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Abstract

Motor proteins are complex macromolecules which have evolved through the

biological evolution to carry out a variety of functions related to force gen-

eration and intracellular transport. Underlying their organized activity are

ordered conformational motions induced by binding of ATP molecules and

their hydrolysis. Since these cyclic conformational motions are slow, they

cannot be reproduced in molecular-dynamics simulations with all-atom mod-

els. Therefore, coarse-grained descriptions of reduced complexity are needed.

In this Thesis, a coarse-grained mechanical model, with a protein pic-

tured as a deformable elastic network object, has been employed. The focus

was on the investigations of helicase proteins which are molecular motors

that translocate in a cell over nucleic acids and unwind their duplex struc-

ture. By using the coarse-grained dynamical description for the protein and

DNA and including interactions with ATP molecules, we have successfully

followed entire operation cycles of the hepatitis C virus (HCV) helicase, for

which a large amount of experimental data is available. Thus, the oper-

ation of a real molecular motor could be reproduced - for the first time -

in structurally resolved dynamical simulations. Additionally, conformational

relaxation dynamics in three other helicases from the same superfamily 2 has

been investigated through coarse-grained numerical simulations.

In the last chapter of the Thesis, a different, but related problem is ad-

dressed. There, we construct and investigate an elastic-network model of

a device that can be viewed as a prototype of artificial molecular motors.

Similar to myosin motors responsible for force generation in the muscles, the

designed machine is able to convert, through a ratchet mechanism, its ac-

tive cyclic internal motions into a steady net force used to pull a filament.

Thermal fluctuations are taken into account and artificial motor operation

at different fluctuation levels is discussed.
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Zusammenfassung

Proteinmotoren sind komplexe Makromoleküle, die eine Vielzahl an dynamis-

chen Prozessen in biologischen Zellen ausführen. Ihre Wirkungsweise beruht

auf koordinierten zyklischen Änderungen ihrer Konformation die durch das

Binden von ATP Molekülen und deren Hydrolyse hervorgerufen werden.

Diese Operationszyklen können relativ langsam verlaufen und lassen sich

deswegen im Allgemeinen nicht mit Hilfe detaillierter Methoden der Moleku-

lardynamik untersuchen.

In der vorliegenden Arbeit wird daher ein auf Approximationen beruhen-

des mechanisches Modell benutzt, welches Proteine als verformbare elastische

Objekte begreift und deren Untersuchung in Modellrechnungen am Com-

puter ermöglicht. Helikase-Motoren deren Funktion darin besteht sich ent-

lang von Nukleinsäure-Strängen zu bewegen und deren Doppelhelix-Struktur

aufzubrechen bilden den Schwerpunkt unserer Untersuchungen.

Fuer eine bedeutende Helikase, die des Hepatitis C Virus, konnten wir

durch unsere Simulationen die dabei angewandten Mechanismen erklären.

Zum ersten Mal konnte somit die Aktivität eines wichtigen molekularen Mo-

tors strukturaufgelöst in dynamischen Simulationen nachvollzogen werden.

Darüber hinaus konnten wir durch die Anwendung unseren Modells auf

weitere Helikasen derselben Superfamilie 2 deren Konformationsdynamik un-

tersuchen.

Im letzten Teil der Arbeit haben wir Modellsysteme von synthetischen

Motoren untersucht. Dazu haben wir einen Prototypen eines künstlichen

Molekularmotors entworfen, der durch die Kopplung an ein Filament in der

Lage war, seine internen Konformationsänderungen in Kräfte auf das Fila-

ment zu übersetzen um es zu transportieren. Hierbei wurden auch thermis-

che Fluktuationen berücksichtigt. Die Funktionsweise dieses Modellmotors

wurde an die des wichtigen Motorpoteins Myosin angelehnt, welches die Kon-

traktion in Muskeln kontrolliert.
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Chapter 1

Introduction

Life is possible on the Earth due to the presence of complex molecules such

as amino acids that, assembled into larger molecular compounds, can form

proteins which represent the principle substance of living organism [1, 2].

Proteins are involved in virtually in all processes in the biological cell and

exhibit an enormous functional diversity [3, 4]. Their properties have evolved

through billions of years of biological evolution with differentiation and spe-

cialization in order to perfect a respective operation or develop new functions

[5]. When Life is regarded as a manifestation of organized cellular activity,

then clearly it is also a direct consequence of the activity of proteins (and

their interactions), their evolution and functional promiscuity [6, 7]. On the

other hand, anomalies intervening into this perfected system can cause mal-

functions, leading to diseases and eventually the knockout of life-essential

components [8].

In order to understand the activity of biological cells and the biological

processes inside it, it is essential to understand the principles behind the

operation of their central players – the proteins.

While the description of proteins as important molecules for the body

dates back to the middle of the 19th century [9], their eminent role for liv-

ing organisms became evident only in the first decades of the 20th century,

first in the determination of the complete amino acid sequence of the insulin

protein by Frederick Sanger in 1951 [10, 11] and followed by the determina-

1



2 Chapter 1. Introduction

tion of the first three-dimensional protein structures, those of myoglobin and

hemoglobin, by John Cowdery Kendrew in 1958 and Max Perutz in 1963, re-

spectively [12, 13]. These studies, all of them awarded the Nobel prizes later,

marked the beginning of extensive research of proteins aimed to understand

their structures, functions and their role in the context of cellular activity.

Today, not only the biochemical roles for a great number of proteins are

known, but also an enormous wealth of structural data has been collected

and its analysis has helped to enlighten our understanding of their func-

tional properties [3, 14]. Furthermore, in the last decades large progress has

been achieved in the design of elaborate experimental methods to dynami-

cally observe protein dynamics, aiming to watch them in action, and actively

manipulate them to probe their functional properties [15, 16].

Proteins have been categorized into many groups based on the principles

of the operation they are carrying out. Of particular interest for dynamical

processes of the cell are the motor proteins. They belong to the larger group

of enzymes and are able to convert chemical energy into force-producing

mechanical motions [17]. This ability makes them the working horses of the

cell being able to contribute to many of intracellular processes [18].

The investigation of these important nanoscale machines has attracted

the attention of physicists in the last decades and various phenomenological

descriptions have been developed to understand the dynamical principles of

their operation [19, 20]. The atomistic modeling of protein machines encoun-

ters serious difficulties because many biological relevant motions are slow.

Because of this, approximate models of intermediate complexity bridging

the gap between purely phenomenological descriptions and models of atom-

istic detail, have become increasingly popular. Despite their approximate

nature, such mid-level descriptions are able to capture functional aspects of

conformational motions in motor proteins within their operation cycles re-

markably well [21].

The main subject of this Thesis is the application of approximate de-

scriptions to understand dynamical properties of protein machines. While

dealing with the systems that are of interest for many fields of science, from
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chemistry and molecular biology to virology, the primary focus of this work

is to study protein machines as physical objects, by using a dynamical phys-

ical model. Our findings will however be also discussed with respect to their

biological relevance.

This first chapter shall provide a brief introduction to the field of pro-

tein research. The functional importance of proteins when acting as enzymes

and motors is outlined together with a short survey on the experimental tech-

niques used to investigate structural properties and functional motions. This

chapter ends with in an introduction into theoretical modeling of the dynam-

ics of motor proteins, explaining the necessity of approximate descriptions in

order to understand functional motions appropriately.

In the second chapter, one such approach, viewing the proteins as de-

formable elastic objects, will be further introduced. Despite strong simpli-

fications, the elastic network model (ENM) has been found to predict func-

tional conformational motions in proteins remarkably well (see e.g. [22]).

The approximations upon which the model is based and recent popular im-

plementations are explained. The focus in this chapter will be, however,

placed on discussing a particular model used in this thesis – the relaxational

elastic network model.

To a large extend, this thesis is devoted to structurally resolved modeling

of full operation cycles of the hepatitis C virus (HCV) helicase motor protein.

The investigations of the HCV helicase can be divided into two parts. At

the first stage, following the construction of the elastic network, we have

probed dynamical properties of this protein. This procedure and the results

found by us are described in Chapter 3. Further on we have considered an

extension of the model that includes interactions with ATP molecules and

the DNA. This is described in the fourth chapter, with the emphasis put

on modeling of complete operation cycles of the HCV helicase including its

unzipping activity of duplex DNA.

Many different helicase proteins share structural similarities and have

related sequential signatures. It has therefore been conjectured that also

their ATP-dependent activity may be similar and they can share common
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modes of operation. We have considered three motor proteins from the major

helicase superfamily 2 and used relaxational elastic network models to probe

their mechanical properties and to study conformational dynamics that may

underly the processing of nucleic substrates in these proteins. This work in

reported in Chapter 5.

