2003).

[15] X Daura; B Jaun; D Seebach; WF van Gunsteren; AE Mark, J Mol Biol, 280

925-932 (1998).

[16] X Daura; WF van Gunsteren; AE Mark, Proteins, 34 269-280 (1999).

[17] VS Pande; DS Rokhsar, Proc Natl Acad Sei U S A, 96 9062-9067 (1999).

[18] M Takano; T Yamato; J Higo; A Suyama; K Nagayama, J Am Chem Soc, 121

605-612 (1999).

125



Chapiersix

[19] BYMa;RNussinov, J Mol Biol, 296 1091-1104 (2000).

[20] I1W Wang; SS Sung, J Am Chem Soc, 122 1999-2009 (2000).

[21] G Hummer; AE Garcia; S Garde, Proteins, 42 77-84 (2001).

[22] X Daura; K Gademann; H Schäfer; B Jaun; D Seebach; WF van Gunsteren, ./

Am Chem Soc, 123 2393-2404 (2001).

[23] WF van Gunsteren; P Bürgi; C Peter; X Daura, Angew Chem, Int Edit, 40 351-

355, 4616-4618(2001).

[24] G Colombo; D Roccatano; AE Mark, Proteins, 46 380-392 (2002).

[25] HW Wu; SM Wang; BR Brooks, J Am Chem Soc, 124 5282-5283 (2002).

[261 X Daura; A Glättli; P Gee; C Peter; WF van Gunsteren, Adv Protein Chem, 62

341-360 (2002).

[271 SH Gellman, Ace Chem Res, 31 173-180 (1998).

[281 DJ Hill; MJ Mio; RB Prince; TS Hughes; JS Moore, Chem Rev, 101 3893-

4011 (2001).

[29] D Seebach; JL Matthews, Chem Commun, 2015-2022(1997).

[30] D Seebach; JV Schreiber; S Abele; X Daura; WF van Gunsteren, Helv Chim

Acta, 83 34-57(2000).

[31] RP Cheng; SH Gellman; WF DeGrado, Chem Rev, 101 3219-3232 (2001).

[32] M Rueping; JV Schreiber; G Lelais; B Jaun; D Seebach, Helv Chim Acta, 85

2577-2593 (2002).

[33] WF van Gunsteren; SR Billeter; AA Eising; PH Flünenberger; P Krüger; AE

Mark; WRP Scott; IG Tironi Biomolecular Simulation: The GROMOS96 Manual

and User Guide; vdf Hochschulverlag AG: Zürich, (1996).

L34] WRP Scott; PH Hünenberger; IG Tironi; AE Mark; SR Billeter; J Fennen; AE

Torda; T Huber; P Krüger; WF van Gunsteren, J Phys Chem A, 103 3596-3607

(1999).

[35] X Daura; AE Mark; WF van Gunsteren, J Comput Chem, 19 535-547 (1998).

[36] ED Schüler; X Daura; WF van Gunsteren, J Comput Chem, 22 1205-1218

(2001).

126



INTERPRETING NMR DATA FOR /Î-PEPTIDES USING MOI FCULAR DYNAMICS SIMULA 1 IONS

[37J R Walser; AE Mark; WF van Gunsteren; M Lauterbach; G Wipff, J Chem

Phys, 112 10450-10459(2000).

[38] HJC Berendsen; JPM Postma; WF van Gunsteren; A DiNola; JR Haak, J Chem

Phys, 81 3684-3690 (1984).

[39] J-P Ryckaert; G Ciccotti; HJC Berendsen, J Comput Phys, 23 327-341 (1977).

[40] YD Wu; JQ Lin; YL Zhao, Helv Chim Acta, 85 3144-3160 (2002).

[41] J Tropp, J Chem Phys, 72 6035-6043 (1980).

[42] M Karplus, J Chem Phys, 30 11-15 (1959).

[43] A Pardi; M Billeter; K Wüthrich, J Mol Biol, 180 741-751 (1984).

127



Chapter si y

Appendix A: NMR data

Table Al NOE distance hound violations (nm) for the MD trajectories at two temperatures and

for the sets of NMR model structures derived from the experimental data both for the

protected molecule and the unprotected one. The columns show the NOE sequence number, the

atoms to which the NOE is related, the experimental signal intensity32 for the protected

molecule at room temperature (w: weak, m: medium, s: strong) from which the NOE bounds

were derived and the distance bound violations. The NOE bounds32 were 0.30 nm (s), 0.35 nm

(m) and 0.45 nm (w). The pseudo-atom distance-bound corrections33 were 0.09 nm for CH2,

0.10 nm for CH3, 0.22 nm for (CHj)2 and (CHj)3.Ihe first 44 NOEs are experimentally

observed for both molecules, whereas the last 30 only for the protected molecule. The

experimental data were taken from Table 7 of rcf. 32. The stereospecific assignments, which

were not specified in ref. 32, have been added. One typographical error in Table 7 of ref. 32

(14th entry) was corrected.

NOE

sequence atom atom

number

1 IHß IHoCrc

2 lHß lHcts,

3 IHß Uly

4 IHß 1Q5

5 IHß 3HaRt

6 2HN lHctRt

7 2IIN 3HN

8 3HN 2Hrx

9 3HN 3HrxRe

10 3IIN 3Hß

11 3HN 3HS

12 3HN 3Qe

13 3Hß 3Has,

14 3Hß 3HS

15 3Hß 3HyKe

16 3Hß 3Hys,

17 3Hß 3Qe

128

exp. NOE

intensity

(prot.)

protected mol

MD (100 ns)

298 K 340 K

ecule

NMR

(8)

exp

unpre

MD(

298 K

tected mo

100 ns)

340 K

lecule

NMR."

(13)

exp

m -0.07 -0.07 -0.06 -0.07 -0.07 -0.08

w -0.21 -0.21 -0.21 -0.20 -0.20 -0.20

m -0.10 -0.10 -0 10 -0.10 -0.10 -0.09

m -0.30 -0.30 -0.30 -0.29 -0.29 -0.30

m 0.22 0.18 -0.03 0 16 0 17 -0.05

m -0.11 -0.11 -0.01 -0.08 -0.09 -0.11

w -0.13 -0.13 -0.22 -0.15 -0.13 -0.20

s -0.08 -0.08 -0 08 -0.08 -0.08 -0.08

m -0.10 -0.09 -0.08 -0.09 -0.09 -0 08

m -0.07 -0.07 -0 06 -0.07 -0.07 -0.06

m -0.04 -0.05 -0.08 -0 05 -0.04 -0.01

w -0.22 -0.23 -0.31 -0.23 -0.23 -0.25

m -0.11 -0.1 1 -0.11 -0.11 -0.11 -0 11

w -0.18 -0 19 -0.20 -0 19 -0.19 -0.20

w -0.19 -0.19 -0.20 -0.18 -0 19 -0.19

m -0.09 -0.09 -0.09 -0.09 -0.09 -0.09

w -0.33 -0.33 -0.35 -0.33 -0.33 -0.37
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18 3Hß 5H(XRe w -0 12 -0 15 -0.15 -0.16 -0.14 -0.14

19 4HN 4HßRc m -0.09 "-0.07 -0.07 -0.07 -0.09 -0.07

20 5IIN 4Ha s -0.08 -0.09 -0.08 -0.09 -0.09 -0.09

21 5HN 5HaRc w -0.19 -0.19 -0.17 -0.18 -0.19 -0.18

22 5HN 5QY m -0 16 -0.17 -0.16 -0.17 -0.17 -0.15

23 5Hß 5Has, m -0.11 -0.11 -0.11 -0.11 -0.11 -0.11

24 5Hß 5Qy m -0.21 -0.21 -0.21 -0.21 -0.21 -0.21

25 5Hß 7H<xRl; m -0 05 -0.08 -0.03 -0.09 -0.06 -0.03

26 6HN 6HßRe w -0.19 -0.18 -0.16 -0.17 -0.18 -0.16

27 6HN 7Hß m 0.10 0.09 0.07 0.08 0.09 0.08

28 6IIN 8Ha w -0.02 -0.05 -0.06 -0.05 -0.05 -0.01

29 7IIN 5Hß m -0.03 -0.06 -0.07 -0.07 -0.04 -0.07

30 7HN 7HaRe m -0.10 -0.09 -0.07 -0.09 -0.10 -0.07

31 7IIN 7Hß m -0.07 -0.07 -0.06 -0.07 -0.07 -0.06

32 7Hß 7Has, w -0.21 -0.21 -0.21 -0.21 -0.21 -0 21

33 7Hß 9HaRt m -0.06 -0.07 -0.06 -0.07 -0.06 -0.06

34 8HN 7Hß m -0.06 -0.09 -0.12 -0.08 -0.08 -0 13

35 8HN 8HßRe m -0.09 -0.08 -0.06 -0.08 -0.08 -0 08

36 8HN 8Hßs, w -0.21 -0.21 -0.20 -0.21 -0.21 -0 19

37 8IIN 9HN w -0.13 -0.13 -0.18 -0.14 -0.14 -0.22

38 8HN 9HaRe m 0.04 0.03 -0.05 0.02 0 03 -0 08

39 9HN 7Hß m -0.03 -0.04 -0.05 -0.05 -0.04 -0.05

40 9HN 811a m -0.14 -0.14 -0.13 -0.14 -0 14 -0 12

41 9IIN 9HaRc m -0.10 -0.09 -0.09 -0.10 -0.09 -0.06

42 9HN 9Hß m -0.07 -0.07 -0.06 -0.07 -0 07 -0.06

43 9Hß 9Has, m -0 11 -0.11 -0 10 -0.11 -0.11 -0.08

44 9Hß 9H5 w -0.18 -0.19 -0.17 -0.18 -0.19 -0.22

45 IHN QYboc m -0.11 -0.11 -0 23 - - -

46 HIß QYboc w -0.28 -0.28 -0.18 - - -

47 3HN QYboc m 0.09 0 06 -0 08 - - -

48 IHN lHaRf m -0.10 -0.10 -0.07 - - -

49 IHN lHas, w -0.10 -0.11 -0.07 - - -

50 IHN IHy m -0.07 -0 07 -0.07 - - -
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51 IHN

52 2HN

53 2HN

54 2HN

55 2HN

56 2HN

57 3IIN

58 3HN

59 4HN

60 4IIN

61 4HN

62 4HN

63 5IIN

64 5HN

65 6HN

66 6HN

67 6IIN

68 7IIN

69 7HN

70 7Hß

71 7Hß

72 9Hß

73 9Hß

74 9Hß

1QÔ w

IHß m

3HaRL m

3H8 m

3QE w

4Hßs, w

HIß m

2HßRt w

3HrxRe s

3Hß m

4Ha m

6Hßs, w

2HßRl} w

5Hß m

7HN w

7H<xRe m

8Hßs, w

6Ha s

6IIÔ m

6HS w

6Qy w

9HyRe w

9HySl m

9Qe w

-0.35 -0.35

-0.04 -0.06

0.06 0.07

0.22 0.19

0.05 0.03

-0.06 0.07

0.19 0.16

-0.10 -0.12

-0.05 -0.01

-0.06 -0.09

-0.10 -0.07

-0.07 0.04

0.12 0.04

-0.07 -0 07

-0.13 -0.14

0.04 0.01

-0.04 0.02

-0 08 -0.09

0.02 0.04

0.05 0.03

-0.06 -0.05

-0.19 -0.20

-0.09 -0.09

-0.33 -0.33

-0.31 -

-0.11 0.01

-0.01 0.04

0.22 0.22

-0.04 0.04

-0.06 0.08

-0.08 0.15

-0.06 -0.09

0 04 0.02

-0.12 -0.09

-0.04 -0.06

0.06 0.06

0.15 0.09

-0.06 -0.07

-0.20 -0.15

-0.04 0.01

0 04 0.01

-0 08 -0 09

0.05 0 04

0.03 0.03

-0.06 -0.05

-0.19 -0.19

-0.10 -0.09

-0.38 -0.33

0.01 -0.07

0.07 0.04

0.24 0.27

0.05 0.01

0.00 0.17"

0.19 -0.05

-0.13 -0.07

-0.02 0.03

-0.08 -0.08

-0.08 -0.02

0.00 0.08

0.10 0.10

-0.07 -0.06

-0.15 -0.21

0.02 -0.03

0.01 -0.04

-0.09 -0.08

0.03 0.05

0.03 0.03

-0.05 -0.06

-0.19 -0.20

-0.09 -0.08

-0.33 -0.32
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Table A2 NOE distance bound violations (nm) for the MD trajectories at two temperatures and

for the sets of NMR model structures derived from the experimental data both for the

protected molecule and the unprotected one. The columns show the NOE sequence number, the

atoms to which the NOE is related, the experimental signal intensity32 for the unprotected

molecule at room temperature (w: weak, m: medium, s: strong) from which the NOE bounds

were derived and the distance bound violations. See caption of Table Al. The first 44 NOEs arc

experimentally observed for both molecules, whereas the last 21 only for the unprotected

molecule. The experimental data were taken from lable 8 of ref. 32. The stereospecific

assignments, which were not specified in ref. 32, have been added. One typographical error in

Table 8 of ref. 32 (last entry) was corrected.

protected molecule unprotected molecule

NOE exp. NOE
NMR NMR

uence

mher

atom atom intensity

(unprot.)