Dynamical systems investigated in the Chapter 6 are of different nature.

Theoretical investigations of real biological motor proteins are complicated

and computationally extensive. It is therefore beneficial to work instead

with the theoretical models dealing with artificially constructed analogs of

real biological objects. In the past elastic network descriptions have been

used to design networks that are able to perform ligand-induced cyclic con-

formational changes resembling dynamical properties found in real protein

machines. Using the same methods, we have designed model elastic-network

machines able to convert ligand-induced internal motions into steady trans-

lational motion of a filament. The construction of a model artificial motor

and investigation of its behavior in the presence of thermal fluctuations are

performed in Chapter 5.

In the last chapter, the results of this work are summarized and the

perspectives for further investigations are discussed.

1.1 Proteins and their folded structures

Proteins are encoded by genes and are produced through a process of gene

expression [4, 23]. Initially, a protein is just a chain of amino acids. In

the chain, attractive and repulsive interactions between the amino acids are

however present, rendering a very unstable system. As a consequence, this

initial chain undergoes a process of folding towards a three-dimensional com-

pact native structure, unique for each specific amino acid sequence (see Fig.

1.1) [24, 25, 26]. This folded structure is usually referred to as the equilib-

rium conformation of a protein, it corresponds to the minimum of energy,

with a balance between repulsive and attractive interactions. It should be

said that the process of protein folding is highly complicated and its in-
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Figure 1.1: Protein folding (schematic representation). Under the fold-
ing process, the macromolecular shape changes from a chain-like structure (left)
to the compact, characteristic native protein structure (right) while crossing com-
plicated intermediate shapes.

vestigations constitute an entire field of research with many open questions

[27, 28, 29]. Originated as a problem in molecular biology, protein folding

has been however also treated as a biophysical problem and reduced descrip-

tions, employing methods from statistical mechanics, have been developed

and extensively studied (see [30, 31] and the review [32]).

The most remarkable property of proteins is probably their evolvability,

i.e. their ability to make use of mutations in the genes, and score (or evaluate)

them according to the evolutionary pressure, to either adapt perfectly to a

particular functional role or develop new folds with different functions [5, 25].

Thus, they are responsible of biological diversity (e.g. [7, 33]). In a fact, their

functional variety makes proteins the most ubiquitous molecules in biological

systems. For almost every task that needs to be carried out in the cell, some

proteins are employed [2, 4].

These macromolecules can operate as structural proteins, able to assem-

ble into filaments and thus offering mechanical support in the cell (actin and

tubulin networks). Many hormones that control physiological functions in

living organisms are proteins, such as the insulin that regulates glucose con-

centration in the blood or the growth hormone that can stimulate cell growth

and regeneration. In signaling and receptor proteins, the functional emphasis

is on the detection of chemical signals and their transduction between the
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Figure 1.2: Structural representation of proteins (A) The chemical struc-
ture of a small peptide (i.e. a short protein fragment) with three amino acids
Alanine, Cysteine and Glycine. (B) and (C) The hen egg-white lysozyme protein
(PDB ID 1LYS) in two common structural representations. In (B) the bonds be-
tween atoms are displayed as color-coded sticks. The ribbon representation (C)
neglects the amino-acid side-chains but shows common structural motifs, such as
helices (the α helices), extended arrows (the β sheets), or thin tubes (flexible
loops).

cells or transmission to some processing machinery inside the cell.

To display proteins, different representations can be employed, as illustrated

in Fig. 1.2.

1.2 Enzymes and motor proteins

An important class of proteins are enzymes [34, 35, 36]. These molecules are

able to bind a chemical ligand (the substrate) at a specific site in the protein.

This initiates the enzyme’s turnover cycle which is to convert the substrate

into one or more other chemicals (the products). The cycle can be repeated

again and again, so that a certain chemical reaction is continuously carried

out [37, 38, 39]. Thus enzymes play the role of catalysts. Their ability to

control the chemical reactions makes them essential ingredients of the cell.

Enzymes exhibit high specificity, i.e. they are selective with respect to the

chemicals they can bind and thus the chemical reaction they are catalyzing.

The strategies used by enzymes to facilitate chemical reactions are manifold

and their mechanisms have been extensively studied in terms of classical

chemical kinetics, the Michaelis-Menten kinetics [38, 40, 41]. The molecular
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mechanism by which enzymes are able to perform their operation are studied

with classical biochemical methods such as nuclear magnetic resonance or

mass spectroscopy [3, 4]. A structurally resolved dynamical monitoring of

enzyme operation is however still lacking.

For the activity of the cells, not only the regulation of chemical reactions

is of importance. A fundamental role is also played by dynamical processes

that involve active transport of molecules through the cell [3, 4, 42]. Such

processes need to be carried out in an organized way and indeed there is a

special class of proteins that is capable of offering such services – the motor

proteins.

Motor proteins are enzymes that catalyze a specific chemical reaction,

namely the hydrolysis of a nucleoside triphosphate (usually ATP) upon bind-

ing it [43]. They however exhibit remarkable features which make them spe-

cial as compared to other enzymes. First, they are able to use chemical

energy gained from the chemical reaction (the hydrolysis) and convert it into

large-amplitude internal mechanical motions while preserving their folded

structure. Second, they can bind to other proteins and use such internal

conformational changes to produce a force acting on them [17, 42, 44, 45].

The functioning of motor proteins is based on the repetition of elementary

operation cycles. Each such cycle is initiated by binding of an ATP molecule

to a specific binding site, a process under which the protein structure can be

substantially changed. After that ATP is hydrolyzed and the gained chemical

energy is used to induce further conformational changes. At this stage, the

chemical products (ADP and a phosphate) can be released from the protein,

allowing it to return to its original equilibrium conformation. This resets

the initial motor state, and the next cycle can be initiated by binding of

another ATP molecule. An schematic illustration of a the operation cycle of

a molecular motor is shown in Fig. 1.3.

Motor proteins can be viewed as the working horses of the cell, capa-

ble of carrying out a large variety of functions. They are able to assist in

the folding of other proteins, make contraction of muscles possible, mediate

transmembrane exchange of ions or synthesize polymers [46, 47, 48, 49], etc.

Such motor proteins as kinesin and dynein serve as transporters of molecular
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Figure 1.3: Schematics of an ATP-dependent principle motor cycle.
In its equilibrium conformation (a), the motor is not able to bind to the filament.
Binding of an ATP molecule can induce conformational motions such that the
binding affinity to the filament becomes very high and a connection can be es-
tablished (b). Under the hydrolysis reaction large-scale motions inside the motor
can be translated into directional motions of the filament – the motor is in the
force-producing phase. After this, the motor has still the chemical products bound
(c). It is able to return to its free conformation upon their release while having a
low affinity for binding of the filament.

cargo through the cell. They walk along microtubules. In these molecular

motors, cyclic internal conformational changes induced by binding of ATP

molecules and its subsequent hydrolysis are translated into directional mo-

tions of the motor along the microtubular track [42, 43].

Bruce Alberts, famous for his research in molecular biology, has com-

mented in 1998 on the role of motor proteins for cellular activity in his

review paper [18]. He has said that the operation of a cell can be viewed

as a result of organized activity of protein machines which can be compared

with macroscopic machines invented by humans. Man-made machines are

engineered in such a way, that the parts they are containing move in a co-

ordinated fashion in order to execute a certain macroscopic task. Similar to

this the execution of microscopic function by a protein machine can be seen

as a consequence of ordered and concerted conformational changes in this

macromolecule.

1.3 Helicase motors

The genetic information of a living organism is stored in nucleic acids, the

DNA and RNA molecules, which are often forming duplex structures [3, 4].

In a variety of processes it is however needed to temporarily separate the

duplex into its single-strand components in order to access the sequence of
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Figure 1.4: Helicase structures. (A) The monomeric structure of the UvrD
helicase co-crystallized with duplex DNA (green) [56]. The PDB code is 2IS2. (B)
The papillomavirus E1 hexameric helicase with a single DNA strand occupying
the central hole cavity [57] (PDB ID 2GXA). The six similar subunits are colored
differently and the DNA is shown in black.

bases. These processes include replication, recombination and repair of nu-

cleic acids. They employ an important class of motor proteins, the helicases

[50, 51]. While helicases can also be involved in other kinds of DNA and

RNA manipulations, their principal role is to separate duplex nucleic acids

into their single-stranded forms [52, 53]. To perform this operation, heli-

cases use cyclic conformational changes induced by binding and hydrolysis of

ATP molecules, to translocate along nucleic acids and unwind their duplex

structure.

In viruses, helicases are an essential part of the molecular replication

machinery [54, 55]. A virus that needs to copy its genome, i.e. its viral DNA

or RNA, should employ two main processes. First, the genetic information

should be made easily accessible, a task that is executed by the the viral

helicase. Subsequently, proteins from another class, the polymerases, read

out the genetic information and process it to synthesize new viral DNA or

RNA [58]. To prevent multiplication of a virus, it might therefore be a

enough to stop functioning of its helicases. Indeed, there are important

antiviral therapies which are based on the drugs that attack helicase motors
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[54, 55].

Generally, molecular processes that involve helicase operation are diverse

and so are the requirements on their operation [59, 60, 61]. One can think

of various mechanisms that would make separation of duplex nucleic acids

possible. However, that the molecular toolkit provided by nature to perform

such operations is actually limited ([53]). Although a large number of differ-

ent helicases in various organisms exist, they have structural similarities and

share common principal sequential fingerprints [62].

1.3.1 Helicase classification

A large number of helicases from different organisms has already been identi-

fied, characterized and grouped according to their structural and sequential

aspects (see [62] and the review [59]). A distinction between monomeric and

oligomeric helicases should be made. While most helicases are functional

as monomers, there are also interesting oligomeric forms [63]. For exam-

ple, in hexameric helicases six copies of the same monomer are arranged in

a symmetric ring-like architecture with a hole in the center through which

one nucleic acid stranded can be pumped by coordinated movements of the

individual subunits. This cooperative dynamics leads to the separation of

the complementary strand [57]. In Fig. 1.4, examples of a monomeric and

hexameric helicases are given.

Restricting out attention to monomeric helicases, it can be noted that,

although the number of such molecules employed by the organisms to process

DNA and RNA is large, many of them have a similar folded structure [50, 59].

In the largest superfamily 2, on which the focus has been put in this

work, the similarity among its members is the presence of two structurally

similar core domains [59]. Besides of the structural aspects, proteins in this

superfamily also share a number of conserved residue motifs. The conserved

motifs are certain short sequences of amino acids that are always found. Such

characteristic sequences are located in different parts of the proteins involved

in the processes including ATP and the nucleic acids [59, 64]. Some impor-
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tant motifs essential for binding and hydrolysis of ATP molecules are found

in the core domains. They are Walker A motif (also referred to as motif I),

the Walker B motif (referred to as motif II) and the motif VI [59, 62].

The fact that those residue groups are conserved means that they must

be essential for the operation and needed to be taken into account in the

dynamical modeling of as helicase motor. In the simulations of the hepatitis

C virus helicase, which represents the most prominent member of the su-

perfamily 2 helicases, we will exclusively use the conserved residues when

interactions with the DNA and ATP will be considered. The same applies

to the investigation of the dynamical properties undertaken by us for other

helicases from the same superfamily.

1.4 Experimental investigations of proteins

The structure of a protein determines its functional properties and today

several methods are in use to resolve it in the experiments [3, 4]. The

hemoglobin, the protein that transports oxygen through the blood, and the

related myoglobin, were the first proteins whose three-dimensional structure

could be determined in 1958 by Perutz and Kendrew – a discovery that was

awarded with the Nobel prize for chemistry [12, 13]. The technique used in

such experiments was the X-ray diffraction analysis. This technique requires

to first crystallize the protein. The crystal is then exposed to X-ray radi-

ation which generates a pattern of reflections that encodes the spacing of

atoms in the crystal lattice. This pattern of spots can be analyzed to gain

information about the spatial coordination of atoms and thus to generate

a three-dimensional structure of the protein [65, 66]. Although, at present,

this is the standard method to determine the structure of proteins, it has

serious drawbacks. Not only the fabrication of the protein crystal may be

complicated since some proteins can be hardly crystallized, but, moreover,

the protein structure can be perturbed during this process, so that flexible

parts of the protein cannot be determined within good resolution.
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Figure 1.5: Single-molecule experiments. (A) Fluorescent resonant energy
transfer (FRET) method. The time series of the FRET signal allows to detect
functional motions inside the protein. This particular example refers to the fold-
ing and unfolding dynamics of donor and acceptor-labeled RNA. (B) An optical
tweezer setup to study interactions between myosin motors and actin filaments 2.

Some of these difficulties can be circumvented by the nuclear magnetic

resonance (NMR) spectroscopy method, allowing to carry out structure anal-

ysis directly in the solution and being able to shed light on the dynamical

aspects, such as the conformational changes [67, 68]. This method relies on

nuclear spin properties of the atoms and the alignment of their magnetic

dipoles when strong magnetic fields are applied to the solution. This allows

to measure an energy absorption spectrum which reflects the identities of

the atoms and their chemical environment. The spectrum can be further

processed to reconstruct the three-dimensional structure of the protein.

Both techniques have been widely applied in the past to determine the

three-dimensional structure of biological macromolecules [25]. The knowl-

edge of protein structures has largely contributed to the understanding of

physical properties of proteins and their functionality, the structure-function

relation [3, 4]. The great amount of information is stored in the Protein Data

Bank1 (PDB) which can be easily accessed through the internet. Currently

this archive contains more than 75,000 different protein structures.

For many proteins, not only the native unliganded structure is experi-

mentally available. It is possible to find even structures that capture the

1www.pdb.org
2(A) taken from the Ha lab (http://bio.physics.illinois.edu/), (B) image courtesy of

Alexandre Lewalle
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protein with various chemical ligands and provide snapshots of the opera-

tion cycles. Such data can yield valuable insights into the conformational

changes accompanying the protein operation. To work with such data, Ger-

stein and Krebs have developed the Database of Macromolecular Movements
3. This database stores the structures and allows to see motions between

the structural states created by using the interpolation algorithms such as

morphing [69, 70]. Thus, basic domain movements in proteins were identified

and classified according to the principal types of molecular motions observed

[71].

To understand the operation mechanisms of proteins, in particular of

motor proteins, the best one can imagine is to watch them in action with

an atomic spatio-temporal resolution. While this is still a fiction, since no

microscope is able to offer such a service, large experimental progress has

been nonetheless made in the last years [15, 16].

A state-of-the-art setup to follow the time course of conformational mo-

tions in proteins is provided by the fluorescent resonant energy transfer

(FRET) method [72, 73]. Its mechanism is based on energy transfer between

two marker molecules, the donor and acceptor, which strongly depends on

the spatial distance [74, 75]. When such markers are attached at two differ-

ent domains in the protein (and their distance is not too large, i.e. < 10 nm),

this method allows to detect dynamical changes in the protein conformation

[76].

In addition to observing dynamical behavior, it is furthermore possible

to actively probe the dynamics of motor proteins in the experiments. For

such purposes optical tweezer setups or the atomic force microscopy (AFM)

are employed [77, 78, 79]. Optical tweezers use highly focused laser beams to

trap proteins that prior to this have been manipulated with dielectric beads.

In this way the protein can be exposed to various directed forces, to probe

its mechanical properties [80]. In AFM configurations, proteins need first to

be deposited on surfaces, in order to further test their mechanical properties

with a microscopic tip [81, 82]. In Fig. 1.5, examples of single-molecule

3http://molmovdb.org
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experiments are given.

Finally, two fascinating recent studies should be mentioned. In Tokyo,

Ando with coworkers have reported the investigations of the dynamics of

two important motor proteins. Using high-speed atomic force microscopy, he

could directly visualize the myosin V protein as it walks along the actin fila-

ment tracks, producing a video with high resolution [83]. Proceeding further

a similar technique has been used to observe dynamical changes in the F1-

ATPase motor, directly visualizing the rotational dynamics in its oligomeric

structure [84].

Although time-resolved single molecule experiments can characterize con-

formational changes in proteins and therefore provide insights into their func-

tional properties, the present situation is that the investigations of protein

motors still rely to a large extend on the static structural information. In

the experiments, it is not possible to dynamically follow the operation cycles

in a structurally resolved manner.

1.5 Theoretical modeling of protein dynam-

ics

Internal motions in motor proteins occur on the timescales ranging from

picoseconds for amino acid side-chain fluctuations to milliseconds or even

seconds for conformational changes within the turnover cycles. The most

accurate description of protein dynamics is provided by all-atom molecular

dynamics (MD) simulations [85]. In such approaches, all particles of the

protein and all interactions between them are included into a computation

[86, 87, 88]. The interatomic potentials are complicated and aim to describe

the interactions in a detailed way. They contain various variables such as the

bond length, the bond angles and the dihedral angles.

Both the large number of particles and the use of the full potentials in MD

simulations lead to heavy computational expenses. The time steps needed in

the integration of the equations of motion for all particles are typically femto-
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seconds and therefore the accessible timescale covered by MD simulations is

typically in the order of nanoseconds [89, 90, 91]. The application of such

methods is therefore restricted to molecular processes that occur on short

timescales, often spatially localized in some active regions of the protein,

such as binding of a ligand or dissociation of reaction products.