MD (100 ns)

298 K 340 K

(8)

exp

MD (

298 K

100 ns)

340 K

(13)

exp

1 IHß lHaRt, m -o7o7 -0.07 -0.06 -0.07 -0.07 -0.08

2 IHß lHcxs, w -0.21 -0.21 -0 21 -0.20 -0 20 -0.20

3 IHß Uly m -0.10 -0.10 -0.10 -0.10 -0.10 -0.09

4 IHß 1Q5 w -0.40 -0.40 -0.40 -0.39 -0.39 -0.40

5 IHß 3H0Crc m 0.22 0.18 -0.03 0.16 0.17 -0.05

6 2IIN lllaRc m -0.11 -0.11 -0.01 -0.08 -0.09 -0.11

7 2HN 3HN w -0 13 -0.13 -0.22 -0.15 -0 13 -0 20

8 3HN 2H(Z s -0.08 -6.08 -0.08 -0.08 -0.08 -0.08

9 3IIN 3HaRc m -0.10 -0.09 -0.08 -0.09 -0.09 -0 08

10 3HN 3Hß m -0.07 -0.07 -0.06 -0.07 -0.07 -0.06

11 3HN 3HS w -0.14 -0.15 -0 18 -0.15 -0.14 -0.11

12 3HN 3Qe w -0.22 -0.23 -0.31 -0.23 -0.23 -0.25

13 3Hß 3H<xs, m -0.11 -0.11 -0.11 -0.11 -0.11 -0.11

14 3Hß 3118 w -0.18 -0.19 -0.20 -0.19 -0.19 -0.20

15 3Hß 3HyRc m -0.09 -0.09 -0.10 -0.08 -0.09 -0.09

16 3Hß 3HySl m -0.09 -0.09 -0.09 -0.09 -0.09 -0 09

17 3Hß 3Qe m -0.23 -0.23 -0.25 -0 23 -0.23 -0.27

18 3Hß 5HaRt m -0.02 -0 05 -0.05 -0.06 -0.04 -0.04

19 4HN 4HßRc m -0.09 -0.07 -0.07 -0.07 -0.09 -0.07

20 5HN 4Ha m -0.13 -0.14 -0.13 -0.14 -0.14 -0.14

21 5HN 5H<xRc m -0.09 -0.09 -0.07 -0.08 -0.09 -0.08
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22 5HN 5Qy m -0.16 -0 17 -0 16 -0.17 -0.17 -0.15

23 5Hß 5Has, m -0.11 -0.11 -0.11 "-0.11 -0 11 -0.11

24 5Hß 50y m -0.21 -0.21 -0.21 -0.21 -0.21 -0.21

25 5Hß 7 H (X Re m -0.05 -0.08 -0.03 -0 09 -0.06 -0.03

26 6IIN 6HßRt m -0.09 -0.08 -0.06 -0.07 -0.08 -0.06

27 6HN 7Hß w 0.00 -0.01 -0.03 -0.02 -0.01 -0.02

28 6HN 8Ha w -0.02 -0 05 -0.06 -0.05 -0.05 -o"oi

29 7HN 5Hß m -0.03 -0.06 -0.07 -0.07 -0.04 -0.07

30 7HN 7HrxRo w -0.20 -0.19 -0.17 -0.19 -0.20 -0.17

31 7HN 7Hß m -0.07 -0.07 -0.06 -0.07 -0.07 -0.06

32 7Hß 7HaM m -0.11 -0.11 -0.11 -0.11 -0.11 -0 11

33 7Hß 9HaRt w -0.16 -0.17 -0.16 -0.17 -0.16 -0.16

34 8HN 7Hß m -0.06 -0.09 -0.12 -0.08 -0.08 -0.13

35 8IIN 8HßRc m -0.09 -0.08 -0.06 -0.08 -0.08 -0 08

36 8HN SHßs, w -0.21 -0.21 -0.20 -0.21 -0.21 -0 19

37 8HN 9HN w -0.13 -0.13 -0.18 -0.14 -0.14 -0 22

38 8HN 9HaRt m 0.04 0.03 -0.05 0.02 0.03 -0.08

39 9HN 7Hß m -0.03 -0.04 -0.05 -0.05 -0.04 -0 05

40 9HN 8Hrx s -0.09 -0 09 -0.08 -0.09 -0.09 -0.07

41 9IIN 9HaRc m -0.10 -0 09 -0.09 -0 10 -0.09 -0.06

42 9HN 9Hß m -0.07 -0.07 -0.06 -0.07 -0.07 -0.06

43 9Hß 9HctSl m -0.11 -0.11 -0.10 -0.11 -0.11 -0.08

44 9Hß 9H8 w -0.18 -0.19 -0 17 -0.18 -0.19 -0.22

45 2IIN 1H<xs, m -0.10 -0.11 -0.13 -0.12 -0.12 -0.10

46 2HN 2HßSl w -0.19 -0.20 -0.21 -0.20 -0 20 -0 19

47 2HN 2HßRe m -0.09 -0 09 -0.06 -0.09 -0.09 -0 08

48 2HN 5Hß w -0.04 0 24 0.34 0.33 0 03 0.35

49 3HN 30Y m -0.17 -0 17 -0.15 -0 17 -0.17 -0.15

50 4HN 4Hßs, m -0.10 -0.12 -0.09 -0.12 -0.11 -0.12

51 4HN 5H<xs. m 0.16 0.12 0.07 0.12 0.13 0.14

52 4HN 5H<xRl_ w -0.05 -0.09 -0 16 -0.10 -0.08 -0.08

53 5UN 3Hß w -0.10 -0.14 -0 19 -0.15 -0.13 -0 18

54 6HN 3IIß W 0 17 0.12 0.13 0.13 0.15 0.14
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-0.21 -0.22 -0.21 -0.22 -0.21 -0.21

0.14 0.12 0.20 0.11 0.15 0.12

-0.08 -0.08 -0.07 -0.07 -0.08 -0.06

-0.35 -0.36 -0.34 -0.36 -0.36 -0.37

-0.10 -0.10 -0.10 -0 10 -0.10 -0.11

-0.19 -0.14 -0.11 -0.13 -0.15 -0.11

-0.14 -0.15 -0.18 -0.14 -0.15 -0.16

-0.06 -0.06 -0.05 -0.07 -0.07 -0.06

-0.20 -0.21 -0.18 -0.20 -0.21 -0.20

-0.23 -0.24 -0.28 -0.23 -0.24 -0.23

-0.19 -0.19 -0 20 -0.19 -0.19 -0.19

55 6HN 6HßSl

56 7HN 4HßRt

57 7HN 7Hy

58 7IIN 708

59 7Hß 7Hy

60 8HN 7HaRt

61 9HN 9HS

62 9HN 9Hys,

63 9HN 9UyRt

64 9HN 9Qe

65 9Hß 9Qy
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Chapter seven

Simulation of an all-/?3-icosapeptide containing

the twenty proteinogenic side chains: effect of

temperature, ph, counter-ions, solvent and

force field on helix stability

Summary

Simulations of various /^-peptides have in the last years clarified several issues

concerning peptide folding equilibria and interpretation of experimental data,

especially from NMR and CD spectroscopy. These simulations involved different

temperatures, pH-values, ionic strengths, solvents, and force-field parameters, but a

variation of these factors for one /^-peptide has not yet been done. To investigate the

influence of varying these factors, we analyze the helix stability of an a\\-ß^-

icosapeptide bearing all twenty proteinogenic amino acid side chains, which is

experimentally observed to fold into a 3i7-helix in methanol but not stable in water.

Structural aspects, such as hydrogen-bonded rings and salt bridges are discussed and

a comparison with NMR primary (NOE distance bounds and V-values) and

secondary (NMR derived model structures) data is made. We further investigate the

reasons for the J/^-helix stability/instability in mcthanol/water. Of all factors

studied, the presence of counter-ions seems to be the one inducing most significant

effects in the simulations.
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Introduction

/^-Peptides are compounds derived from natural a-amino acids with the

difference that they contain an extra carbon atom in the backbone and, as a

consequence, they have the ability to form stable secondary structure elements with

even only a few /?-amino acids. This property makes them very suitable for folding

studies.1"4 Also in computer simulation, this class of compounds have come in handy

to study the folding/unfolding equilibrium,5"9 and to resolve seeming inconsistencies

in data from CD10 and NMR11"13 experiments. In most of these cases, the ^-peptides

simulated had only hydrophobic side chains and formed different types of helices

stable in methanol, in agreement with experiment. The dominant /?-hairpin structure

of a ß-peptide containing polar side chains could also be reproduced in simulations.

All these studies used the GROMOS 43A1 or 45A3 force-field parameters sets,14"16

which contain non-bonded interaction parameters for aliphatic atoms optimized to

reproduce thermodynamic data for liquid hydrocarbons.16 The non-bonded

interaction parameters for polar atoms in the 45A3 force field had not yet been

optimized to reproduce thermodynamic data for polar liquids. Such an optimization

led to the GROMOS 53A6 force-field parameter set.17 It came as no surprise that a

simulation using the 45A3 force field for a /?-dodecapeptide with non-aliphatic side

chains could not reproduce the experimentally stable helix.18 Only with the new

force-field parameters the helical fold became stable.18 The stability of a particular

fold, helix or /?-hairpin, of a /J-peptide will also depend on environmental factors,

such as pll and ionic strength of the solution,19 type of solvent and temperature or

pressure.20 In order to investigate the influence of these factors for a single solute,

we have simulated an all-j03-icosapeptide carrying the twenty proteinogenic amino

acid side chains. The amino acid sequence is the following:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

+ 4 - + - + -

Cys Ak Sor lite Asn Glu Gly lip Arg Val Asp Gin Tie T.ys 'Ihr Lou Tyr Met Phe Pro

+• + + +

The plus and minus signs denote the charge state of the amino acid side chains with

dissociative protons and of the N- and C- terminals. They are shown above the amino

acid names for high pH and below the amino acid names for low pH conditions. This
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peptide had been synthesized and studied experimentally by NMR21 22
and lound to

adopt a stable i^-helix in methanol but no dominant structure in water. It has been

constructed to have all hydrophobic side chains close together at the same side of the

helix and to form at least two salt bridges, one between Glu 6 and Arg 9 and the

other between Asp 11 and Lys 14, although only for the latter experimental

indications could be found.22 Here, we analyze the stability of the /?Mcosapeptide in

methanol and in water at different temperatures, for different charge configurations

(pH) and number of counter-ions, and using diflerent force-field parameter sets. We

analyze hydrogen-bond and salt-bridge formation and compare the NOh distances

and V-values calculated from the simulation trajectories to those derived or obtained

from experiment.

lable 1 Simulation details

Solvent
Simulation

Name

Iempeiatiue

LKj
1-orce field

Peptide diaige
Number of CI

L ength

[ns]

methanol 298 K 298 53A6 +4 0 150

methanol 298 K 4 CI 298 53A6 4-4 4 50

methanol 340 K 340 53A6 +4 0 50

methanol 340 K 4 Cl- 340 53A6 +4 4 150

methanol 298 K 298 4 5A3 + 4 0 63

methanol 298 K 4 Cl- 298 45A3 +4 4 23

water 298 K 298 53A6 + 1 0 20

water 298 K 1 Cl- 298 53A6 + 1 1 38

water 298 K 4 Cl- 298 53A6 + 4 4 14

water 340 K 340 53A6 + 1 0 20

Methods

The GROMOS96 software package
1421

was used to perform the simulations.

I wo force-field parameter sets for the /^-peptide were used: the 45A3 GROMOS

and the 53A6 GROMOS17 united-atom force fields. The chloride (CT) counter-ion

and methanol parameters were taken from the 53A6 GROMOS17 force field and

water parameters from the SPC model.24 Table 1 shows a summary of the simulations

performed. The starting structure of the /?Mcosapeptide was a perfect 3 n-hel\x built

using ideal values for the backbone dihedral angles for this type of helix." The ß-

peptide was solvated in a truncated octahedron box containing 4516 methanol or
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8215 water molecules. When CI counter-ions were used, their starting positions

were where the electrostatic potential was the most favorable. The standard

simulation parameter settings for this type of simulation were used. • • -

Temperature (298 K and 340 K) and pressure (latm) were held constant using the

weak coupling technique26 with relaxation times of 0.1 and 0.5 ps respectively.

Bonds were kept rigid using the SHAKF27 method with a relative geometric

tolerance of 10"4, thus we could use a time step of 2 fs to integrate the equations of

motion. Long-range interactions were treated using a triple-range scheme with cut¬

off radii of 0.8 nm (where the interactions were updated every time step) and 1.4 nm

(for which interactions were updated every fifth time step). The reaction-field

permittivity used was 32 for methanol and 61 for water.28 The systems were slowly

thermalized (using position constraints for the solute) over a time period of 120 ps

and equilibrated for 250 ps. The analysis was carried out using the GROMOS05

analysis tools. Configurations were stored every 2 ps. Atom-positional root-mean-

square difference (RMSD) between pairs of structures were calculated after

superposition of the backbone atoms of residues 2 to 19 and the similarity criterion

of 0.12 nm was chosen from a configurational cluster analysis7 such that all NMR

model structures would belong to the same conformational cluster. A hydrogen bond

is defined by a maximum hydrogen-acceptor atom distance of 0.25 nm and a

minimum donor atom-hydrogen-acceptor atom angle of 135°. A salt bridge is defined

by a maximum hydrogen-acceptor atom distance of 0.60 nm. NOL distance bound

violations were obtained by comparing the non-linearly averaged proton-proton

distances (direct r'b averaging, which is appropriate for small molecules) " from

the simulation with the upper bound distances derived from the experimental NOL

intensities.22 Pseudo-atom corrections (0.09 nm for CH2, 0.10 nm for CH3, 0.22 nm

for (CH3)2 and (CH3)3) were applied to the experimental upper bounds and the virtual

atom creation technique
M'23

was used to obtain positions for the hydrogen atoms

attached to carbon atoms, because a united-atom force field was used. J-coupling

constants were calculated from the simulation trajectory structures via the Karplus

relation:32

^j(HN,Hß) = acos26 + bcos0 + c (1)

where a, b and c are equal to 6.4, -1.4 and 1.9 Hz, respectively.
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Figure 1 Time series of the backbone atom (N, Cß, Ca, C)-positional root-mean-square distance

(RMSD) of MD trajectory structures with respect to the ideal J^-helical structure for the 20-ß-

peptide. Only residues 2-19 are included in the RMSD calculation. The top panel shows the results for

the simulations in methanol with the 53A6 force field. The lower left panel shows the results for the

simulations in water (53A6 force field) and the lower right panel the results for the simulations in

methanol with the 45A3 force field. Colors represent different temperatures and ionic states. The

magenta horizontal dashed line indicates the minimum RMSD value for which all NMR model

structures would belong to the same conformational cluster (0.12 nm).

Results and discussion

Figure I shows the atom-positional RMSD for the backbone atoms with

respect to the initial ideal i/^-helix. Ihe top and the lower right panels show the

results in methanol for the 53A6 and 45A3 GROMOS force fields, respectively. The

lower left panel shows the RMSD for the water simulations using the 53A6

GROMOS force field. The /^-peptide shows a more or less stable i/^-helix in

methanol under most of the conditions whereas it unfolds in water in all cases. In

methanol, the 53A6 force field seems preserve the i/^-helix slightly better than the

45A3 force field, but overall the picture is essentially the same. Therefore, we shall

focus our analysis on the 53A6 GROMOS force-field simulations. Another
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observation is that the presence of counter-ions seems to make the helix more stable.

In methanol the helix unfolds at 340 K when the four CI ions are absent, but remains

more or less intact when the ions are present. Also at 298 K the helix is better

preserved in the presence of the four CI counter-ions. In water similar results are

found: when counter-ions are included the helix takes more time to unfold. When

comparing the two simulations in water at low (4 CI ) and high pi I (1 CT"), we sec

that the charge configuration at low pi I destabilizes the helix. Yet, for both charge

configurations the helix unfolds in water.
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Figure 2 Hydrogen bonding as function of time for the simulations of the 20-/}-peptide in methanol.

Ihe four top panels display the 53A6 force-field results: 298 K (topmost panel), 298 K 4 CI" (left

hand side panel in the second row), 340 K (right hand side panel in the second row), 340 K 4 CI

(third row panel). The two bottom panels display the 45A3 force-field results: 298 K (left hand side

panel in the bottom row), 298 K 4 CT" (right hand side panel in the bottom row). Different colors

indicate different types of hydrogen-bonded ring structures (sec legend).

140



Simulation or an all-^-icosapeptide containing the i wenty prothnogenic side chains

IS

~T 1
"

1
1

1 1 1 -J— 1 T" 1 ..' 1 1
—

-r ;

12

i

S ;; i

1 1 !_' L „1. .

1 i 1 1

ö

4

2

. i

_

1 1 t 1

~ '

1
—

T
"

-r—r_^L_^_u_
-

l-_ii"-r ^"T-^T""1 T
-

r ~r i

___j

"

1 , 1 • ...L L 1
.
._„L J_ _L_L

4 8 n 16 XI 34 ?C 12 lo

"i"^;r-'ü"«"*^"r" r~r ~i .-L-T"T^rr.t-7r r r-r

_L_L...L O^.L^_ !..
_
J. J

. J_.

umt [ns]

_ i j, .

i | r T -"T—&T I ' 1 ' 1 ' r r

_

1 1
.