Slow internal motions, that are crucial for biological operation of proteins,

cannot be followed in such simulations. The modeling of entire operation

cycles in typical motor proteins, with the timescales ranging from tens of

milliseconds to even seconds, lies far beyond the feasibility of all-atom MD

simulations, even if the latest computer architectures are used. Only for a

very small protein, an extremely long MD-simulation reaching 1 millisecond

has been reported [92].

Thus, atomically resolved simulations of molecular processes, underlying

the operation of protein motors, is not possible and some approximations

need to be applied.

As an alternative to detailed molecular simulations, largely simplified

descriptions in terms of mechanical ratchets or stochastic oscillators have

been used in the studies of the dynamics of motor proteins ( see e.g. [19,

20, 93]). In these purely phenomenological models, the complexity of the

motor dynamics is reduced to effective motions along a single mechanical

coordinate. Such studies of oversimplified models may still provide valuable

general information As an example, a ratchet model of the molecular motors

is briefly outlined below.

In a typical ratchet model, the structural complexity of a motor protein

is neglected and it is viewed as a point particle that can move in a one-

dimensional potential. This potential is chosen in the form of an asymmetric

sawtooth potential (the ratchet potential), to roughly imitate the interac-

tions between the protein motor and the molecular track along which it is

moving. The motor is assumed to have two internal states. In its non-excited

equilibrium state, the motor rests at the bottom of the local potential well,

unable to steadily move along the track even in the presence of thermal fluc-

tuations. To roughly model the ATP-dependent operation of the motor, it

is further assumed that the interactions with ATP can lift the energy of the
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protein to a level above the barrier of the ratchet potential. When the cycle

ends and the motor returns to its non-excited state, it can find itself resting

in the neighboring well in the energy landscape, so that the translocation

by one step along the track has taken place. This outline corresponds to

the simplest ratchet modeling. Other ratchet descriptions, including more

complex dynamical aspects, are also available [94, 95, 96].

The two presented approaches, i.e. the full MD-simulations and the

ratchet theories, can be seen as two extremes. While, due to their high

complexity, the all-atom descriptions fail to capture the biologically essen-

tial slow dynamics in motor proteins, the ratchet models only provide an

oversimplified picture of their operation mechanism, completely lacking the

structural information and thus missing dynamical changes in the proteins.

It is desirable to make use of models that can provide mid-level descriptions of

proteins dynamics, filling the gap between the above mentioned extreme ap-

proaches. Such approaches should allow us to follow conformational motions

under structural resolution and therefore enable us to analyze in details the

functional dynamics in motor proteins. Such mid-level models should repre-

sent certain approximations/simplifications to the full molecular dynamics.

Generally, the approximations can be applied either at the structural level

or regarding the interaction potentials, and the degree of the reduction of

complexity can be varied [21, 97, 98, 99].

Structural coarse-graining aims to drastically reduce the number of vari-

ables that enter the calculations. Rather than taking into account each atom

of the protein explicitly, whole atomic groups (residues) can be treated as

single sites. In the so called single-site per amino acid method, each each

amino-acid residue in the protein is replaced by one site which is represented

by a point-like particle. Commonly, this particle is placed at the position of

the α-carbon atom of the main-chain of the respective amino acid (the C-α

representation). Since the side-chain packing of the different amino acids

is then neglected, the position of the single sites can alternatively be deter-

mined as the geometrical center of the heavy side-chain atoms of the given

amino-acid (the C-µ representation). In a more refined structural approxi-
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mation, two sites can be used for the representation of each amino acid, one

replacing its main-chain atoms and the other replacing its heavy side-chain

atoms. A nice review focusing on coarse-graining in proteins has been writ-

ten by Tozzini [98].

In the approximate descriptions, simplifications regarding the interaction

potentials are intended to reduce the dynamical degrees of freedom that

enter the computation. In the past, Go-like potentials, based on ideas of

a work by Go et al on the theory of protein folding [100], have been much

used as a possible simplification of the residue potential fields. The Go-like

models distinguish between interactions between the consecutive residues

inside the backbone chain of the protein, the so called non-native contacts,

and the interactions between the residues that are present due to the compact

folded structure of the protein, the native interactions [101]. In such models,

both types of interactions are simplified, so that only the distance between

interacting residues enters the potentials. Non-native backbone contacts are

usually described by bounded attractive potentials, taking into account the

backbone stiffness, while native contacts are modeled by phenomenological

Lennard-Jones type potentials, effective only if the distance between two

residues is shorter than some interaction radius.
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Chapter 2

Elastic network models

As we have mentioned at the end of the previous chapter, descriptions of in-

termediate complexity based on approximations are needed in order to cover

biologically relevant slow conformational motions in proteins in dynamical

simulations. The approximations can be manifold and are typically carried

out by simplifying the structure of a protein and reducing the level of com-

plexity of internal interactions. A remarkably simple dynamical descriptions

treating the protein as an elastic object is presented in this chapter. We

will first describe the approximations this model is based on and present its

widespread usage together with a discussion on their limitations. Finally,

the relaxational elastic network model, which is used by us to understand

the dynamics of motor proteins, will be introduced.

2.1 Proteins as elastic objects

In the framework of elastic network models (ENM) the protein is described

as a deformable elastic object. This idea has been introduced by Tirion in her

seminal paper in 1996 [22]. Essentially she has shown that instead of sophis-

ticated multi-parameter potentials used for modeling of interactions between

atoms in a protein, a simple single-parameter Hookean type potential is ap-

propriate enough to reproduce well the complex deformation pattern induced

by thermal fluctuations in proteins. This work has marked a milestone in the

19
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Figure 2.1: Coarse-graining of proteins. The structure of the HCV helicase
motor that plays a central role in further investigations is shown (PDB code 1HEI,
chain A). In (A) a representation showing all presents 3328 atoms is chosen. In (B)
only the 443 Cα-atoms, which replace entire amino acids upon structural coarse-
graining, are shown. A prescribed interaction radius of 8Å gives rise to 2235 links
connecting these particles.

modeling of proteins dynamics since it allows to study dynamical properties

of relatively large macromolecular systems with manageable computational

expense. Although in the original description by Tirion the harmonic po-

tentials were used to mediate interactions between atoms in the protein, the

same potentials can be however also applied to a protein model that im-

plies further coarsening of the proteins structure as evidenced by the work

of Bahar and Hinsen [102, 103]. There, it has been shown that one single

interactions site per amino acid residue is sufficient to describe thermal fluc-

tuation motions. In most elastic network descriptions, structural coarsening

is implemented today.

Thus, within the simplifications of the elastic network approximation, the

proteins can be viewed as a network of particles connected by elastic springs.

We will now describe in more detail how the elastic network of a protein is

constructed. The model assumes the equilibrium conformation of the protein

to be known from experiments (see 1.1.4). Taking this data, each amino

acid residue is replaced by a single point-like particle which is placed at the
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position of the α-carbon atom of the respective amino acid. By carrying

out this structural coarsening, the number of particles joining the dynamical

simulations is generally drastically reduced (see Fig. 2.1). Then, effective

interactions between the particles are introduced by assuming that only those

which are close enough one to another should ‘feel each other’. This is done

by connecting those pairs of particles with a spring that have a distance

shorter than a prescribed cutoff-length (also referred to as the interaction

radius in the thesis). In the protein network, all particles are assumed to be

identical and also the springs are chosen to be of the same kind, meaning that

they have a common stiffness. This setup can be viewed as the ‘simplest’,

most basic version of elastic network models [104, 105, 106]. There exist

however several variations where different interaction strengths have been

also considered. We refer to section (2.4) for a discussion of such issues.

2.2 Near-equilibrium dynamics

The elastic network model provides a purely mechanical description of pro-

tein dynamics. While the operation of proteins apparently involves both

mechanical and chemical aspects, the ability to cover the latter has become

lost due to the approximations; elastic network models are inherently blind

against chemical details of the protein activity.

As we have mentioned in the last section, the elastic network model re-

quires the knowledge of the equilibrium structure of the protein. The cor-

responding elastic network can be constructed following the aforementioned

recipe. The dynamics of this network is specified below.

First we introduce some notations. The number of network particles will

be denoted by N . The connectivity of the network, i.e. the information

which particle is connected to another one, is stored in the symmetric N ×
N adjacency matrix A with entries Aij = 1, if the particle with index i

is connected by a spring to the particle with index j, or Aij = 0, else.

The spatial coordinates of network particles as extracted from the known

equilibrium structure are stored in the vectors ~R
(0)
i = (x

(0)
i , y

(0)
i , z

(0)
i )T .
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Let us now consider the energy function U of the system. The energy can

be simply written as the sum of all contributions of network springs, each

represented by the respective harmonic potential. It reads as

U =
κ

2

N∑
i<j

Aij(dij − d(0)ij )2. (2.1)

Here dij = |~Ri− ~Rj| are the lengths of the springs in some deformed network

conformation and d
(0)
ij = |~R(0)

i − ~R
(0)
j | are their lengths in the respective

equilibrium conformation. As mentioned before, the links are assigned the

same stiffness constant κ. Their natural lengths d
(0)
ij are however individual.

In general, the dynamics of a mechanical system of N particles follows

the Newtonian equations of motion and can be written in the form

M ~̈R = −~∇U(~R), (2.2)

with the 3N -dimensional vector ~R = (R1, . . . , R3N)T = (x1, y1, z1, . . . ,

xN , yN , zN)T . The 3N -dimensional gradient vector on the right side is
~∇ = (∂/∂x1, ∂/∂y1, ∂/∂z1, . . . , ∂/∂xN , ∂/∂yN , ∂/∂zN)T .

Although in the protein network each contribution by a single spring is

described by individual harmonic interactions, the overall potential depends

on all 3N spatial coordinates x1, y1, z1, . . . , xN , yN , zN and is generally an-

harmonic. As we will see in the following, the dynamical description of the

system can be remarkably simplified when the near-equilibrium behavior is

considered.

We are considering now only small deviations of the particle positions

from their equilibrium positions ~ri = ~Ri − ~R
(0)
i . Then, the energy func-

tion U can be expanded around the equilibrium conformation of the system

according to Taylor, which yields

U(~R(0) + ~r) = U(~R(0)) +
3N∑
k=1

∂U(~R)

∂Rk

∣∣∣∣∣∣
~R=~R(0)

rk +
1

2

3N∑
k=1

3N∑
l=1

∂2U(~R)

∂Rk∂Rl

∣∣∣∣∣∣
~R=~R(0)

rkrl +O(r3i ).(2.3)

By construction of the network the first term, being the elastic energy of
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the network in its equilibrium conformation, vanishes (see equ. (2.1)). The

second term corresponds to internal forces in the equilibrium conformation

of the network which also vanish since all particles are at their equilibrium

positions.

This means that the energy function considered around the equilibrium

conformation of the system simplifies to

U(~R(0) + ~r) =
1

2
~rTH~r, (2.4)

where the 3N×3N so-called Hessian matrixH with entriesHkl = ∂2U(~R)
∂Rk∂Rl

∣∣∣∣
~R=~R(0)

has been introduced.

After the approximation of the potential function, the components of the

forces simplify since we have ∂U(~R)/∂Rk = ∂U(~R(0) + ~r)/∂rk = (H~r)k. The

Newtonian equations (2.2) become therefore

~̈r = −H~r. (2.5)

Here, we have assumed the same common mass for all N particles and set is

equal to unity.

Now, the worth of the near-equilibrium approximation of the potential

function U becomes apparent: The equations of motion of the N particle sys-

tem (2.5) are well-known vibration equations that can be solved analytically.

Its solutions are determined by the eigenvalue problem

H~uk = ω2
k~uk. (2.6)

Diagonalization of the Hessian matrix H directly yields a set of eigenvalues

ωk and eigenfunctions ~uk.

The near-equilibrium approximation explained above is applicable to any

dynamical system whose dynamics can be described by a potential function

that obeys a global minimum. For the particular energy function of the elastic

protein network (2.1), the Hessian matrix contains 3×3 block matrices which

read as Hα,β
i,j = κu

(0)
ij,αu

(0)
ij,β. Here, i, j are particle indices, α, β = x, y, z and
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uij = (~R
(0)
i − ~R

(0)
j )/d

(0)
ij .

As we have learned now, close to the equilibrium the dynamics of the

elastic networks can be described in terms of natural vibration frequencies

ωk and corresponding normal modes ~uk. The analysis of the equations (2.6)

is referred to as the normal mode analysis (NMA).

The recipe for the normal mode analysis is actually straightforward; given

the potential function of a system, one needs to calculate the Hessian matrix

and perform its diagonalization to access the frequencies and modes that de-

termine the near-equilibrium dynamics. It should be noted that the NMA is a

well-established approach to study the dynamics of macromolecular systems,

and, even before the simplified harmonic potentials have been introduced by

Tirion, such methods have been used to investigate conformational motions

in proteins [107, 108, 109, 110].

It is surprising how many results can be obtained by using such purely

mechanical model based on gross simplifications. After Tirion has first shown

that fluctuations in proteins can be described with the normal modes of an

elastic-network model, such models became increasingly popular and their

applicability has been tested in many studies (e.g. [104, 105, 106]).

It has been shown, for instance, that for some proteins the conforma-

tional changes between two crystallographically known conformations show

remarkable overlaps with one or several low-frequency normal modes of the

corresponding elastic network [111]. Furthermore, an important work by

Zheng and Doniach has revealed that ligand-induced conformational mo-

tions in such important motor proteins as myosin or F1-ATPase agree well

with the dominant lowest-frequency modes of the elastic networks [112].

These and other studies suggest that conformational motions in proteins

may be already described in terms of the collective coordinates corresponding

to a few normal modes. It may seem that, to understand the activity of

proteins, it might be enough to consider only the normal modes of an the

elastic network. The situation is not, however, so simple. Already in the

study by Zheng [112], it has been actually shown that the normal mode

descriptions is breaking down when conformational motions in the motor

protein kinesin are, for example, considered.
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It should be remembered that the normal-mode analysis relies on the ap-

proximation of the energy function around the equilibrium conformation of

the elastic network, which should hold only for small deviations of particles

from their equilibrium positions, i.e. only small-amplitude fluctuation dy-

namics can thus be described. The fact that even large-amplitude functional

conformational motions in some proteins, where the protein system should

be definitely operating under off-equlibrium conditions, can sometimes be

successfully described by this approximation is remarkable. However, when

a particular protein and its representation as an elastic network are consid-

ered, it is generally not known in what range the normal mode approximation

would be valid. One cannot simply assume that large-scale motions in pro-

teins are described in terms of the near-equilibrium properties of its elastic

network; the validity of normal-mode analysis is always under question.

The applicability of the normal-mode approximation has been discussed

in the literature, particularly in an important contribution by Jernigan [113].

In this publication, he addressed the question to what extend normal modes

of elastic networks are capable of covering large-scale protein motions. The

results obtained in this study suggest that the normal-mode description gen-

erally works better, when collective motions in proteins are considered, and

it fails when the degree of collectivity is low.

Because of the known limitations of the normal-mode description, it may

be more convenient to go beyond the NMA approximation and consider the

nonlinear dynamics of the elastic networks.

2.3 Relaxational elastic network model

We start again with the potential of the elastic network given by equ. (2.1).

Under the assumption that hydrodynamic interactions of the protein with

its surrounding aqueous solution can be neglected and that thermal fluctua-

tions are not taken into account, the dynamics of a purely mechanical elastic

network model can be expressed in terms of a set of differential Newtonian

equations, each of them describing the motion of one network particle. Using
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previous notations, the equation for particle i reads as

m~̈Ri + γ ~̇Ri = − ∂

∂ ~Ri

U. (2.7)

In this equation, the inertial forces and a friction term accounting for in-

teractions with the solvent (assuming the same friction coefficient γ for all

particles) are present. The derivative of the elastic energy U accounts for

the internal elastic forces. The characteristic ratio between the inertial and

the frictional forces depends sensitively on system the parameters and deter-

mines the dynamical behavior of the system (see [114]). When motions of pro-

teins in their surrounding media are considered, viscous friction forces should

dominate the dynamics [114]. Indeed, it has been previously demonstrated

through direct molecular dynamics simulations that the inertial effects can

be neglected already for the motions with the timescales of tens of picosec-

onds [115]. Since much slower conformational motions with the timescales of

milliseconds will be considered, the frictional forces always would dominate

the dynamics and the inertial forces can be neglected in our investigations.

Hence, the equations of motion can be chosen in the overdamped limit, so

that the network dynamics becomes purely dissipative.

Neglecting inertial terms and substituting explicit expressions for the elas-

tic energy the following dynamical equations are obtained

~̇Ri = −Γκ
N∑
j=1

Aij(|~Ri − ~Rj| − |~R(0)
i − ~R

(0)
j |)

~Ri − ~Rj

|~Ri − ~Rj|
, (2.8)

where the particle mobility Γ = 1/γ is introduced.