J l_^l _!__

, — —— •

1 ii t i1 ii ! i 1 i

10

tttnefiiB]

12/10-helix

14-lielix

« 10-hclix

I2-helix

**8-hdix

16-hclix

IX-hdix

Figure 3 Hydrogen bonding as function of time for the simulations of the 20-/î-peptide in water

with the 53A6 force field: 298 K (topmost panel), 298 K 1 CI" (second panel), 298 K 4 CI" (third

panel), 340 K (fourth panel). Different colors indicate different types of hydrogen-bonded ring

structures (see legend).

In order to detect and characterize partially helical structures we calculated

the intra-solute hydrogen bonds formed during the simulation and determined the

corresponding types of helical structures that the y3-peptide samples. The results are

shown in Figure 2 for the methanol simulations and in Figure 3 for the water ones. In

methanol (Figure 2), the left panel corresponds to the 298 K simulation and shows a

gradual deterioration of the J/./-helix starting from the N-terminal end up to residue 9
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without formation of any other persistent structure. The first panel in the second row

refers to the 298 K 4 CI" simulation and shows a stable 3N-hc\\x and the increase in

RMSD at around 23 ns is due to the break-up of a /-/-membered hydrogen bonded

ring at the N-terminal end of the peptide, but the overall structure remains a 3m-

helix. The right panel in the second row shows that at 340K and without counter-ions

the helix completely unfolds. The polypeptide explores other types of helices, but

none is persistent. The third row of Figure 2 shows the simulation at 340 K with four

counter-ions and confirms that counter-ions stabilize the 3/-rhelix. Even at 340 K the

3i4-hc\\x is with counter-ions better conserved over the 150 ns simulation period than

at 298 K without counter-ions. At the bottom of Figure 2 the results for the 45A3

force field simulations in methanol are shown and the overall behavior is very

similar to the corresponding simulations using the 53A6 force field. In Figure 3, the

results for water are presented. The first panel shows the results for the 298 K

simulation without CI" ions and shows that the 5^-helix quickly partially unfolds,

but i4-membered hydrogen-bonded rings closer to the C-terminal remain persistent,

these are the same hydrogen bonds that also persist through the whole 150 ns of the

298 K simulation in methanol (first panel in Figure 2). The second panel shows the

secondary structure of the 20-jö-peptide in the 298 K 1 CI simulation. After 33 ns

i4-membered hydrogen-bonded rings in the middle portion of the peptide start to

disrupt and wider iS-membered hydrogen-bonded rings start to form at the N-

terminal end. The 298 K. 4 CI" (low pH) simulation, for which the /^-peptide

secondary structure is shown in the third panel, depicts unfolding of the 3/./-helix

close to the N-terminal and sporadic formation of /8-membered hydrogen-bonded

rings in amino acids closer to the C-terminal. In the bottom panel, where the 340 K

simulation results are shown, we see unfolding of the /^-peptide and formation of 12-

membered hydrogen-bonded rings. Independent of stability of the helix, in all

simulations the 74-membered hydrogen-bonded rings are the dominant type of

hydrogen bond formed. The occurrence of the i/./-heIix hydrogen bond type along the

trajectories presented in Table 2 confirms that the 5^-helix is more stable in

methanol and that, irrespective of the solvent, counter-ions stabilize this type of

helix.
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Table 2 Occurrence (in %) of backbone J^-helix type hydrogen bonds in the simulations of the 20-

/î-peptide. The first column identifies the hydrogen bond and the subsequent columns show the

populations. The simulations are defined in Table 1 and hydrogen bonds in the text (methods).

methanol (53A6) water (53A6)

H- Bond
298 k 4 340 k 4 29S k 1 298 k 4

298 k 340 k 298 k 340 k

er er er cr

2Nfl - 40 10 38 2 23 8 9 21 12

3NH -50 13 42 9 44 33 89 69 33

4NH 60 39 90 46 79 2,o 91 63 35

WH 70 51 95 48 87 17 79 61 20

6NH-8O 64 97 49 92 7 69 48 19

7NH - 90 64 97 46 93 6 58 42 16

8NH - 10O 78 97 45 93 10 65 45 17

9NH - no 97 97 45 95 92 81 94 58

10NH 120 90 90 40 89 90 87 82 54

11NH - 130 96 98 43 95 85 87 86 89

12NH- NO 86 97 40 94 66 86 71 86

13NH - 150 80 92 30 85 59 66 43 73

14NH - 160 89 95 35 90 93 90 68 90

15NH- 170 90 91 26 78 83 90 90 40

16NH- ISO 95 96 28 75 89 95 92 42

17NÏ1 - 190 73 80 20 49 17 25 52 11

Table 3 Occurrence (in %) of salt bridges. The first column identifies the salt bridge and the

subsequent columns show the populations. Ihe simulations are defined in Table 1 and salt bridges

in the text (methods).

methanol (53A6) water (53A6)
Salt Bridge

298k 298k4(l 340 k 340k4tl 298 k 298 kl CT 298k4Cl 340 k

94rg-6Glu 22 35 16 40 3 29 15 7

14Lys - 11 Asp 26 37 11 39 24 32 27 22

143



CHAPfER SEVEN

Other interactions that could play a stabilizing role regarding the 3^-helical

fold of the /î-peptide are salt bridges between Glu 6 and Arg 9 and Asp 11 and Lys

14. Their occurrence in the simulations is presented in Table 3. Overall, both salt

bridges arc present around 30% of the simulation time. In methanol at 298 K, the salt

bridge between Asp 11 and Lys 14 is marginally more present than the one between

Glu 6 and Arg 9 in agreement with the fact that only the first one was detected

experimentally.22 The very small differences in population between the two salt-

bridges increase when the simulation of the /^-peptide is done in water. The presence

of the Cl~ counter-ions promotes the formation of both salt bridges. To further

investigate this, we monitored the positions of the CI" ions during the simulations

and determined for each ion the atom belonging to cither the ß-peptidc or the solvent

that spent more time within 0.6 nm of the ion. The results are shown in Table 4. In

methanol, there is a direct interaction of the chloride ions with the peptide, especially

with positively charged residues (histidine, lysine, argininc and N-terminal cysteine).

At 298 K, the ions stay close to the same amino acid side chains or N-tcrminal for

long periods of time. When the temperature is raised to 340 K. the ions become more

mobile and exchange more often positions the side chains, as one would anticipate.

The observation that at 340 K negative counter-ions also happen to come close to

asparagine and glutamine side chains can be due to the fact that in methanol these

residues are protonated. The simulations suggest that the CI" ions are promoting salt-

bridge formation by directly interacting with the amino acids involved. In water

opposite behavior is observed. The CI ions interact rather with highly polar water

molecules than with charged ^-peptide side chains. The same phenomenon is

observed in DNA simulations, where the Na' counter-ions do not directly interact

with the negatively charged phosphate groups of DNA, but are primarily solvated by

water.

The analysis of the conformations adopted by the 20-yS-peptide in the

simulations shows that even simulation periods of 150 ns are not long enough to

adequately sample the conformation equilibrium of a /^-peptide of this chain length.

This is not surprising, considering the number of possible conformations for a

polypeptide with 3x20 = 60 easily rotatable dihedral angles in the backbone.

Therefore, the structural analysis presented here should be viewed with this caveat in

mind and only be considered as qualitative.
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Table 4 ^-Peptide residues of which atoms spend time within 0.9 nm from a CI ion in the

simulations. The occurrence (if larger than 2%) found in the simulations is shown between

parentheses.

CI ion

methanol (53A6)

298 k 4 CI" 340 k4 CI

4His (70 %)

ICys (66 %)

9Arg (65 %)

14Lys (89 %)

4His (31 %)

l4Lys(12 %)

6Glu (8 %)

4His (15 %)

6G lu (9 %)

14Lys (9 %)

9Arg (7 %)

9Arg (8%)

6Glu (6%)

14Lys (6 %)

20Pro (6%)

14Lys (22 %)

6Glu (9 %)

4His (8 %)

1 lAsp (7 %)

water (53A6)

298 k 1 CI" 298 k 4 CT

STrp (1%) 4His (2 %)

1 lAsp (5 %)

4His (2 %)

8Trp (2 %))

9Arg (6 %)

5Asn (2 %)

6Glu (3 %)

4His (2 %)

22
Since NMR data on the 20-/?-peptide in methanol are available," we now

investigate how well the simulations agree with the NMR data measured for the ß -

icosapeptide, namely NOE distance bounds and V-values. The NMR derived model

structures
22

were also used for comparison. Because the 45A3 force-field

simulations produce very nearly the same results as the 53A6 force-field ones, the

45A3 results are not shown. Figure 4 presents the calculated NOH distance bound

violations and V-values. The 3J-coupling constants in the simulations do agree very

well with experiment, showing a largest deviation of only I Hz. Considering the

relatively small variation of only 1.3 Hz of the experimental values between the

different residues, and the uncertainty of 0.5-1.0 Hz induced by the empirical a, b

and c parameters of the Karplus relation between torsional angle and 3./-valuc, the
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lack of correlation between simulated and experimental V-values has no

significance. The NMR model structures also show V-values agreeing with

experiment, but with slightly larger deviation. The root-mean-square deviation from

the measured values for all the V-values is with 0.5 Hz roughly the same in all cases.
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Figure 4 NMR NOE distance bound violations (left hand panels) and ./-coupling constants

(right hand panels). The experimental NMR data (218 NOE bounds and 15
3

./-coupling

constants) are for the 20-/î-pcptidc in methanol. All simulation data is for the 53A6 force field.

The topmost panels refer to the 298 K (black) and 340 K (red) simulations in methanol without

counter-ions, the intermediate panels to the 298 K (black) and 340 K (red) simulations in

methanol with eounter-ions and the bottom panels to the set of model structures derived by

structure refinement based on the NMR data. In the NOE distance bound violation panels the

vertical dashed line divides the graphs such that the NOEs to the left were used in the NMR

model structure determination (157 NOEs) and those to the right were not used (61 NOEs). The

horizontal dotted lines are meant to help identify larger violations. In the 3/-coupling constant

panels the dashed line represents perfect correlation between measured and calculated values.

Regarding NOE distance bound violations, the simulations at 298 K show only

a few larger violations of the 157 NOE derived bounds that were reliable enough to

be used in the NMR model calculations:22 only four in the simulations without

counter-ions and only two when counter-ions are present. The 340 K data reflect the
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unfolding of the helix in the former case and the preservation of the 5;./-helix in the

latter. In the 298 K simulation with counter-ions the first larger violation concerns

NOE number 12 (3HN-lHa.s',), which involves residues situated close to the wiggling

N-terminal of the /?3-icosapeptidc. Figure 2 shows that the first residue is not

involved in hydrogen-bonded rings, which is not surprising for a residue located near

the N- or C- terminal ends. The second larger violation occurs for NOE 127 (16H#-

\5Uaiie) and involves hydrogen atoms bound to the Ô carbon in the side chain of the

/?3-leucinc. This ö carbon is at the end of a long side chain, which is quite mobile.

Additionally, four other NOE distance bound violations appear in the 61 NOEs left

out from the NMR model structure generation (right hand side of the vertical dashed

line): NOE 161 (2Hy-lirarte), NOE 203 (13HN-14II£), NOE 211 (15IlTM-17Hy), and

NOE 215 (17IIN-15HN). NOE 161, as in the case of NOE 12, involves hydrogen

atoms residing in the N-terminal. fhe next two NOEs are related to hydrogen atoms

in side chains, which are likely to be more mobile. The fourth one could be a signal

coming from slightly different conformations that were not sampled during the

simulations.

Conclusions

Molecular Dynamics simulations of an all-/73-icosapeptide carrying the twenty

proteinogenic amino acid side chains were carried out to study the effects of

temperature, pH, presence of counter-ions, type of solvent and force-field parameters

used on the stability of the helix for this 20-/?-peptide. NMR experiments showed

that the molecule adopts i/^-helix in methanol, but shows no dominant structure in

water. Our simulations confirm this picture obtained from the NMR experiment,

although the conformational space of the 20-/?-peptide was not fully sampled within

the 150 ns of simulation. Thermodynamic conditions appear to influence the helix

stability. In methanol the 3/^-helix turns out to be more or less stable up to 150 ns at

298 K but rapidly unfolds at 340 K. However, if chloride counter-ions are included

in the simulation, the 3/./-helix becomes stable even at 340 K. In methanol the CI"

ions mediate the /^-peptide inter-residue electrostatic interactions. In water at 298 K,

a fast unfolding of the N-terminal is observed followed by some local

folding/unfolding of the residues closer to the C-terminal. Also in water the presence

147



Chapter seven

of counter-ions seems to make the helix more stable, but not through bridging

interactions with side-chains. The chloride ions do no interact directly with the ß-

peptide residues but rather with water molecules, forming hydrated ions. The

structural role of these hydrated ions is not clear from the simulations. The J/<rhelix

unfolds at 340 K in water. Regarding pi I effects examined for the water simulations,

the /^-peptide under physiological pH (1 CI", C-terminal, Asp and Glu not prolonated)

seems to produce a 3/./-helix more resistant to unfolding than the one at low pH (4

CI
, C-terminal, Asp and Glu protonated). In contrast to differences in pH and

presence of counter-ions, the two force-field parameters tested, GROMOS 45A3 and

53A6, do not show significant differences regarding helix stability. When comparing

the trajectories of the methanol simulations with experimental NOE distance bounds

and V-coupling constants obtained at 298 K, the simulations satisfy the experimental

data with only two larger (0.15 nm) violations.

Of all the factors studied, the presence of counter-ions in the simulation is the

one that causes the largest structural effects. This might be related to the sizeable

number (7 out of 20) of charged residues in the )8-peptide. It seems that inclusion of

explicit counter-ions in simulations of polypeptides with charged side chains is

mandatory. Unfortunately, their presence will lengthen the simulation times required

to reach equilibrium, because the distribution of counter-ions around a solute will

equilibrate much slower than that of the pure water solvent.
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Appendix A: NMR data

Table Al NOE distance bound violations (nm) for the MD trajectories at temperatures of 298

K and 340 K, with or without 4 CI" ions, and for the set of NMR model structures (31) derived

from the experimental data. Ihe columns show the NOE sequence number, the atoms to which

the NOE is related, the experimental signal intensity22 the 20-j8-peptidemoleculc at room

temperature in methanol, fhe pseudo-atom distance-bound corrections'4 were 0.09 nm for

CH2, 0.10 nm for OH3, 0.22 nm for (CH3)2 and (CH3)3.rhe first 157 were used in the NMR

model structure derivation, whereas the last 61 were not used. The asterisk in the atom names

denote the use of pscudo atoms.