Note that elastic forces depend linearly on the elongations of the springs

connecting the particles. Nonetheless, the dynamics of the network is still

nonlinear, since distances are nonlinear functions of 3N spatial coordinates,

i.e. dij = |~Ri − ~Rj| =
√

(xi − xj)2 + (yi − yj)2 + (zi − zj)2.

We shall not perform further linearization of the dynamical equations.

This set of equations already completely describes the protein dynamics in

the considered elastic network approximation.
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Elastic objects can undergo large-scale deformations of their global shape

while locally deformations still remain small. Indeed, a rubber band can be,

for example, stretched very much without local rupture. We can therefore

expect that the relaxational elastic network models should be able to describe

well the large-amplitude conformational motions in proteins in which local

network deformations are still elastic and described by Hook’s law.

Once the elastic network of a particular protein has been determined, the

set of dynamical equations (2.8) can be numerically integrated to obtain the

positions of particles ~Ri at any time moment. For numerical implementation,

standard methods, such as the Euler integration scheme or the Runge-Kutta

method, can be employed.

In the simulations described in the following chapters, the rescaled version

of the dynamical equations (2.8) is used. Introducing dimensionless time

τ = Γκt, we get rid of the parameters Γ and κ, so that the equations take

the form:

~̇Ri = −
N∑
j=1

Aij(|~Ri − ~Rj| − |~R(0)
i − ~R

(0)
j |)

~Ri − ~Rj

|~Ri − ~Rj|
(2.9)

These equations provide the basis for the investigations carried out in

present. As we see, within the framework of the relaxational elastic network

model, protein motions are described in terms of processes of conformational

relaxation of the corresponding elastic network, going downhill in the energy

landscape and tending to reach the equilibrium state.

We should note, that in all simulations performed by us only elastic pro-

teins motions have been considered. Therefore, breaking of network links was

not included into the model. However, in principle, the model can extended

to incorporate plastic deformations also [116, 117].

Relaxational elastic network models have previously been used by To-

gashi and Mikhailov [118] in their study of conformational motions in several

typical molecular motors. In a special study by Togashi et al [119] using

the same model, effects of nonlinearities in the motions of motor proteins

have been extensively discussed. It has been shown that relaxation dynam-
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ics in the motor protein myosin V is in good agreement with the predictions

based on the normal modes whereas such methods fail completely for another

molecular motor, the kinesin KIF1A.

The dynamical equations describing relaxational motions of the elastic

network only include internal elastic forces. For the upcoming applications,

where we plan to access dynamical properties of the proteins by probing the

response to initial deformations of its corresponding elastic network, we need

to include external forces. On the other side, by allowing such additional

forces, it is also possible to include thermal fluctuations into the model, as

has been done previously [117, 118, 120]. Introduction of external forces can

be performed in a straight way, by adding the force ~fi acting together with

the internal forces on the network particle i to the equations of motion (2.9).

2.4 Model extensions and discussion

The fact, that a simple elastic-network model of proteins based on gross

simplifications and covering only mechanical aspects of the protein, is so

successful is quite remarkable. Today, different aspects of the elastic-network

model have been discussed and its various extensions have been proposed.

Below, some of such work is briefly outlined.

One issue of the elastic network modeling is the choice of the cutoff-length

or the interactions radius which is used in the network construction based on

the experimental data. This important parameter remains to some extend

arbitrary. It cannot only be chosen to be too small, because then the net-

works tend to include weakly connected residue groups or even disconnected

components. The interaction radius cannot be also too large, because then

many cross-links between the domains become present, preventing large-scale

domain motions.

An attempt to get rid of the cutoff-length as a free parameter for the pro-

tein interactions has been undertaken by Jernigan [121]. He has proposed the

parameter-free elastic network model, where it is assumed that interactions

are present between all network particles, but their interactions strength are
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described by springs constants that are inversely proportional to the actual

distance between them.

In the original model and also in the relaxational ENM used by us, the

springs are furthermore assumed to have the same common stiffness. In many

publications, however, weighted interactions between residue particles have

also been considered. The use of non-uniform spring constants depending,

for instance, on the distance between residue particles have been proposed

and extensively discussed by Hinsen with coworkers [97, 122, 123, 124, 125,

126]. Moreover, there are also some ENM studies where the elastic system

is divided into rigid bodies and flexible regions [127].

In original elastic-network models, the dynamics depends only of the elon-

gations of the springs. There are model extensions where additional dynami-

cal degrees of freedom have been included into the model, such as the bending

or torsional angles [128, 129].

The proposed model extensions are usually tested checking how well they

are able to predict thermal fluctuation motions of the residues around the

equilibrium conformation in various proteins. The quality of this benchmark

prediction is often taken as a justification of a particular improvement. It

is however clear that, in principle, elastic network model can provide only

a simplified descriptions of protein dynamics. Like any other model that

relies on the approximations, it is also inherently limited in its predictive

power. This is mainly manifested in the fact that the elastic network models

can only describe mechanical aspects of protein motions while important

molecular events rely on the chemical details which are not at all included

in the elastic-network models. Moreover, the Hookean potentials used to

describe interactions between protein residues are empirically chosen and

do not the result from a rigorous derivation. While in the MD simulations

the interactions are complicated and can include also molecular details, the

empiric harmonic potentials in the elastic-network models can only account

for the effective interactions in a protein.

It is clear that elastic networks do not reproduce functional motions in

proteins in all details, and they cannot replace all-atom MD simulations. In

this thesis, only the standard relaxational elastic-network model will be used
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and, we explicitly want to take advantage of its simplicity.



Chapter 3

Conformational dynamics of

Hepatitis C virus helicase

The hepatitis C virus is responsible for most cases of non-A and non-B hep-

atitis infections, mainly associated with unscreened blood transfusions and

unsafe injection practices [130, 131]. According to the world health organiza-

tion (WHO), about 3% of the world population are chronically infected with

HCV with 3 to 4 million newly infections per year, making the virus a major

health concern. About 80% of newly HCV-infected individuals go on to de-

velop chronic infection with long-term complications including liver cirrhosis

and liver cancer. Today, there is no vaccine available and since therapies

are not sufficiently successful, much research has focused on the proteins

that control replication as possible targets for a more effective treatment

[54, 55, 132].

To stop viral multiplication, it would be indeed very efficient to inhibit

those proteins, that operate at the beginning of the replication process. In

this respect, the understanding of dynamical properties of the HCV helicase

may provide valuable insights into its operation mechanism and therefore be

an important step towards the development of better antiviral therapies.

The HCV helicase is one of the best characterized helicase proteins. Based

on the X-ray crystallographic experiments, the first structures have been

reported by Yao et al in 1997 [133] and with a bound oligonucleotide in 1998

31



32 Chapter 3. Conformational dynamics of Hepatitis C virus helicase

by Kim et al [134]. Moreover, time-resolved single molecule experiments

using an optical tweezer setup [135] and FRET techniques [136] have been

undertaken for this protein. Later, it became also possible to co-crystallize

HCV helicase with different ATP mimicking molecules and with DNA [137],

and its natural substrate RNA [138], respectively.

Previous studies have contributed much to the understanding of func-

tional activity of this protein. Although the available data provides insights

into various aspects of functional activity, the suggested operation mechanism

of HCV helicase is still hypothesis, not directly confirmed by any experiment.

Our main goal in this work was to use coarse-grained relaxational elastic

network models to investigate conformational dynamics in the HCV helicase

proteins and to extend them in such a way, that eventually we would be able

to model its operation cycles including interactions with ATP molecules and

the DNA, in structurally resolved dynamical simulations. The presentation

of this project is divided into two parts. Below in this chapter, is explained

how the elastic network has been set up using the structural data. Moreover,

treating the protein as a deformable elastic object, we describe how we have

probed the dynamical properties by studying its response to various struc-

tural deformations. Based on the results of these investigations, modeling of

interactions with ATP molecules and with DNA strands and, furthermore,

the simulations of entire operation cycles of the HCV helicase will be pre-

sented in the next Chapter 4. The results described in this and the following

chapter have been published in the article [139]. Videos presenting these

results can be accessed online via the PNAS webpage.

3.1 HCV helicase structure and its elastic net-

work

The HCV helicase is a 450 amino-acid residue protein whose folded struc-

ture consists of three domains that have comparable sizes (see Fig. 3.1).

They are arranged in a Y-shape-like structure of dimensions 65Å and 35Å.

Two domains in this protein, the so-called motor domains, are structurally



3.1. HCV helicase structure and its elastic network 33

Figure 3.1: HCV helicase and its elastic network. The ribbon repre-
sentation (A) is for the apo form of the protein. Three domains I, II, and III
are indicated. The approximate location of the ATP binding pocket is shown by
yellow color. The green stripe highlights the position of the DNA binding cleft.
The elastic network (B) consists of 443 particles connected by 2235 links. Domains
I, II, and III are colored as orange, blue and silver. Three particles 1, 2, and 3,
corresponding to residues Thr269, Thr411, and Trp501, are chosen as labels. Dis-
tances between them (i.e. the lengths of the green lines) are used for visualization
of conformational motions.

similar, sharing the RecA-like fold. The overall protein structure comprises

two large clefts. In the first cleft which separates the two motor domains,

ATP molecules can arrive and bind to one motor domain [132]. The second

cleft separating the motor domains and the third domain is predominantly

negatively charged and can therefore hold the positively charged single DNA

strand [140].

To construct the elastic network of HCV helicase we have used the ligand-

free apo structure of the protein [133] deposited in the Protein Data Bank
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(PDB ID code 1HEI). This entry provides two independent data sets; we

have chosen chain A since it yields more complete structural information,

containing N=443 amino acid residues. Using this data, the elastic network

has been constructed by treating each amino acid (the entire residue) as a

single site represented by a point-like particle. Each particle is placed at the

equilibrium position of the α-carbon atom in the main chain of the respective

residue, denoted by ~R
(0)
i for particle i. Then, two particles are connected

by a deformable elastic spring if the distance between them is less than a

prescribed interaction radius lint. The connection pattern of the network is

stored in matrix A with the elements Aij = 1, if d
(0)
ij = |~R(0)

i − ~R
(0)
j | < lint, and

Aij = 0, otherwise. As the interaction radius, we have chosen 8Å. This value

is large enough to prevent weakly connected residue groups in the network

or even disconnected parts, but also not too large so that the network is

unrealistically stiff and large-scale motions cannot be studied.

In a deformed state, the positions of the particles ~Ri are changed and the

lengths dij = |~Ri − ~Rj| of elastic springs are generally different from their

natural length d
(0)
ij . All springs have the same stiffness constant κ. The

elastic energy of the network is

U = (κ/2)
∑
i<j

(dij − d(0)ij ). (3.1)

By construction, the energy minimum U = 0 corresponds to the experimen-

tally known native conformation.

3.2 Probing mechanical properties

Now that we have constructed the elastic network of the HCV helicase pro-

tein, its mechanical properties can be examined. We will probe the dynamical

properties of the protein by exposing its elastic network to various initial de-

formations of its shape. The internal forces will guide then this elastic object

to its original shape. By analyzing various relaxation processes, which start

from different initial deformations, the properties of relaxation dynamics in
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the protein can be investigated.

Two different kinds of investigations will be performed. In the first study,

relaxation starting from the deformations that have been obtained by per-

turbing the network structure globally will be considered. In the second

study, our attention is focus on the perturbations localized in a particular

region of the protein.

In the latter study, we wanted to take into account that, in the actual

operation cycles of ATP-driven protein motors, functional conformational

motions are induced by the perturbations localized near the nucleotide bind-

ing site and involve binding of ATP, the hydrolysis reaction and the release of

chemical products. The approximate nature of the elastic network descrip-

tion does not allow us to to include specific chemical details of all such pro-

cesses. Nonetheless, we can still probe the related conformational responses

by considering perturbations localized at the residues which belong to the

experimentally known conserved motifs and are expected to be involved in

the ATP binding and hydrolysis reaction. The Details of actual interac-

tions between the HCV helicase and the ATP molecules are not known, but,

assuming that local forces are generated in the ATP binding site, we can

roughly imitate such interactions by the application of random forces in this

local region.

We needed to generate large ensembles of initial network deformations.

These deformations were obtained by applying random static forces to the

beads of the network. Specifically, we have generated forces ~fi acting on

bead i, by choosing the components fxi , fyi and fzi as random numbers from

the interval between −1.0 and 1.0 and, after that, rescaling the forces in

such a way that the normalization condition (
∑
i |fi|2)1/2 = C was always

satisfied. In the first case of global perturbations, random static forces were

applied globally distributed over all network beads, while, in the case of

localized perturbations, forces were applied only to network the beads that

corresponded to residues of the conserved ATP binding motifs. Those were

the residue sequences Gly207 − Ser−Gly−Lys− Ser− Thr (the Walker A

motif) and Asp290 −Glu− Cys−His.
To obtain the coordinates of beads in the initial deformed state of the
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network, we numerically integrated the equations of motion (2.9) in the pres-

ence of the forces for a fixed time tf . This procedure was repeated to prepare

a set of 100 initial network deformations, each arising from a different ran-

dom configurations of forces. For each prepared initial deformation, we have

checked that the springs were not excessively stretched, i.e. that plastic de-

formations were excluded. Namely, we have required that elongations of the

springs did not exceed a threshold 1.5 · dint in the initial deformed states. In

the simulations, numerical values C = 1 and tf = 10, 000 were used.

In the next step, we have switched off the applied forces and analyzed

relaxation processes starting from different initial deformations, which have

been thus prepared.

3.3 Visualization of conformational motions

The response to initial deformations of the elastic network consists in confor-

mational relaxation motions induced by internal forces due to the deformed

springs. To study such motions we needed to visualize the conformational

dynamics. Although the dynamics involves motions of all protein residues,

we have selected only three of them as labels to conveniently track the relax-

ation motions in the three-dimensional space. Conformational changes have

been monitored by following the time evolution of the distances between

the chosen labels. Thus, relaxation processes, each starting from a different

initial deformation, were represented by trajectories in a three-dimensional

space.

The labels have been chosen to belong to three different domains. La-

bels 1 and 2 lie in the motor domains I and II, whereas label 3 belongs to

domain III. They correspond to the protein residues Thr269, Thr411, and

Trp501. For presentation of the pattern of relaxation trajectories, instead

of the absolute distances between the labels, we have chosen normalized

relative distance changes u12, u23 and u13 between them, i.e, for example,

u12 = (d12 − d(0)12 )/d
(0)
12 .

For such variables, the origin of coordinates always corresponds to the
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equilibrium conformation of the network.

Figure 3.2: Conformational relaxation in HCV helicase. Gray lines
show 100 relaxation trajectories in the plane of normalized distance changes u12
and u23 between the chosen labels, each starting from a different initial confor-
mation obtained by application of random static forces to all particles. Red lines
display 100 relaxation trajectories, but starting from the initial conformations ob-
tained by application of static forces only to the particles in the ATP binding
region.

Figure 3.2 shows the relaxation pattern for the elastic network of HCV

helicase. Grey trajectories start from different initial deformations obtained

by applying global deformations, whereas relaxation processes starting from

the states induced by the application of local forces in the ATP binding

region are shown as red trajectories.

The first remarkable aspect to notice is that although the forces have

been generated at random, the initial deformations obtained upon their ap-

plication are actually far from being completely random.

We have found that it is almost impossible to induce relative motions of



38 Chapter 3. Conformational dynamics of Hepatitis C virus helicase

motor domain I with respect to domain III. On the other side, by applica-

tions of the same forces, large-scale relative motions of the motor domain

II with respect to the rest of the protein can be easily induced. Relaxation

trajectories could therefore be presented in a two-dimensional plot where the

coordinates are normalized relative distance changes between the two motor

domains, represented by u12, and between motor domain II and third do-

main, represented by u23, respectively. As indicated by the starting points of

the trajectories in Fig. 3.2, changes of up to 60% between the motor domain

II and the rest of the protein can be induced by application of the forces.

Looking now at the relaxation trajectories for the ensemble of different

initially deformed states, we see that, even though most of the initial confor-

mations corresponded to highly deformed states, the elastic network of the

HCV helicase protein could always return to its equilibrium shape. No meta-

stable states could thus be found. Starting from the various deformed states,

after short transients, all relaxation trajectories converged to an attractive

path, that, once reached, guided the deformed networks back to the original

equilibrium conformation.

The dynamics along such attractive bundle is low-dimensional and cor-

responds to the ordered motions of the motor domain II with respect to the

other two protein domains. Along the relaxation paths, the distances be-

tween motor domain II and the two other domains change persistently, so

that this motion be characterized as of the hinge type.

When perturbations localized in the ATP binding region were considered,

we have found that, although being spatially confined, they could induce

large initial deformations of the network as well, and, the resulting relaxation

trajectories were quite similar.