4CI

sequence

umber
atom atom

exp. NOE

distance bound
298 K 340 K 298 K 340 K

NMR

(31)

1 lHa* IHß
0.36 -0.10 -0.11 -0.11 -0.11 -0.11

"\ 2Ha* 3HN 0.36 -0.10 -0.10 -0.10 -0.10 -0.07

3 2Hß 2Hy*
0.36 -0.12 -0.12 -0.12 -0.12 -0.12

4 2Hß 2IIN 0.29 -0.01 -o oi -0.01 -0.01 0.01

5 2Hy* 2HN 0.40 -0.11 -0.11 -0.10 -0.11 -0.10

6 2HN nia* 0.34 -0.09 -0.09 -0.09 -0.09 -0 07

7 3 Ha* 4IIN 0.35 -0.09 -0.08 -0.09 -0 09 -0.10

8 3Hß 3HaA 0.35 -0.10 -0.10 -0.10 -0 10 -0 11

9 3Hß 3Hy*
0.34 -0.10 -0.10 -0.09 -0.10 -0.09

10 3Hß 3HN 0.29 -0 03 -0.01 -0.01 -0.01 0.01

11 3IIy* 3HN 0.40 -0.11 -0.11 -0.10 -0.10 -0.10

12 3HN lHa* 0.32 0.15 0.15 0.15 0.16 -0.03

13 3HN 2HN 0.34 -0.01 -0.01 -0.02 -0.01 -0.08

14 3HN 3lia* 0.37 -0.07 -0.08 -0.07 -0.07 -0.06

15 3IIN 5Hß 0.31 0.17 0 20 0.09 0.09 -0.02

16 4Ha* 4Hß 0.36 -0.12 -0.11 -0.11 -0.11 -0.11

17 4Ha* 4IIN 0.38 -0.09 -0.09 -0.08 -0.08 -0.05

18 4Ha* 5HN 0.35 -0.10 -0.10 -0.10 -0.10 -0.11

19 4 lia* 7IIß* 0.45 -0.04 -0.04 -0.06 -0.06 -0.12

20 4Hß 4HaRe
0.27 -0 03 -0.02 -0.03 -0.03 -0.04

21 4HN 4Hß 0.30 -0.02 -0.02 -0.02 -0.02 0.00

22 4IIN 5HN 0.34 0.06 0.05 0.04 0.04 0.04

23 5Ha* 6HN 0.35 -0.10 -0.10 -0.10 -0.10 -0.11

24 SHCCrc 5HN 0.28 -0.03 -0.03 -0.03 -0.04 -0 04
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25 5Hß 2Hy*
0.43 0.08 0.13 -O.Ol 0 00 0.00

26 5Hß 2HN 0 33 0.07 0.14 -O.Ol 0 Ol 0.00

27 5Hß 5Ha* 0.35 -0.10 -0.10 -0.10 -0.10 -0.09

28 5Hß 5Hy*
0.38 -0.13 -0.13 -0.12 -0.13 -0.14

29 5Hß 5HN 0.29 -O.Ol -O.Ol -O.Ol -O.Ol 0.00

30 5HN 5Hy*
0.39 -0.10 -0.11 -0.11 -0.11 -0.06

31 5HN 7Hß* 0.40 0.07 0.07 0.03 0 04 -0.07

32 5IIN 8Hß
0.32 0.02 0.03 -0 Ol -O.Ol 0.04

33 6IIa* 6Hy*
0.45 -0.19 -0.19 -0.19 -0.19 -0.18

34 6Ha* 7IIN 0.36 -0.11 -0.11 -0.11 -0.11 -0.10

35 6Hy* 6HN 0.43 -0.15 -0.15 -0.14 -0.15 -0.13

36 6Hy* 9H8* 0.64 -0.22 -0.21 -0.26 -0.26 -0.20

37 6HN 5HN 0.32 0.06 0.05 0.05 0 05 0.04

38 6HN 6Ha*
0.39 -0.09 -0 10 -0.09 -0 09 -0.06

39 6IIN 7HN 0.34 0.02 0.03 0.02 0 02 -0 05

40 7Ha* 7HN 0.38 -0.10 -0 10 -0.08 -0.08 -0 07

41 7Hß* 4HN 0.41 -0.02 -O.Ol -0.05 -0.04 -0.09

42 7HN 7Hß* 0.37 -0.12 -0.12 -0.12 -0 12 -0.10

43 7IIN 8HN 0.32 0.05 0 04 0.05 0 05 -0 Ol

44 7HN 10HS 0.50 -0 03 O.Ol -0.04 -0.05 -0.05

45 8Ha* 9IIN 0.35 -0.10 -0.10 -0.11 -0.11 -0.11

46 8Hß 6IIN 0.32 0.07 0.09 0.04 0.05 0.02

47 8Hß 8Hy*
0.36 -0.11 -0.11 -0.11 -0.11 -0.10

48 8HN 7Ha* 0.36 -0.11 -0.11 -0.11 -0.11 -0.11

49 8HN 8Ha* 0.37 -0.07 -0.08 -0.07 -0.07 -0.06

50 8HN 8Hß 0 30 -0.02 -0.02 -O.Ol -0.02 -O.Ol

51 8IIN 9IIN 0.33 0.06 0.05 0.05 0.05 0.03

52 8HN MUß 0.31 O.Ol 0.04 0.00 0 00 0.04

53 9Ha* 10HN 0.34 -0.10 -0.09 -0.10 -0.10 -0.10

54 9Hß 6Ha* 0.37

"

-0.02 0.00 -0.04 -0.04 -0.05

55 9Hß 611N 0.31 0.02 0.03 0.00 0.00 0.02

56 9Hß 7HN 0.33 0.05 0.07 0.03 0.03 -O.Ol

57 9Hß 9IIS* 0.34 -0.08 -0.07 -0.08 -0.08 -0.06

58 9Hß 9HN 0.29 -O.Ol -0 Ol -O.Ol -O.Ol O.Ol

59 9H8* 9HN 0.39 -0.04 -0.06 -0.03 -0.03 -0.07

60 9H8* 12H5* 0 63 -0.18 -0.10 -0.16 -0.16 -0.13
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61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

9HN 10HN

9HN miß

lOHa* 10HN

lOHa* 11HN

1011a* 11HN

lOHß 7Ha*

lOHß 7HN

lOHß 8HN

lOHy 10IIN

10IIN lOHß

10IIN 12Hß

HHß 8IIa*

miß 8Hy*

HHß una*

HHß IIHy*

11Hy* 11HN

HHy* 14Hy*

11HN 10HN

11HN MUß

11HN 13Hß

11HN 14Hß

12Ha* 12HN

1211a* 13HN

12Hß 9Ha*

12Hß 12Hy*

12H6* 15H5

12Hy* 12IIN

12HN 11HN

12IIN 13IIN

12HN 15Hß

13Ha* 13HN

13Ha* 14IIN

13Hß l3Ha*

13Hß 13Hy

13Hß 13IIN

13H81* 13Hß

0.33 0.05 0 04 0.05 0.05 0.04

0.32 0.05 0.10 0.05 0.05 -0.03

0.37 -0.08 -0.08 -0.08 -0.08 -0.05

0.34 -0.10 -0.08 -0.10 -0.10 -0.09

0.35 -0.10 -0.09 -0.10 -0.10 -0.10

0.34 -0.02 0.02 -0.03 -0.03 -0.04

0.29 0.03 0.05 0 Ol o"oi 0.02

0.30 0.06 0.10 0.05 0 05 -0 02

0.33 -0.05 -0.05 -0.05 -0.05 -0.04

0.29 -O.Ol -O.Ol -O.Ol -O.Ol O.Ol

0.30 0.06 0.11 0.06 0.06 0.00

0.35 -0.02 0.03 -0.02 -0.02 -0.05

0.43 -0.09 -0.05 -0.10 -o.ib -0.08

0.37 -0.12 -0.12 -0.12 -0.12 -0.12

0.35 -0.10 -0.10 -0.10 -0.10 -0.09

0.37 -0.09 -0.09 -0.08 -0 09 -0.06

0.68 -0.20 -0.16 -0.20 -0.20 -0.16

0.32 0.05 0.05 0.06 0.06 O.Ol

0.30 -0.02 -0.02 -0.02 -0.02 -O.Ol

0.31 0 06 0.11 0 06 0.06 0.00

0.28 0.02 0.06 0.02 0.02 0.06

0.35 -0 05 -0.06 -0.05 -0.05 -0.03

0.34 -0.10 -0.09 -0.10 -0.10 -0.10

0.32 0.00 0.04 0.00 0.00 -0.04

0.36 -0.11 -0.11 -0.11 -0.11 -0.11

0.64 -0.14 -0 09 -0.15 -0.14 -0.15

0.43 -0.15 -0.15 -0.15 -0.15 -0.09

0.32 0.06 0.07 0.05 0.05 0.02

0.34 0.04 0.03 0 04 0.04 O.Ol

0.27 0.03 0.07 0.03 0.03 O.Ol

0.38 -0.09 -0.09 -0.09 -0.09 -0.07

0.34 -0.10 -0.08 -0.10 -0.10 -0.09

0.37 -0.12 -0.12 -0.12 -0.12 -0 12

0.27 0.00 -0.02 0.00 -O.Ol 0 Ol

0.30 -0.02 -0.02 -0 Ol -0.02 0.00

0 36 -0.09 -0.07 -0.09 -0.09 -0.09
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97 13Hy 13He* 0.37 -0.08 -0.08 -0.07 -0.08 -0.09

98 13IIN 13HS1* 0.39 -0.07 -0.11 -0.07 -0.08 -0.05

99 13HN 13Hy
0.28 -0.01 -0.01 -0 02 -0.01 0 01

100 13HN 14IIN 0.33^ 0.05 0.07 0.05 0 05 0.02

101 14Ha* 14Hy
0.35 -0.10 -0.09 -0.10 -0.10 -0 12

102 14Ha* 15HN 0.35 -0.10 -0.10 -0.10 -0.10 -0.11

103 14Hß una*
0.34~ -0.02 0.02 -0.02 -0.02 -0.04

104 14Hß 14Ha* 0.34 -0.09 -0.09 -0 09 -0.09 -0.09

105 14HÔ* 1411a* 0.47 -0.16 -0.14 -0.15 -0.15 -0.13

106 14Hy* 14Ha* 0.44 -0.17 -0.17 -0.17 -0.17 -0.16

107 14Hy* 14IIN 0.40 -0.12 -0.12 -0.12 -0.12 -0 11

108 14Hy* 17Hy*
0.53 -0.06 0.01 -0.03 -0.04 -0 11

109 14HN 15HN 0.33 0.06 0.06 0.05 0.05 0.05

110 15Ha* 15Hy
0.37 -0.13 -0.12 -0.13 -0.12 -0.06

111 1511a* 16HN 0.35 -0.10 -0.09 -0.11 -0.10 -0.10

112 15Hß 12Ha* 0.34 0.00 0.05 -0.01 -0.01 -0.04

113 15Hß 13IIN 0.33 0.05 0.11 0.04 0.04 -0.01

114 15Hß 15Ha* 0.34 -0.09 -0.09 -0.09 -0.09 -0.09

115 15Hß 15H8* 0.38 -0.10 -0.10 -0.10 -0.09 -0.04

116 15Hß 15Hy
0.26 0.00 -0.01 0.00 -0.01 -0 03

117 15Hß 15HN 0.30 -0.02 -0.02 -0 02 -0.02 0.00

118 15H5* 15Has,
0.38 0.02 0.01 0.01 -0.02 -0.03

119 15H8* 15Hy
0.35 -0.11 -0.11 -0.11 -0.11 -0.11

120 15IIS* 15HN 0.40 0.01 -0.04 -0.01 -0.03 -0.12

121 15Hy 15Has, 0 29 -0.03 -0 02 -0.03 -0.03 0.04

122 15HN 15Hy
0.31 -0.01 0.00 0.00 0.00 0 06

123 1611a* 16HN 0.37 -0.07 -0.08" -0.07 -0 07 -0.07

124 16Hß 13IIN 0.30 0.02 0.08 0.01 0.02 0.05

125 16Hß 16Ha* 0.35 -0.10 -0.10 -0.10 -0.10 -0.09

126 16Hß 16He* 0.44 -0.12 -0.11 -0.12 -0.12 -0.14

127 16HS 15Ha* 0.36 0.14 0 11 0.13 0.12 -0.03

128 16Hy* 16HN 0.39 -0.12 -0.12 -0.12 -0.12 -0.05

129 16Hy* 16Hß 0.36 -0.11 -0.11 -0.11 -0 11 -0.11

130 16Hy* 19Hß 0.43 -0.11 -0.04 -0.11 -0.10 -0.06

131 17Ha* 17IIN O.39" -0.09 -0.10 -0.09 -0.10 -0.05

132 17Ha* 18HN 0.34 -0.09 -0.08 -0.09 -0.09 -0.09
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133 17Hß 17Hy*
0.34 -0.09 -0.09 -0.09 -0.09 -0.09

134 17Hy* 17HaRt
0.36 -0.09 -0.11 -0.09 -0.09 -0.07

135 17Hy* 17HN 0.38 -0.09 -0.10 -0.09 -0.10 -0.07

136 17HN 16Ha*
0.36" -0.12 -0~10 -0.12 -0.12 -0.12

137 17HN 16IIN 0.33 0.05 0.04 0.05 0.05 0.07

138 17HN 17Hß
0.30 -0.02 -0.02 -0.01 -0.02 -0.01

139 18Ha* l8Hß
0.35 -0.10 -0.10 -0.10 -0.10 -0.10

140 18Ha* 18HN 0.37 -0.07 -0.08 -0.07 -0.08 -0.05

141 18Hß 15HS* 0.40 0.12 0 16 0.06 0.00 -0.03

142 18Hß 18HN 0.30 -0.02 -0.04 -0.02 -0 02 0.00

143 18HN 17Hy*
0.46 0.02 -0.07 0.02 -0 02 -0.03

144 18HN 17IIN 0.34 0.04 0.04 0 04 0.05 -0.01

145 1911a* 19IIß 0.35 -0.10 -0.10 -0.10 -0 10 -0.10

146 19Hß 16HN 0.32 -0.03 0.03 -0.03 -0 03 0.03

147 19Hß 16HaRt
0.26 0.01 0.07 0.00 0.03 -0.06

148 19Hß 17HN 0.33 0.05 0 13 0.05 0.08 -0.06

149 19Hß 19HN 0.30 -0.02 -0.02 -0.02 -0 02 -0 01

150 19Hy* 19IIN 0.42 -0.13 -0.14 -0.13 -0 14 -0.09

151 19HN 18Ha* 0.35 -0.11 -0.10 -0.11 -0 11 -0.11

152 19HN 18HN 0.34 0.06 0.05 0.06 0.07 0.03

153 19HN 19Ha* 0.38 -0.08 -0.09 -0.08 -0 09 -0 09

154 19HN 19HaRf
0.27 0.08 0.06 0.09 0.07 0.05

155 20IIß 20Ha* 0.38 -0.14 -0.14 -0.14 -0.14 -0.13

156 20Hß 20II8* 0.38 -0.02 -0.02 -0.01 -0 02 -0.01

157 20IIy* 20Hß
0.35 -0.11 -0.11 -0.11 -0 11 -0.12

158 1HaRt 2Hy*
0.39 0.09 0.09 0.09 0.09 0.12

159 IHß HIaKe
0.29 -0.02 -0.03 -0 02 -0.02 -0.03

160 2Has, 2Hy*
0.38 -0.10 -0.10 -0.10 -0.10 -0.09

161 2Hy* lHaut
0.37 0.11 0.11 0.11 0 11 0.14

162 2Hy* 5Hß
0.37 0.14 0 19 0.05 0.06 0.06

163 2HN 3HN 0.31 0.02 0.02 0.01 0.02 -0.05

164 2HN 5Hß 0.26 0.14 0.21 0.06 0.07 0 07

165 3Has, 3HaRc
0.20 -0.04 -0.04 -0.04 -0.04 -0.04

166 3Has, 3IIy
0.28 0.00 0 01 -0.01 0.00 -0.01

167 4HaRl. 4Has,
0.20 -0.04 -0 04 -0 04 -0.04 -0 04

168 5Has, 5HyUe
0.28 -0.01 0.00 -0.01 0 00 0.01
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169 5IlYs, 5IIN 0.31 0.00 -0.01 -0.01 -0.01 0.04

170 5HyRc 5HySl
0.20 -0.04 -0.04 -0.04 -0.04 -0.04

171 5HyRc 5HaRe
0.28 0.02 0.01 0.04 0.03 -0.02

172 5HN 5Has,
0.25 0.00 0.00 0.00 -0.01 -0.01

173 5HE2,, 5IIe2Rt 0.20 -0.03 -0.03 -0.03 -0.03 -0.03

174 7Has, 7HßRt 0.24 0.03 0.02 0.05 0.05 0.05

175 7HaRc 7Has,
0 21 -0.05 -0.05 -0.05 -0 05 -0.05

176 7HaRc 7HßSl
0.27 -0.03 -0.03 -0.03 -0.03 -0.03

177 7HaRL 8IIN 0.28 -0.01 -0.01 0.01 0.01 0.03

178 7HßRt 7Hßs, 0.20 -0.04 -0.04 -0.04 -0 04 -0.04

179 8HaSl 8HaRL
0.20 -0.04- -0.04 -0.04 -0 04 -0.04

180 8HyRe 8Hß 0.25 0.01 0.01 0.00 0.01 0 02

181 9Has, 9HaRc
0.20 -0.04 -0.04 -0.04 -0 04 -0.04

182 9Has, 9H8s, 0.27 0.08 0.08 0.09 0.09 0.06

183 9HaRL 9H8S, 0.28 0.05 0.04 0.05 0 04 -0.01

184 9Hß 6Haà,
0.24 0.04 0.05 0.02 0 02 0.01

185 9H8&, 9HeRt
0.26 -0 02 -0.02 -0.02 -0.02 -0.01

186 9HeRc 9H8s, 0.28 -0.04 -0.04 -0.04 -0 04 -0.03

187 9HN 8HaRt
0.27 -0 01 -0.01 0.02 0.02 0.02

188 10Has, lOIIttue
0.20 -0.04 -0.04 -0.04 -0 04 -0.04

189 lOHas, 10H8* 0.41 -0.09 -0.07 -0.08 -0 08 -0.09

190 10HaRo 10HN 0.25 0?10 0.09 0.10 0.10 0.13

191 10IIaRe 10HS* 0.39 -0.09 -0.09 -0.09 -0 09 -0.10

192 lOHß 10II8* 0.38 -0.09 -0.08 -0.08 -0 08 -0 08

193 lOHy 10HS* 0.41 -0.17 -0.17 -0.17 -0 17 -0.17

194 10HN 10H8* 0.45 -0.10 -0.12 -0.11 -0.11 -0.09

195 12IIaRe 12Hys,
0.28~

"

-0.03" -0.03 -0.03 -0.03 0.00

196 12H5 12HySl
0.26 -0.02 -0.02 -0.02 -0.02 -0 01

197 12HS 12HN 0.32 0 02 0.01 0.03 0 03 -0.03

198 12H8* 15HS* 0.55 -0.05 0.00 -0.06 -0.05 -0.06

199 12Hy* 15H5* 0.53 -0.14 -0.09 -0.15 -0.14 -0.02

200 l2HySl 12HyRc
0.20 -0.04 -0.04 -0.04 -0.04 -0.04

201 12HyRL 12IIS 0.27 -0 03 -0.03 -0.03 -0.03 -0.04

202 12HE2S, 12HE2Re
0.20 -0.03 -0.03 -0.03 -0.03 -0.03

203 13IIß 14HS* 0.38 0.23 0.05 0.24 0.26 0.30

204 13H5S, 13Has,
0.27 0.04 0 00 0.05 0.02 0.07
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205 13HSS, 13IIy
0 23 0.01 0.01 0.01 0.01 0.02

206 13H8Re 13Hy
0.39 -0.15 -0.15 -0.15 -0 15 -0.15

207 14flß 11IIN 0.31 -0 01 0.03 -0.01 -O 01 0.03

208 14HS 14HE 0.33 -0.06 -0.06 -0 06 -0 06 -0.07

209 15H8* 15HaRt
0.38 -0.06 -0 04 -0.05 -0 05 0.01

210 15HN 16IIN 0.33 0.05 0.03 0.05 0.04 -0.01

211 15HN 17Hy*
0.44 0.17 0.24 0.18 0.18 0.16

212 16Hys, 16HyRc
0.21 -0.05 -0.05 -0.05 -0.05 -0.05

213 16HyRc l6HaRe
0.26 0.07 0.03 0.07 0 06 0.01

214 17IIaRe 17Has,
0.20 -0.04 -0.04 -0.04 -0 04 -0.04

215 17HN 15HN 0.35 0.16 0.19 0.16 0.16 0.11

216 18HaRc 18IIaSl
0.20 -0.04 -0.04 -0 04 -0.04 -0.04

217 20H8Sl 20HeRt
0.27 0.00 0.00 0.00 0.00 -0.01

218 20Hes, 20HeRc
0.20 -0.04 -0.04 -0.04 -0.04 -0.04

Table A2 V-coupling (HN-H/Î) constants (Hz) for the MD trajectories of the 20-j8-peptide in

methanol at temperatures of 298 K and 340 K, with or without 4 CT ions, and for the set of (31)

NMR model structures derived from the experimental data.22 The columns show the residue

number, the experimental values22 for the 20-/f-peptide at room temperature in methanol and the

values calculated from the MD and model structures. Some residues are missing because the 3J-

coupling constants could not be determined experimentally.

4C1"

residue exp. J./-coupling
298 K 340 K 298 K 340 K

NMR

number constant (31)

2 9.5 9.1 8.9 9.1 9.0 8.7

4

—-— -

9.1

"

3-2 $'£ 9.3 92

5 9.2 9.2 9.1 9.4

"

9.2 7~8

6 9.5 9 1 9.1 9.4 9.3 9.5

8 8.4 9.3" 9.1 9 4 9.4 8.4

10 .„."
"

9'2 -—4—
"

9-2-— 9^4 9.4
..

9"2

11 /" 8~8 "~9.4
"

9.1 9.4 9.4 8 5

12 9.2 9.4 9.0 9.4 9.3 8 9

13

._ .

^ "*9~5~ 9.3 "_9_5 9.5~"" 9.2

14 9 6 9 4 9.2 9.4 "9 3 9.T

15 8.8 9.4 9.0 9.4 9.3 9.3

16 J" 9.5 9.4 8.9 9.5 9.4 8 9

17 8.7 9.4 8.9 9.4 9.4 92

18 9.4 8,9^ 9.4 9~3 9 2

19 8.3 9.4 9.0 9.4 9.2 8 3
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Chapter eight

A PROTEIN UNDER PRESSURE: MOLECULAR DYNAMICS

SIMULATION OF THE ARC REPRESSOR

Summary

Experimental NMR results for the Arc Repressor have shown that this dimeric

protein dissociates into a molten glohule at high pressure. This structural change is

accompanied by a modification of the hydrogen-bonding pattern of the

intermolecular /?-sheet: it changes its character from intermolccular to intra¬

molecular with respect to the two monomers. Molecular dynamics (MD) simulations

of the Arc Repressor, as a monomer and a dimer, at elevated pressure have been

carried out with the aim to study this hypothesis and to identify the major structural

and dynamical changes of the protein under such conditions. The monomer appears

less stable than the dimer. However, the complete dissociation has not been seen due

to the long timescale needed to observe this phenomenon. In fact, the protein

structure altered very little when raising the pressure. It became slightly compressed

and the dynamics of the side chains and the unfolding process slowed down. Raising

both, temperature and pressure, a tendency of conversion of intermolecular into

intra-molecular hydrogen bonds in the /?-sheet region has been detected, supporting

the mentioned hypothesis. Also the onset of denaturation of the separated chains was

observed.
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Introduction

The natural way to study the stability and folding/unfolding behavior of

proteins, experimentally or theoretically, is by varying the thermodynamic conditions

of the solution containing it. Essentially three types of modifications of the

physiological conditions are employed:1 change of temperature, of pressure or of

solvent composition by addition of co-solvent or changing the ionic strength.
"

The

effects of high temperature on biomolecules have been readily explored

computationally, especially regarding the unfolding of proteins.6"8 High-pressure

effects on macromolccules0" were less abundantly examined by computer

simulation,12"14 mainly because of the difficulties to observe these due to the long

timescales needed and the lack of experimental data to compare results with.

Recently, the latter reason has lost weight because the past years have seen a boost in

the investigation of pressure effects by experimental techniques.1,_ Consequently,

the number of theoretical studies to help experimentalists interpret the observations

has increased. In addition to the timescale problem mentioned before, there is still

another aspect that should be addressed, which is in fact common to all three types of

perturbations: whether the force-field parameters developed at physiological

conditions are appropriate for a system at non-standard conditions.

As stated before, the main problem of studying high-pressure effects by

computer simulation is the slowing down of the system dynamics due to the density

increase. It is estimated that the timescale to observe high-pressure induced

unfolding is rather long26 and these extended timescales are still impossible to reach

in computer simulations. The first attempts of high-pressure simulations, for

instance, covered less than a few hundreds of picoseconds.
• No unfolding was

observed in these studies, but insights into short-term pressure effects were gained.

Several methods have been devised to overcome the timescale problem. Paliwal and

co-workers,22 for instance, accelerated the process by randomly inserting water

molecules in the protein interior, since water penetration could be a mechanism by

which high pressure denatures a protein.27 However, this procedure, in a way, biases

the simulation. We use here an increase of temperature to enhance the dynamics.
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/3-sheet region
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t»
LYS-« MET-" PRO 8 GtN 9 PHE-10 ASX-1I LS T-I2 UtG-11 TRP-14 <*

ligure I Overlay of the three-dimensional fold ot the ^rc Repressor dimer single trajectory

structures of the 300 1 (Mack), 350 1 (red) and 300 10k (green) simulations aller about I ns of

simulation. Depicted in detail inside the separate box is the intermolecular /î-sheet region

between residues 6-14 and 59-67.

Of all pioteins studied undei high-pressure, BP I I is cerlaini} the one that has

been most investigated, both experimentally and theoretically.
1S-U

Other

proteins examined are Staphylococcal Nuclease, Hen fgg White

1 yso/yme,'
'

Histidine Containing Protein
' °

and the Arc Repiessor" (I igure 1 ).

I he experimental work done on the latter one caught oui interest and in the present

woik we report high-pressure and high-temperatuie computer simulations ol the Art

Repiessor in aqueous solution. At normal conditions this DNA binding piotein
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consists of a dimer with 53 amino acid residues in each chain. The two chains are

associated via an anti-parallel /?-sheet, which is also related to UNA binding.

According to experiment,36 under high-pressure this intermolecular jß-sheet is

converted to two intra-molecular ones and the two chains dissociate and form a

molten globule. The latter process, however, is not supposed to occur directly but

through an intermediate state in which the two chains are still together. In order to

investigate this hypothesis we have performed standard molecular dynamics (MD)

simulations at different temperature/pressure combinations. This would not only

provide an atomistic level interpretation of the behavior of the Arc Repressor under

high-pressure, but also verify whether standard MD with a force field calibrated at

normal conditions would be able to describe high-pressure situations. The protein

structures from the MD trajectories were compared to the "NMR model structure

obtained at normal conditions.38 Structural properties, secondary structure and

hydrogen bonds, and dynamical ones are reported and where possible compared to

experimental data.

Methods

The simulations were performed using the GROMOS96 simulation program.39

The GROMOS 45A3 force field39,40 was used for modeling the Arc Repressor

molecule whose initial coordinates were taken from the Protein Data Bank entry

1ARR (minimized average "NMR structure).38 The protein was placed in the center of

a cubic box filled with water equilibrated at 298 K. The charge state of residues with

dissociative protons was chosen according to the most probable state at pH 7,

yielding an overall charge of +8 e (+4 e for each chain). In total, the system

comprised 1136 protein united atoms (568 atoms per chain) plus 14182 water

molecules (42546 atoms) with initial box lengths around 7 nm. Initial coordinates for

the monomer simulations were taken from the first chain of 1ARR. The model

chosen for the solvent was SPC water.41 This solvent model was not parametrized for

simulations under high-pressure.42,4J We have therefore done a check on its high-

pressure properties by doing a 500 ps (preceded by 200 ps equilibration) pure water

simulation (1000 SPC water molecules) at 10 kbar. The remaining conditions of this

simulation were precisely the same as described in previous work44 for neat water.

The final average density of 1.23 g/ml was within the density range reported in the

162



A PROTriN UNDER PRESSURE MOLECULAR DYNAMICS SIMULATION OF IHEARC REPRFSSOR

literature.42,45 Tn the protein simulation, bond lengths were kept rigid by using

SHAKE46 with a geometric tolerance of 10~4. A time step of 2 fs was used to

integrate the equations of motion and configurations were stored for analysis every 2

ps. A triple-range cutoff scheme was applied to handle the non-bonded interactions

with radii of 0.8 nm and 1.4 nm. Beyond 1.4 nm a reaction-field force was applied

with dielectric permittivity of 54.47 Most of the simulations were carried out at

constant temperature and pressure, which were held constant by coupling them to a

thermostat and a manostat,48 respectively. One of the simulations was done at

constant temperature and constant volume. Protein and solvent were coupled to

separate temperature baths each with a coupling constant of 0.1 ps. The coupling

constant to the pressure bath was 0.5 ps and the isothermal compressibility

4.575x10^ (kJ mol
'
nm 3) '. The protocol to equilibrate the system comprised of

several steps. First, two steepest descent energy minimizations were done to adapt

the system to the force field and to reduce geometric strain. The first energy

minimization had the protein atoms positionally restrained by a harmonic force

(force constant of 250 kJ mol"1 nm"2) and was followed by a second energy

minimization where these restraints were released. The thcrmalization was divided in

5 steps where the protein atoms were again harmonically positionally restrained with

the force constant being decreased at each step (5.0, 3.75, 2.5, 1.25 104 kJ mol"' nm""

and no restraints in the last one). Initial velocities were assigned in the first

thermalization step based on a Maxwellian distribution at 300K. Ihe whole process

was accomplished over a time span of 170 ps. At this point the simulation was

branched according to the temperature and pressure by changing the reference values

of the thermostat and/or the manostat. The different dimer or monomer (M)

simulations are labeled as "TemperaturePressure" (in Kelvin and bar) to identify the

temperature and pressure conditions. Some high-pressure simulations did not start

from this initial configuration but from the final structure of other simulations. This

was done as an attempt to accelerate the dynamics when it appeared slow at high

pressure. Table 1 depicts additional details about the different temperature/pressure

combinations.

Several analyses for the structural characterization of the Arc Repressor were

done on the trajectories mostly using the GROMOS analysis software.49 The atom-

positional root-mean square displacement (RMSD) calculation used the "NMR

minimized average model (1ARR) as the reference structure and was done for the
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backbone atoms. Only the protein core (residues 8-48 of chain A and 61-101 of chain

B)38 was considered for the translational and rotational superposition of structures

and the calculation of the RMSD. The amino acid root-mean square fluctuations

(RMSF) were calculated considering the Ca carbon atoms of the protein backbone.

The solvent accessible surface area (SASA) was obtained with the Lee & Richards

algorithm.50 Hydrogen bonds were defined using a geometric criterion: the hydrogen-

acceptor distance should be smaller than 0.25 nm and the donor-hydrogen-acceptor

should be larger that 135°. Secondary structure was identified by the DSSP

definition51 using the PROCHECK program.52 Dihedral-angle transitions are defined

according to the GROMOS96 manual39 and are counted whenever the dihedral angle

crosses a barrier and goes through the next minimum in the dihedral angle potential

energy function.

Table 1 S mulation detai Is

molecule

simulation

name

temperature

IN

pressure

[bar]

length

|ns|

starting

conformation

final

conformation

final RMSD

[nm]

dimer 300_t 300 1 7 0 folded iolded 0 23

dimer 350_1 350 1 5~1 folded folded 0.23

dimer 400_1 400 1 5 3 folded unfolded 0 81

dimer 450_1 450 1 0.8 folded unfolded 0 64

dimer 450_NVT 450 165* 4 5 lolded unfolded 0 50

dimer 300_2 5k 300 2.5k 7 0 folded folded 0.23

dimer 300_10k 300 10k 7 0 folded folded 0 24

dimer 350_10k 350 10k 3.6 final 300 1 Ok folded 0.30

dimer 400_10k 400~ 10k 7.0 final 350_10k folded 0.32

monomer M300_l 300 1 4.0 folded unfolded 0 54

monomer M350_l 350 1 3.0 final M300_l unfolded 0.50

monomer M400_l 400 1 3.0 final M350_l unfolded 0.61

monomer M300_10k 300 10k 4.0 folded folded 0.30

monomer M350_10k 350 10k 3.0 final M300_10k folded 0 37

monomer M400_10k 400 10k 3 0 final M350 1 Ok unfolded 0.50

average value
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l'iqure 2 Backbone atom-positional RMSD for the core (residues 8-48 and 61-101) of the

protein of dimer trajectories structures relative to the NMR model structure (at 300 k, I atm)

as a function of time. Ihe colors identify the different simulations.

Results and discussion

Comparison to the NMR model struct lire

In order to identify major changes in the Arc Repressor dimer structure with

respect to the NMR model structure (at 300 K and latm), we calculated the backbone

atom-positional RMSD of the trajectory structures for the protein core, defined by

residues 8-48 in chain A and 61-101 in chain B.,h Ihe result ol the RMSD

calculation as a function of time is shown in I igure 2. 1 he control 300_1 simulation

is stable with the RMSD around 0.2 nm during the whole simulation. When

increasing the temperature, the Arc Repressor loses its structure at 400 and 450 K but

not at 350 K. Ihe 3501 simulation shows a quite stable RMSD around 0.22 nm

during the 5.1 ns, not very different from ihe value al 300 K. I wo simulations were

performed at 450 K (at constant volume and constant pressure) and in both cases the

protein loses its structure. The simulation at constant volume was only done in order

to be sure that the denaturation was indeed caused by the increased temperature and
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not also by the reduction of the density when the box volume increases. However, the

decrease in density makes the denaturation in simulation 4501 really fast and in less

than 1 ns the final structure barely resembles the reference NMR model structure.

Considering the pressure increases at 300 K, the RMSD did not reveal any major

structural change even at 10 kbar. At 350 K, an increase of the pressure from 1 bar to

10 kbar results in a small increase in the RMSD value. When raising the temperature

even further to 400 K (40010k simulation), the Arc Repressor does not denature as

in the case of 400 1. The high pressure changes the structure, but inhibits a rapid

unfolding.

The last column of Table 1 summarizes the folding behavior of the Arc

Repressor simulations based only on the RMSD observations. After this initial

analysis, five simulations were selected for a more detailed investigation: 3001,

3501, 300_10k, 35010k and 40010k. Only the final 3.6 ns of the trajectories were

compared. These simulations all show a relatively stable RMSD. Figure 1 shows an

overlay of single dimer structures extracted from the simulations 3001, 3501 and

30010k. It can be noticed that there are no major changes in the protein structure. In

the simulations at high temperature in which the protein was considered unfolded

(4001, 4501 and 450NVT) the /?-sheet stayed intact in the form of intermolecular

strands. The DSSP plots for those simulations were calculated but are not shown

here. For comparison purposes, monomer simulations M3001, M300_10k,

M350_10k and M400_10k were performed and shortly analyzed. The complete list of

all simulations performed may bee seen in Table 1.

Comparison between monomer and dimer

The secondary structure, Ca atom-positional RMSF and backbone atom-

positional RMSD from the initial structures are shown in Figure 3 for the monomer

and in Figure 4 for the dimer simulations. In agreement with experiment,3 the

monomer appears to be less stable than the dimer at 300 K and 1 atm. At high

pressure, the monomer is deforming more than the dimer at all three temperatures:

the RMSF and RMSD values of the former are higher than those of the latter. The

dimer is stabilized by its intermolecular /?-sheet. In the monomer, the first a-helical

region (residues 16-29) seems to be more stable than the second one (residues 35-

45). In the next sections we focus on the results for the dimer.
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Figure 3 Secondary structure plots for the M300 1 (top left panel), M300_10k (top right

panel), M350 10k (bottom left panel) and M400_10k (bottom right panel) simulations of the

monomer as a function of time. Different colors indicate different types of secondary structure

elements. On the right hand side, the atom-positional RMSF of the backbone C„ atoms as a

function of the residue number is shown. Below, the atom-positional RMSD of the core

(residues 8-48) relative to the NMR model structure as a function of time is shown.

Global protein properties

Property averages for the dimer are shown in Table 2. The average box

volume (VAoi) shows significant variation between the different simulations,

especially when increasing the pressure at constant temperature. The volume

decrease is 21% and 23% when the pressure is raised to 10 kbar at 300 and 350 K,

respectively. When changing the temperature at constant pressure, the volume

increase becomes smaller at higher pressure. At 1 bar, an increase of 5% occurs in

the box volume when going from 300 to 350 K whereas at 10 kbar this increase is

only 2 %. The radius of gyration (r() and solvent accessible surface area (SASA)

reflect overall structural changes of the protein. In general, when increasing the

pressure, one would expect these properties to decrease (unless partial unfolding or

dissociation takes place) since the volume is expected to become smaller." In our

simulations they did not show much variation under the pressure change, except in

simulation 40010k. The atom-positional root-mean-square fluctuations (Ar) of Ca

and CY carbon atoms show a small increase when either the pressure or the
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temperature is raised except at 40010k when it comes down. This increase at higher

temperature is expected, however, at larger pressure a decrease is the expected

response. 1 his indicates that the protein indeed takes some time to respond to the

pressure increase. The average root-mean-square fluctuations (a) ol the dihedral

angles Q,y/ (backbone), j, and Xi (side-chains) were also calculated. When the

temperature is raised, the fluctuations increase by approximately 30-60% at 300 and

350 K but much less at 35010k. When increasing the pressure, small changes are

observed. 'Ihe average number of dihedral-angle transitions per nanosecond per

residue (nt) was also computed and responds immediately to temperature changes. In

general, the number of transitions roughly double when the temperature increases by

50 K. Increased pressure reduces the number of transitions. The reduction is more

pronounced at higher temperature and for the side-chain dihedral angles. As

expected, X\ ar,d arc Xi more sensitive to environmental changes. This agrees with

the behavior of BP'TI under high-pressure found in a previous study.13

table 2 Properties averaged over the last 3.6 ns of simulation

property
300_1 350J

simulation name

300_10k 350m10k 400_10k

(v,S [nm1! 452 474 357 365 373

(O [nm] 1 42 1 41 1 44 1 40 1 36

(SASA) [nm2] 74 72 76 72 68

(McJ) [nm| 0 14 0 18 0 17 0 17 0 12

Mc,)} [nm] 0 18 0 20 0 20 0 21 0 16

(*m [deg] 14 20 16 21 23

(°(v)) fdegl 14 21 15 21 21

Kr.)> [deg] 38 50 35 55 61

to) [deg] 60 80 56 80 99

H<») [n^l 3 3 6 5 3 2 5 5 7 9

(nt(y)) [ns"'] 2 4 5 0 2 1 4 1 5 0

<"'(*.)> Ins-1! 2 3 4 7 1 4 2 6 4 9

Hx2)) |ns '| 8 0 13 1 4 S 8 5 13 3

Vhox volume of the box, rc radius of gyration, SASA solvent accessible solvent area, Ar atom-

positional RMS fluctuations of Ca and Cr atoms, a RMS fluctuations ot 0, y/, %\ and Xi dihedral

angles, nt number of <f>, y/, %\ <"id Xi dihedral angle transitions of per residue per time
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Figure 4 Secondary structure plots for the 300 1 (top left panel), 300 10k (top right panel),

35010k (bottom left panel) and 400 10k (bottom right panel) simulations of the dimer as a

function of time. Different colors indicate different types of secondary structure elements. On

the right hand side, the atom-positional RMSF of the backbone Ca atoms as a function of the

residue number is shown. Below, the atom-positional RMSD of the core (residues 8-48 and 61-

101) relative to the NMR model structure as a function of time is shown. In these two last

panels, red represents chain A, green chain B and black both chains.

Structural analysis

The secondary structure, Ca atom-positional RMSF (right) and backbone

atom-positional RMSÜ from the initial structures for the dimer are shown in Figure

4. Overall, the control simulation 3001 (top left panel) shows a rather stable dimer

structure with only slight unwinding of the first helices of both chains at their C-

terminal ends. The jS-sheets in the region between residues 8-14 and 61-67 (green)

are most of the time present but show interruptions that become more frequent as the

simulation goes on. The Ca fluctuations behave according to what is expected, with

the well-defined secondary structure regions having lower values than the free

regions (tails). The graph for simulation 3501 (not shown) shares the same

characteristics with 3001 except for a slightly more severe deterioration in the a-

169



Chapter fciGHi

helices and a higher overall RMSF. The three remaining panels of Figure 4 show the

results for the simulations at 10 kbar at different temperatures. Simulation 30010k

in the top right panel shows in general a pattern similar to 3001. There is, however,

a larger degradation of the first a-helix in chain B (residues 69-82). This degradation

is also seen in the corresponding a-hclix of chain A (residues 16-29). The j0-sheets

appear to be practically unaffected. Moving on the bottom left panel (35010k), the

general picture stays the same with even more degradation of the first a-helix of

chain A. The second a-helix of both chains does not appear to be sensitive to high-

pressure. The residues in between the two a-helices become more mobile (larger

RMSF) in both chains. The bottom right panel shows the secondary structure for

40010k. Again, at a glance, the pattern is still quite similar to the previous panels.

Moreover, the residues between the a-helices of chain A seem to stabilize in a turn

type of structure. The higher density of magenta lines in the green region,

characterizing the intermolecular yS-sheet, indicate that formation of intra-molccular

ß-bridges is now and then replacing inter-molecular ones. This hints at an approach

of a pre-dissociated state. Therefore, we have carried out a more detailed analysis by

computing the hydrogen bonds in the jß-sheet and «-helical regions. Tn addition, we

have also studied the side-chain conformation of residues PT1E 10 (chain A) and PHE

63 (chain B), which was shown to correlate with a pre-melting conformation upon

DNA binding and temperature or urea denaturation.5^

Table 3 Intermolecular backbone hydrogen bond populations in the /î-shect region (%).

hydrogen bond

chain A chain B 300_1

10 PHE 65 LEU 87

ll LEV 63 PHE 81

14TRP 61 PRO 77

chain B chain A

63 PHE 12 LEU 86

65 LEU 10 PHE 81

67 TRP 8 PRO 49

simulation name

350 1 300_10k 350 10k

84 87 62

78 89 85

66 83 69

88

76

53

88

94

50

86

85

30

400 10k

75

79

40

80

69

40
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Table 4 Intra-molecular backbone hydrogen bond populations in the /î-sheet region (%).

hydrogen bond

chain A chain A 300_1

9 GLN 7 MET 5

10 PHE 8 PRO 1

11 ASN 9 GLN 2

12 LEU 10 PHE 4

13 ARC 11 ASN 0

14TRP 12 LEU 2

chain B chain B

62 GLN 60 MET 0

63 PHE 61 PRO 1

64 ASN 62 GLN 1

65 LEU 63 PHE 5

66 ARG 64 ASN 2

67TRP 65 LEU 7

simulation name

350 1 300 10k 350
10k

0

1

0

4

0

3

0

1

2

3

0

3

0

0

0

2

2

5

1

0

0

1

0

9

10k

400 10k

0 0

3 2

0 0

5 7

1 2

3 4

0

2

2

4

0

13

3

0

4

10

0

15

Hydrogen bond analysis' ß-sheet region (residues 8-14, 61-67)

At normal conditions, the Arc Repressor contains a yS-sheel made up by inter-

molecular hydrogen bonds between the two chains (see separate box in Figure 1).

According to experiment, when the pressure is increased, the character of the

hydrogen bonds change from intermolecular to intra-molecular and the two chains

dissociate.36 The presence of intra and intermolecular hydrogen bonds of the

backbone in the /?-sheet region (residues 8-14 and 61-67) is shown in Table 3 and

Table 4, respectively. The 3001 simulation shows inter-molecular hydrogen bonds

between chains A and B (Table 3) while intra-molecular ones (Table 4) are almost

non-existing. When the pressure is increased to 10 kbar, the difference between intra

and intermolecular hydrogen bonds becomes larger. However, when the temperature

is raised to 350 K or 400 K, the population of inter-molecular hydrogen bonds

decreases and there is a slight increase in the number of intra-molecular hydrogen
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bonds. This inter-conversion occurs from the extremes towards the middle of the ß-

sheet. The average hydrogen bond lengths were computed and a compression of 2 %

was seen for inter-molecular hydrogen bonds and no compression for the intra¬

molecular ones.

Table 5 Backbone hydrogen bonds in the first a-helical region (residues 16-29,69-82) (%).

hydrogen bond simulation name

chain A chain A 300_1 350_1 300 10k 350_10k 400„10k

20 ASP 16 ARG 95 82 81 92 85

21 LEU 17 GLU 65 61 21 75 67

22 VAL 18 VAL 87 94 12 70 50

23 ARG 19 LEU 96 81 98 95 96

25 VAL 21 LEU 54 79 15 53 66

26 ALA 22 VAL 86 88 92 89 71

27 GLU 23 ARG 75 45 83 63 45

29 ASN 25 VAL 59 63 53 25 0

chain B chain B

73 ASP 69 ARG 90 88 96 96 90

74 LEU 70 GLU 82 40 96 94 90

75 VAL 71 VAL 94 93 96 95 91

76 ARG 72 LEU 95 91 97 92 88

78 VAL 74 LEU 84 74 41 41 66

79 ALA 75 VAL 96 76 90 69 89

80 GLU 76 ARG 90 45 10 25 0

82 ASN 78 VAL 75 43 2 7 0

Hydrogen bond analysis' a-helix regions (residues 16-29, 35-45 and 69-82, 88-98)

Hydrogen bonds in the two a-helical regions were also calculated. At 3001,

the hydrogen bonds of the first a-helix in both chains (residues 16-29 in chain A and

69-82 in chain B) are well preserved (Table 5). As the pressure is increased, the first
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a-helix degrades at the C-terminal end, especially in the first chain. These results are

in agreement with the secondary structure plots in Figure 3. The second a-helical

region is related to residues 35-45 in chain A and 88-98 in chain B and the results arc

shown in Table 6. Different from the first helix, the hydrogen bonds show almost no

change or even a slight increase of their occurrence as the pressure is increased. The

average hydrogen bond length for the a-helices showed a compression of about 2 %.

Table 6 Backbone hydrogen bonds in the second a-helical region (residues 35-45, 88-98) (%).

hydrogen bond simulation name

chain A chain A 300_1 350 1 300_10k 350 10k 400_10k

39 GLN 35 SER 93 73 96 89 89

40 ARG 36 GLU 74 87 77 88 86

41 VAL 37 ILE 97 88 94 90 87

42 MET 38TYR 91 86 93 81 77

43 GLU 39 GLN 60 62 84 87 84

44 SER 40 ARG 83 73 97 95 84

45 PHE 41 VAL 87 85 90 90 83

chain B chain B

92 GLN 88 SER 90

93 ARG 89 GLU 88

94 VAL 90 ILE 83

95 MET 91 TYR 94

96 GLU 92 GLN 87

97 SER 93 ARG 93

98 PHE 94 VAL 96

Side chain conformation of PIIE 10 (chain A) and PHh 63 (chain B)

The X\ dihedral angles of PI IF 10 and PHI7, 63 have been calculated and the

predominant conformations are displayed in table 7. As shown by experimental data,

a pre-melting state of the Arc Repressor would be characterized by having the %\

80 84

89 72

94 97

80 97

46 94

78 77

88 93

91 89

61 82

74 80

97 93

97 93

87 79
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dihedral angle of these PHIi residues predominantly in the trans conformation

instead of gauche-.55 Table 7 shows that the behavior of the chains differs

significantly. Only simulation 3501 showed periods where both chains sampled the

same conformation. A fast equilibrium between these configurations is assumed but

not many transitions were seen in 3.6 ns of the simulations, except in simulation

3501. However, no real correlation between the dihedral-angles conformations and

a pre-melting state could be established.

Table 7 Predominant conformations of the %{ dihedral angles of residues PHE 10 and PHE 63.

When two conformations are indicated, the first one has the larger population.

simulation name PHE 10 (chain A) PHE 63 (chain B)

300__1 gauche+ trans

350 1 gauche+ / trans trans

30010k trans gauche-

350_10k trans gauche-/ gauche+

40010k trans gauche+ / gauche-

Conclusions

The present work investigated high-pressure effects as observed in MD

simulations of the monomeric and dimeric Arc Repressor protein in aqueous solution.

The temperature was also raised to speed up the relaxation of the protein under high

pressure. The monomer turned out to be less stable than the dimer at all temperatures

and pressures, in agreement with experimental data. The increase of pressure actually

prevents the molecule from rapid unfolding at a higher temperature, as observed

before.56 The anticipated reduction of the protein volume and structural fluctuations

at high pressure, reflected by the radius of gyration, atom-positional fluctuations and

dihedral-angle fluctuations, was not seen in our simulations. These properties turned

out to be very stable and virtually insensitive to the increase of pressure. The Ca

atom-positional RMSF per residue was very similar in all simulations, unless there

occurred a loss or change in the secondary structure (sec the panels in Figure 3 and

Figure 4). Increasing pressure, however, leads to a decrease in the number of

dihedral angle transitions, particularly for the side chains.
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According to a hypothesis based on experimental data,
6

under elevated

pressure, the structure of the Arc Repressor dimer would change into an intermediate

state and then the chains would dissociate and unfold. This chain dissociation could

not be observed in the simulations due to the limited timescale of these. However, a

tendency of change in hydrogen bonding in the /?-sheet region from intermolecular to

intra-molecular was observed at high-temperature when increasing the pressure,

indicating a change towards a pre-dissociated state (compare the green region in

300_1 and 40010k panels in Figure 4). At higher pressure, a slight (2%)

compression is observed, in agreement with what one would expect based on

experimental predictions.29-30The onset of denaturation of the separated chains

(monomers) was observed in the simulations. The sobering conclusion of the present

study is that only the onset of pressure-induced structural deformations could be

observed, because the side-chain dynamics and the unfolding of the protein is slowed

down at higher pressure. This pressure effect makes the study of the mechanism of

protein unfolding through increase of pressure by computer simulation a more

difficult task than when unfolding is induced by raising the temperature or by

altering the solvent composition. Therefore, experimental work based on these

denaturing techniques is more suitable to interpretation through simulation than

high-pressure measurements.
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Catalytic mechanism of Cyclophilin as

observed in molecular dynamics simulations:

pathway prediction and reconciliation of x-ray

crystallographic and nmr solution data

Summary

Cyclophilins are proteins whose main function is to catalyze X-proline cis-

trans inter-conversion, where X represents any amino acid. Its mechanism of action

has been investigated over the past years but still generates discussion, especially

because until recently structures of the ligand in the eis and trans conformations for

the same system were lacking. X-ray crystallographic structures for the complex

Cyclophilin A and HIV-1 capsid mutants with ligands in the eis and trans

conformations suggest a mechanism where the N-terminal portion of the ligand

rotates during the cis-trans isomerization. However, a few years before, a C-terminal

rotating ligand was proposed to explain NMR solution data. In the present study we

use molecular dynamics (MD) simulations to generate a trans structure starting from

the eis one. From simulations starting from the eis and trans structures obtained

through the rotational pathways, the seeming contradiction between the two sets of

experimental data could be resolved. The simulated N-terminal rotated trans

structure shows good agreement with the equivalent crystal structure and, moreover,

is consistent with the NMR data. These results illustrate the use of MD simulation at

atomic resolution to model structural transitions and to interpret experimental data.
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Introduction

Cyclophilins are isomerases that catalyze the cis-trans inter-conversion of

peptides that have a proline residue in their sequence, changing the dihedral angle

between the proline and the preceding amino acid.1"3 This is a reaction involved in

numerous vital processes in nature.4"7 Different structural mechanisms have been

proposed for this reaction.8"'1 In principle, both eis and trans forms of the ligand

should bind comparably the active site, but until some years ago only crystal

structures of Cyclophilin with the ligand in the eis conformation were available.

The only exception was the Cyclophilin/HIV-1 capsid complex, which had the ligand

in the trans conformation.14"16 Three years ago, Howard et al.17 successfully obtained

crystal structures of both ligand conformations for Cyclophilin/HIV-1 capsid

complex mutants. These structures suggest a reaction mechanism in which the ligand

makes a counterclockwise N-terminal rotation (viewed from the N-terminal) as had

previously been suggested based on the trans Cyclophilin/HIV-1 capsid structures.

Simulation studies on the mechanism were performed by Hur and Bruice. They

simulated Cyclophilin A starting from the eis and from the trans conformers and

proposed a mechanism similar to the one proposed by Howard ct al.17 However, a

twist of about 20° from planarity was observed for both the eis and trans isomers,

which is not present in the crystal structures. Agarwal et al.19"21 also investigated

Cyclophilin bound to diverse ligands using computer simulations and computed free

energy profiles for the cis-trans rotation. Their structural analyses agree with the

proposed N-terminal reaction mechanism. Additionally, they examined the protein

response to the cis-trans isomerization reaction by performing a quasi-harmonic

analysis of atomic vibrations. A complex of Cyclophilin and the small ligand Ala-

Ala-Pro-Phe (AAPF) in aqueous solution was studied by Eisenmesser et al., who

measured NMR chemical shifts and relaxation rates. Based on their findings, they

proposed a completely different reaction mechanism. They observed conformational

change for protein residues L98 and S99 during catalysis and concluded that these

residues would be involved in the process. Their observation could be explained

assuming a C-terminal rotation of the ligand in the active site that would bring some

ligand atoms closer to these two residues, altering their local chemical environment

and thus producing the observed signal. The authors suggested that a study that

provides a detailed picture of what is happening at the atomic level would be
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required to clarify the seeming inconsistencies between the crystal and solution data.

This motivated us to initiate molecular dynamics (MD) simulations of Cyclophilin A

bound to the AAPF ligand in solution in an effort to resolve the seeming

inconsistency between the X-ray crystal17 and the NMR solution data.22 First we use

MD simulation to obtain a trans ligand conformer (which was not available when the

present study was started) through turning off the standard dihedral-angle potential

energy term in the force field and applying a dihedral-angle restraint. We show the

importance of thermal relaxation of the environment when modeling conformational

transitions. Second, our simulations corroborate the mechanism proposed by Howard

et al.17 and offer an alternative interpretation of the NMR data, showing that even a

N-terminal rotation would explain the observations by Eisenmesser et al."

Methods

The MD simulations were performed using the GROMOS96 simulation

program.23 The GROMOS 45A3 force field2324 was used for modeling Cyclophilin A

and the ligand Suc-AAPF-NA. The nonstandard building blocks for the ligand ending

groups Sue (succinyl) and NA (p-nitroanilide) were made based on the same set of

parameters (for details, see the Appendix at the end of this chapter). The number of

(united) atoms was 1636 for the protein and 58 for the ligand. Residues with

dissociative protons had the charge state chosen according to the most probable slate

at pH 7 (histidine residues prolonated), yielding an overall charge of +5 e for the

protein and -1 e for the ligand. fhe initial coordinates of Cyclophilin complexed

with the ligand in the eis conformation were taken from the Protein Data Bank entry

1RMII10 The complex was placed at the center of a periodic truncated octahedral box

with 11033 water molecules equilibrated at 298K and 1 atm. The model chosen for

the solvent was SPC water.25 Bond lengths were kept rigid using the SHAKE
6

algorithm with a relative geometric tolerance of 10 4. A time step of 2 fs was used to

integrate the equations of motion and configurations were stored for analysis every 2

ps. Non-bonded interactions were treated by a triple-range cutoff scheme with a

short-range cutoff radius of 0.8 nm and a long range cutoff of 1.4 nm. Inside the sort-

range cutoff, interactions were updated at every time step whereas between the short

and the long-range cutoff radii interactions were updated only every fifth step to save

computational time. Beyond 1.4 nm a reaction-field force was applied with dielectric
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permittivity of 61.27 Simulations were carried out under constant temperature and

pressure using the weak coupling technique.28 Solute and solvent were coupled to

separate temperature baths at 298 K with a coupling constant of 0.1 ps. The coupling

constant to the pressure bath was 0.5 ps and an isothermal compressibility of

4.575x10
4

(kJ mol"1 nm"3)"1 was used. Before starting the simulations the system

was submitted to an equilibration process in which the first step consisted of two

sequential steepest descent energy minimizations to adapt the system coordinates to

the force field and to relax eventual geometric strain. The protein atoms were

positionally restrained in the first energy minimization by a harmonic force (force

constant of 250 kJ mol"1 nm 2), which was removed in the second energy

minimization, fhe second step was a thermalization, which was divided into five

steps where the protein atoms were again harmonically positionally restrained with

the force constant being decreased at each step (5.0, 3.75, 2.5, 1.25 10 kJ mol" nm"

and no restraints in the last one). Initial velocities were assigned in the first

thermalization step based on a Maxwellian distribution at 300K. The whole

thermalization process was completed after a time period of 170 ps. The final

structure obtained was the starting point for the cis-trans and the eis simulations.

The trans_early and trans simulations had distinct starting points as specified in

Table 2 and Figures 1 and 2 by the letters d and e, respectively, fhe simulations were

all 2500 ps long except the cis—^trans simulation that was 1400 ps long. The

trajectories and the crystal structures were analyzed using the GROMOS05 analysis

software.29

Table 1 Force constant applied to force the cis-trans isomerization of the dihedral angle m (A2-

P3) of the AAPF ligand.

time period force constant

[ps] |J mol"1 degree"2]
"

0-100 1

100-200 5

200-600 10

600-1400 50
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Figure 1 Time series of the peptide dihedral angle G) between the A2 and Pi residues of the

AAPF ligand during the cis—>trans simulation. The vertical dashed lines (from a to e) indicate

the time points singled out for structural analysis (shown in Figure 2).

Results and discussion

Obtaining the ligand in the trans conformation

When this project started, almost all model structures available had the ligand

bound to Cyclophilin in the eis conformation, except the model for the

Cyclophilin/HIV-1 capsid complex,14"16 which shows a N-terminal rotated trans

ligand conformation. We decided to start from a structure with the ligand in a eis

conformation, because of its abundance over trans structures. The molecular

coordinates were taken from the Protein Data Bank, PDB entry 1RMH10, which

comprises Cyclophilin A bound to the eis isomer of the Ala-Ala-Pro-Phe (AAPF)

peptide. In order to obtain coordinates of a trans conformer of the ligand, we needed

to devise a procedure to obtain these without a bias towards any mechanistic

assumption (C-terminal or N-terminal rotation) regarding the cis-trans isomcrization.

Several approaches were available. One possibility would be to use a method similar

to the one used by Hur and Bruice,18 who modeled the N-terminal rotated ligand into

the protein active site. In a first approach wc rotated the peptide CO dihedral angle to
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180° and reconstructed or optimized conformations of side chains involved in steric

hindrances. This was done for a C-terminal rotation and for a N-terminal rotation.

However, such a procedure would easily result in a conformation that would never

occur in reality and would not allow the protein environment to relax properly.

Another possibility would be to use the approach by Agarwal19 who applied

harmonic dihedral angle restraints centered at reference angles that were after given

time periods increased by a 5° increment, covering the whole co dihedral angle

transition in 36 steps.19 Using such a procedure, one obtains many discontinuous

simulation trajectories and the relaxation of the environment is restricted by the

limited motion of the co dihedral angle. To avoid such problems, we opted for

performing a MD simulation while forcing the dihedral angle co between peptide

residues A2 and P3 from 0° to 180° using only one non-physical harmonic dihedral-

angle restraining term centered at 180° with a very weak force constant. First, the

physical dihedral-angle potential-energy term for this dihedral angle (transition

barrier of 67 kJ mol"1 in the GROMOS force field2324) was switched off and, already

by just doing so, the CO angle quickly adopts an equilibrium value around 70°,

exhibiting a counterclockwise N-terminal rotation when viewed from the N-terminal.

This means that the protein active site naturally forces the ligand to this intermediate

state. Then, a harmonic potential-energy term with its minimum at 180° was applied

to the oo dihedral angle starting with a weak force constant (broad potential energy

well) that was gradually increased with time. This was done slowly to allow the

environment to relax and to avoid sudden atomic displacements that could eventually

produce local strain. The force constants are listed in Table 1. The dihedral angle

change during the whole process is shown in Figure 1 and exhibits three distinct

stages. The first one is an immediate jump from 0° to 70. After approximately 100 ps,

there is another transition to an equilibrium value of 135°, where the co angle slays

for about 400 ps when it makes another transition to the target value of 180°. Figure

2 pictures snapshots of the active site at five time points, the values of the dihedral

angle co between ligand residues A2 and P3 and the distances from the NHI atom of

residue R55 of Cyclophilin to the oxygen (O) and nitrogen (N) atoms of the proline

residue P3 of the AAPF peptide ligand. Panels a to e show a counterclockwise

rotation of the dihedral angle co and how the side chain of R55 of Cyclophilin

responds to this forced rotation.
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Figure 2 Configurations at S time points (see Figure 1) taken from the cis—>trans trajectory.

The protein is shown in ribbon representation colored according to its secondary structure

while the AAPF ligand is shown in stick representation (backbone thick sticks, side chains thin

sticks) colored according to atom type. The four atoms that define the dihedral angle a»

between A2 and P3 residues of the ligand that is forced to rotate from eis to trans are shown as

yellow balls. The residue RSS of the protein is colored green. On the left hand side the ligand is

viewed from the side (N-terminal to the left) and on the right hand side the ligand is viewed

from the front (N-terminal to the front). Tables on the left hand side: label, time point,

dihedral angle CO between residues A2 and P3 and inter-atomic distances of the NHI atom of

residue R55 of the protein and the N and O atoms of residue P3 of the ligand. C and N stand

for C-terminal and N-terminal, respectively, and indicate the orientation of the AAPF peptide.
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R55 is thought to be fundamental to this reaction because it stabilizes the

transition state geometry of the ligand by interacting with the lone pair that is formed

at the N atom of P3 and with the carbonyl oxygen atom of P3, restricting

conformational changes to the N-terminal
10 18.20 30

Thus, the general belief is that

these inter-atomic protein-ligand distances should get shorter when the ligand is in

the transition-state conformation. A slight shortening of the mentioned distances is

observed. We also sec rotation and displacement of the whole ligand in the active

site. In principle, after 600 ps, we have obtained a trans rotated ligand in the protein

active site (the two panels d and e show a very similar situation). However, at this

early stage of the cis—>trans transition, relaxation of the environment might not be

complete yet. Therefore, the transition simulation including the forcing potential

energy term was extended until 1400 ps. lo investigate the degree of relaxation, we

performed two simulations (without the forcing potential energy term and with the

standard dihedral-angle potential energy term restored) starting from different trans

conformations, one called trans early at 600 ps and another called trans at 1400 ps.

Besides these, a simulation starting from the eis isomer was also performed. Table 2

shows a summary of the simulations done. Details about the simulation setups can be

found in the methods section.

Table 2 Summary of simulations performed. The last column shows for the A2-P3 dihedral

angle Co of the ligand the average value and fluctuations during the simulation, except for

simulation cis~+trans, where only the initial and final values are shown. The co values of the

crystal structures 1RMII10 and 1M9Y17 are shown in the bottom rows for comparison (for

these, the fluctuations were estimated from the different copies of the protein in the crystal).

simulation label

cis—>trans

eis

earlytrans

trans

IRMHc/s
10

1M9Y eis
,17

starting structure

1RMH eis crystal10

1RMH eis crystal

cis-^trans (after 600 ps)

as-->trans (after 1400 ps)

1M9Y trans
17

A2-P3 CO dihedral angle simulation length

[degree| lP*l

10^177 1400

3 ± 9 2500

180 ± 10 2500

173 ± 9 2500

17 + 4 -

11 + 5 -

177 ± 5 -
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.31
Figure 3 shows Ramachandran plots for the ligand residues A2 and P3. We

observe that the relaxation of the environment plays a significant role within a few

nanoseconds. In the top left panel we see that the eis simulation compares well with

the experimental values obtained from the crystal structure. The top right panel

shows the cis-^trans transition, in which the i//" angle in A2 changes from 120° to -

30°. In the bottom left panel (early trans), we see that for the P3 the <p and jangles

correspond to the experimental values, but for A2 the simulation results are off.

However, after relaxation, the trans simulation in the bottom right panel corrects the

results and brings them to match the crystallographic values.

au

a)

180

120

60

0

-60

120

180

120

60

0

-60

120

180

ri—r

I I I

-.Ht^3"

?> -

"•i

-180-120-60 0 60 120 180-120-60 0 60

cpfdegree] q) [degree]

120 180

Figure 3 Ramachandran plots for the ligand residues alanine 2 (A2) (black dots: simulation,

green squares: crystal structures) and proline 3 (P3) (red dots: simulation, blue squares:

crystal structures). The top left panel corresponds to the eis simulation, the top right to the

cis—>trans simulation, the bottom left to the early trans simulation and the bottom right to the

trans simulation.
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cii

1 igure 4 Overlay of Ihe three-dimensional fold of the protein-ligand slrudures at the end of

the Ml) simulations (green for the protein and black for the ligand) and Ihe cryslallographic X-

ray structures'7 (blue for the protein and yellow tor the ligand) of ( yclophilin A with the

ligand in Ihe eis (top) and trans contormations (bottom). Ihe superposition was done using the

atoms in the protein secondary structure elements. I lie protein is shown in ribbon

representation while the ligand is shown in slick representation (side chains are omitted toi

clarity). C and N stand for ( -terminal and N-terminal, respectively, and indicate the

orientation of the ligand (black) and the protein (green).
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Comparison with experimental X-ray crystal and NMR solution data

The structural comparisons with X-ray crystal data were done using the

coordinates from PDB entry 1M9Y17 because of the availability of a eis and a trans

conformer of the ligand, even though in the latter structure the ligand consists of a

whole HIV-1 protein mutant with a corresponding amino acid binding sequence

AAPI (the remainder of the HIV-1 protein was cut away). The first property to

compare is the A2-P3 ligand co dihedral angle, fhe average values in the different

simulations are listed in Table 2 and show that neither the eis nor any of the trans

structures show a large twist as proposed before by Hur and Bruice.18 Our results

rather agree with the crystal structures17 that show almost no deviation from

planarity for the trans conformer (177°) and a small twist towards the transition state

(11°) for the eis one. Figure 4 shows the overlap of the crystal structures with the last

structures from the simulations. The experimental and simulated protein structures

exhibit a very good overlap, even in the flexible loops. The backbone atom-

positional root-mean square differences (RMSD) from the X-ray structures are 0.14

nm for the eis ligand conformer and 0.12 nm for trans one at the end of the

simulations. The ligand conformations also show a reasonably large overlap between

the experimental and simulated structures (a final backbone RMSD of 0.06 nm in eis

and 0.10 in trans). However, especially when in the trans conformation, the

simulated ligand shifts its position inside the active site despite the good

conformational agreement. One should bear in mind that in the case of the crystal

structures, a whole protein was the molecule binding to Cyclophilin and hence it was

not prone to move much. To characterize the Cyclophilin-AAPF association, we

calculated protein-ligand inter-atomic distances. This would allow us to verify

whether key interactions were still present and whether the NMR data that was

supposed to be contradicting a N-terminal rotation22 could be explained by our

simulations. We calculated many inter-atomic distances involving key protein-ligand

interactions as a function of time and selected those that are more meaningful for

display in Figure 5.
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In general, there is a fairly good agreement between the values calculated

from the simulation and from the corresponding crystal structure, fhe black lines

refer to the eis simulation and the results agree very well with the crystallographic

values (magenta lines) for almost all protein-ligand contact pairs. For some pairs,

e.g. involving side-chain atoms of R55, the values deviate slightly in the beginning

but quickly come back to the reference value, fhe comparisons of the trans

simulations to the crystal data and to one another show more variation in Figure 5.

We can see that inter-atomic AAPF-Cyclophilin distances that reside in the N-

terminal part of the ligand, e.g. A1(0)-R55(NH2), Al(O)-N101(N), Al(O)-Nl02(N,O),

A2(N,O)-N101(N,O), A2(N,O)-N102(N,O), A2(0)-Q63(NF2), A2(CB)-R55(N,NH1,NH2),

do not match the crystal values (cyan) in the trans early simulation (red). However,

in the trans simulation (green), many of these distances change to agree with the

crystallographic values, fhis is the part of the system that suffers the most

significant alterations during the CO dihedral-angle rotation process, fhis reflects that

the environment had not completely relaxed yet when we did start the trans_early

simulation. Some distances, e.g. A2(N,O)-N102(N,O) do not make it to the

crystallographic values, most likely due to relaxation slower than a few nanoseconds.

As a matter of fact, all distances concerning protein amino acids located in the loop

between residues 100-110 do not satisfy the crystallographic distance bounds. This is

due to the displacement of the ligand away from this loop during the Co dihedral-

angle turning process (see Figure 2). Next we consider residues that show signal

changes in the NMR experiment, the protein amino acids L98 and S99. It can be seen

that in the trans conformation, residue A2 of the ligand is significantly further away

from those amino acids than in the eis conformation, inducing a changing in their

local chemical environment during catalysis. This could be the explanation for the

NMR observations made by Eisenmesser et al.22 Instead of the proposed C-terminal

rotation of the ligand (which would bring the X4 ligand amino acid close to L98 and

S99) we see that the simulated N-terminal rotation also fulfills the NMR data. The

MD simulations seem to agree well with both crystallographic and NMR data and,

moreover, reconcile the seeming inconsistency between the two.
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Conclusions

In the present work we illustrate the predictive and the interpretative power of

MD simulations based on a thermodynamically calibrated force field through a

structural study of the catalytic mechanism of the cis-trans isomerase Cyclophilin A

with an AAPF peptide ligand. A simulation starting from the eis conformer showed

that the simulation parameters and the force field used describe the complex with the

ligand in the eis conformation satisfactorily. Second, using MD simulation in

conjunction with a gently forcing potential energy term, we obtained a structure of

the system with the ligand in the trans conformation that overlaps well with the

corresponding crystal structure. An essential feature of the modeling procedure is to

let the system sufficient time to relax and adapt to the changing dihedral angle.

Third, the eis and trans simulations were used to resolve seeming contradictions

between different experimental data. Our trans simulation indicates that a N-terminal

ligand rotation would also be in agreement with the NMR experimental data

presented by Eisenmesser et al.22 who suggested a C-terminal rotation, fhe N-

terminal rotation moves the ligand A2 away from protein residues L98 and S99,

modifying their local chemical environment, which can explain the NMR signal. Our

simulations also support the hypothesis that both the eis and the trans conformation

bind to Cyclophilin with hardly any distortion from planarity. They corroborate the

proposed N-terminal rotation mechanism proposed by Howard et al.17 This once

more illustrates that MD simulations may provide the atomic detail and time

resolution needed to interpret experimental data.
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Appendix A: Force field parameters for non-standard building blocks

Table Al Force-field parameters based on the GROMOS96 45A3 force field ' for the non¬

standard Sue (succinyl) building block at the N-terminal of the AAPF peptide ligand.

Parameters related to the amide linkage (not given) were chosen in analogy to GROMOS96

45A3 force-field parameters for peptides. The integer atom code refers to van der Waals

parameters.

Ol

ci-

02

-C2- -C3-

O

atom integer atom code partial charge [e\

01, 02 2 -0.635

CI 11 0.270

C2,*C3" 13 0.000

bond b0 |nm| A* |106kJ mol1 nm 4\

Cl-Ol, Cl-02 0.125 13.4

\_^ J. ~~""

\^ j£ . \^> jfj w \j
j

\_^ O"-C 0.153 7.15

angle 0o [degree] Ke [kJ mol1]

01-C1-02 126.0 770

31-C1-C2, 02-C1-C2 117.0 635

C1-C2-C3, C2-C3--C lll.o" 530

improper dihedral |o Idegree] A« [kJ mol-1 degree"2|

C1-01-02-C2 0.0 0.0510

dihedral

01-C1-C2-C3

C1-C2-C3-C

multiplicity phase shift

6 +1.0

3 +1.0

K. [kJ mol"1 j

1.0

5.86
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Table A2 Force-field parameters based on the GROMOS96 45A3 force field23'24 for the non¬

standard NA (p-nitroanilide) building block at the C-terminal of the AAPF peptide ligand.

Parameters related to the amide linkage (not given) were chosen in analogy to GROMOS96

45A3 force-field parameters for peptides. The integer atom code refers to van der Waals

parameters.

< CO¬

ON 1

-NO

ON2

atom integer atom code partial charge \e\

CI 11 0.000

C2, C3, C4, C5 11 -0.100

H2, H3, H4, H5 17 0.100

C6 11 0.090

NO 6 0.650

ONI, ON2 1 -0.370

bond bo |nm] Kb [106 kJ mol"1 um"4]

N-Cl 0.134 10.5

C,-C7 (ring) 0.139 10.8

C;-H; (ring) 0.109 12.3

C6-NO 0.133 10.6

NO-ON1, NO-ON2 0.123 16.6

angle 0o [degree] Kb |kJ mol1!

N-C1-C2, N-C1-C3

NO-C6-C4, NO-C6-C5 120.0 560

C-Cj-Cn (ring)

Cr-Cj-Hji (ring) 120.0 505

"C6-NO-ON1,

C6-NO-ON2
117.0 635

ON1-NO-ON2 126.0 770
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improper dihedral |o |degree] A^ |kJ mol
'

degree 2]

C,-C,-Ca-C; (ring)J l &'
0.0 0.0510

NO-ON1-ON2-C6

dihedral multiplicity phase shift Kp [kJ mol ]

C4-C6-NO-ON1 2 -1.0 33.5
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Chapter ten

Outlook

In the present study we have investigated how computer simulation and

experimental data in physical chemistry and structural biology relate to each other.

We have shown the interdependence of the two approaches for performing scientific

investigation. To talk about the future of the relation between experiment and

simulation, the best is to look into the past. In chapter one we saw that since the

times of the Roman Empire, the way these two approaches relate to one another has

hardly changed. The interplay between simulation and experiment is a balance of

testing, interpretation and prediction. During a certain period of time, one feature

prevails over the others. However, the changing of the dominant characteristic on the

relation between experiment and simulation is a cyclical process. A slight shift in the

focus of the prevailing characteristic is expected in the middle term future for

chemistry and biology. In the early simulation days, the convergence of properties

calculated by computer simulations was limited due to poor sampling, and the study

of interesting phenomena in these fields was practically impossible. During this

period, which ranges from late 1970s until early 1990s, few picoseconds of

simulations were mostly used for testing purposes and reproducing experimental data

was already a main achievement. From the middle 1990s, simulations started to

become longer and consequently molecular models better, since they started to

sometimes reproduce also quantitatively the experimental results. Already in the end

of the 1990s, simulations of reversible folding of small peptides, which occurs in the

nanosecond timescale, could be used to help experimentalists to analyze their data.

We had arrived in the era of interpretation, where simulations could not only

reproduced the experimental data but also provide another view of these data.

Indeed, we have seen in this thesis that is possible to use computer simulation to

amend the interpretation given to experimental data. One example is the computation

of the solvent-solvent contributions in a solvation process, which would allow a
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direct comparison of the experimental results to the simulation ones. In another

example, computer simulations are able to provide the balanced distributions of

conformers at specific thermodynamic conditions for biomolecules, making the

interpretation of structural experimental data more accurate. The usefulness of

computer simulations is a natural consequence of the increase of computational

power. This expansion of computational power generates basically two major

improvements in simulations. First, there is always a larger system to simulate, e.g.

the reversible folding of a small protein instead of a small peptide. Second and more

important, one could always use more accurate techniques to more precisely describe

an event, e.g. reaction mechanism of an enzyme studied by quantum-mechanical

simulations. When the simulation description of a certain event reaches a level where

it accurately describes reality, predictions can start to be made. So, as mentioned

before, in the middle term future computer simulations in chemistry and biology

should once more undergo a change of focus, going from interpretation to prediction.

For small ligands wc have seen that this is already feasible. In the next twenty years

typical computer simulations should achieve the microsecond time scale, where

process of protein folding, DMA base-pair opening, biomolecular recognition, among

others occur. Computer simulations should be able to help providing an atomistic-

resolution picture on all these processes. However, care has to be taken. It is very

likely the models used in simulations today will not be valid for the complex (bio)

molecular systems in the far future. The experimental techniques will develop and

more precise data to parameterize the models will be available. Additionally, the

computational limitations to overcome will certainly be different from those of the

present days. When this point comes, new models and computational techniques

would have to be developed for computer simulations and the focus of the relation

between experiment and simulation for these complex systems should return to the

testing phase. The cycle closes.
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