We conclude therefore that, in response to different initial perturbations,

the HCV protein tends to produce the same well-defined kinds of conforma-

tional motions. These motions are generic, they did not sensitively depend

on a particular initial deformation. The motions approximately represent

well-coordinated rotations of the mobile motor domain II with respect to the

motor domain I and the domain III, which together behave like a single rigid

object.
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By probing the dynamical relaxation properties of the HCV helicase elas-

tic network, we have thus demonstrated that this motor protein is able to

perform robust and well-coordinated internal motions of its domains. In ear-

lier investigations, it has been shown that various other motor proteins, such

as F1-ATPase, myosins II and V and kinesin KIF1A, share the same prop-

erty [118, 119]. They can perform ordered conformational motions that are

robust against perturbations and exhibit only weak dependence in the initial

conditions. This property is fundamental, it underlies the ability of molecu-

lar machines to reproduce the same coordinated internal movements in each

next operation cycles. Such a dynamical behavior might have been evolved

as a result of biological evolution which, under the evolutionary pressure, has

favored special dynamical properties of the motor proteins.

3.4 Modeling of ATP-dependent operation cy-

cles

After probing relaxation dynamics of the HCV helicase proteins by expos-

ing its elastic network to various mechanical perturbations and subsequently

tracking its response, we go a step further and extend the elastic network

model in such a way that it allows us to reproduce the ATP-induced confor-

mational changes underlying the operation of the HCV helicase motor. To

do this, we first needed to find a way how to model the binding of an ATP

molecule to the equilibrium conformation of the HCV helicase protein.

The ATP is a relatively complex molecule which consists of the adenine

part, connected to a ribose sugar moiety, and the tri-phosphate tail. Binding

processes of ATP to the protein rely on complicated interactions with chem-

ical details that cannot be resolved by us. It would be, however, natural to

assume that, when an ATP molecule arrives, its interactions with the protein

lead to the appearance of some local deformations in the ATP binding pocket

region. In the coarse-grained elastic-network model with residues replaced

by single beads, the chemical structure of ATP and details of its interactions

with the residues cannot be resolved. Our results described in the previous
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section suggest, however, that such details may actually not be important

when ligand-induced conformational motions are considered.

To remain at the coarse-grained description level on which our protein

modeling is based, the binding of an ATP molecule was also taken into ac-

count in an approximate way. The binding process was imitated by placing

an additional particle (the substrate ligand) into the ATP binding pocket

of motor domain I. The new particle established four elastic links to the

neighboring network nodes inside this pocket (see Fig. 3.3). It had the same

mobility as all particles in the protein network and the new links were of the

same kind as the network links, i.e. they were assumed to have the same

stiffness. The newly established links were initially deformed (stretched),

roughly emulating the transfer of energy upon the binding event.

The network-substrate complex has the elastic energy

Ucomplex = (κ/2)
∑
i<j

Aij(dij − d(0)ij )2 + (κ/2)
∑

i=c1,c2,c3,c4

(di,N+1 − lnat)2. (3.2)

The first term is the energy of the free network and the second term is the

energy of ligand-network interactions. Here, c1, . . . , c4 are the indices of the

particles to which the ligand, having the index N + 1, is bound and lnat are

the natural lengths of the new elastic links.

Initially localized in the four new links, the deformations spread over the

network and induce motions of the motor domains. These motions repre-

sent conformational relaxation of the network-substrate complex towards its

equilibrium conformation. They end when this stationary state is reached.

Figure 3.3 displays the relaxation trajectory P → Q of the conformational

motion induced by binding of the substrate ligand. The most notable struc-

tural change that we observe is a large-amplitude relative motion of the two

motor domains with respect to each other. Upon binding of the substrate,

they move towards each other, so that the spatial gap between them gets

closed. In the final conformation, corresponding to the equilibrium of the

network-substrate complex, the distance between the labels of the two motor

domains is shortened by approximately 25% as compared to the equilibrium

distance between them.
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Figure 3.3: Modeling of ATP binding. (A) Binding configuration of the
substrate ligand (green ball) to the ATP binding pocket of motor domain 1. The
ligand establishes four links to residues Lys210, Asp290, His293 and Thr324, all be-
longing to the conserved residues of the ATP binding pocket. (B) Conformational
motion P → Q is induced by placing the substrate ligand particle into the ATP
binding pocket; the reverse motion Q → P is observed when the ligand, after its
conversion from substrate into product, is released. For comparison, gray lines
(the same as in Fig. 3.2) show the relaxation trajectories.

It has turned out that the amplitude of the induced motion, i.e. the

intensity of response of the HCV helicase protein to binding of the substrate

ligand, sensitively depends on the choice of the four residues to which the

links are established. We have found that binding of the ligand to residues

Lys210 from the Walker A motif, Asp290 and His293 from the Walker B motif,

and especially to Thr324 from the conserved Thr322 − Ala − Thr sequence

results in a pronounced , large-amplitude domain motion. The first three

of these residues have been previously identified to play a key role in ATP

binding and hydrolysis based on an electrostatic analysis of this protein [140],

and the residues of the Thr322−Ala− Thr sequence are also likely involved

in the ATP binding [133]. The ligand binding configuration is shown in

Fig 3.3. Initially, the links established by the substrate ligand have lengths

di,N+1 = (4.64, 6.48, 7.71, 5.87) (Å). Their natural lengths are all chosen to be
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the same and equal to lnat = 1 Å, so that these additional links are initially

stretched. By the time t = 20, 000, the stationary state of the network-

substrate complex, corresponding to the closed conformation, is reached.

The conformational relaxation change, induced by substrate binding should

have essential consequences. On the left side of motor domain II, an essential

conserved residue group is present. Only when this atomic group comes into

contact with the ATP, bound on the right side of motor domain I, the hydrol-

ysis reaction converting ATP into ADP and a phosphate becomes possible

[134].

The observed substrate-induced motion of domain II towards domain I

brings into contact these two motor domains, so that the contact between

the above-mentioned atomic group and the ATP can indeed be established.

The hydrolysis reaction should take place at this stage, followed by the re-

lease of chemical products. Again, these chemical processes are beyond the

descriptive power of the coarse-grained elastic network model. However, we

can still roughly imitate them in our model.

To do this, we assume that, as the equilibrium state of the network-

substrate complex is approached, the nature of the ligand becomes changed.

It gets converted from the substrate into the product particle. In contrast to

the substrate ligand, we assume that the product ligand has no interactions

with the protein. Hydrolysis and product release are thus implemented in

the model by just cutting the links that connect the ligand to the network

and removing the product particle, once the equilibrium state of the complex

has been reached.

After the release of the product particle, the free network finds itself in

a conformation different from its true equilibrium state. Starting from this

initial state, relaxation of the free network back to its equilibrium conforma-

tion begins. As we have seen when probing the dynamical properties of the

HCV helicase in the previous section, such relaxation process, leading back

to the original equilibrium state, will involve coordinated motions of protein

domains.

Under this back relaxation process, corresponding to the trajectory Q→
P in Fig 3.3, the motor domain II moved back away from motor domain
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I, restoring the initial configuration. By the time moment t = 50, 000, one

substrate-induced operation cycle of the HCV helicase protein becomes com-

pleted in our simulations and the next cycle, initiated by binding of another

substrate ligand, can then take place.

Snapshots from a simulation showing the ligand-induced conformational

motions in HCV helicase are provided in Fig. 3.4.

Thus, through an extension of the elastic network model, incorporating

interactions that mimic binding of an ATP molecule, hydrolysis and prod-

uct release, we are able to reproduce the ATP-dependent cycle of the HCV

helicase protein. The relaxation processes induced by substrate binding and

product release, correspond to the conformational motions of the two motor

domains which consist of a switching from the open to the closed conforma-

tion when the substrate is present and vice versa after the product became

released.

The opening and closing motions of the two motor domains are one im-

portant aspect of the simulated cyclic relaxation dynamics. A more detailed

examination of the induced relaxation motions actually reveals that they

have another important component. This other aspect becomes apparent

only when the ligand-induced cyclic motions are viewed in the side perspec-

tive the protein, focusing on the structural changes in the DNA binding cleft

region (see Fig. 3.4).

In the side view, one can see that the two motor domains have roughly the

shapes of claws confining the DNA cleft at two opposite ends. When ligand-

induced conformational changes are considered, in can be noticed that, after

binding of the substrate ligand, the motor domain I quickly moves down and

thus is narrowing the DNA cleft on one side, while at the same time the

motor domain II gets lifted and thereby widens the DNA cleft on its other

side. After the conversion of the substrate ligand into the product and its

subsequent release, opposite domain motions are observed.

These observations suggest that a hands-on hands-off mechanism of the

grip control of the HCV helicase on the DNA strand is possible. As a result

of substrate binding to the protein, the motor domain I is able to rapidly

establish a tight grip on the DNA (hand on), whereas the motor domain II is
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Figure 3.4: Cyclic ligand-induced conformational motions in HCV
helicase. Upon binding of the substrate ligand to the equilibrium state of the
network, the HCV helicase protein undergoes a conformational change from the
open-shape conformation P, with the two motor domains being spatially separated,
to the closed-shape conformation with the motor domains being adjacent. In
this conformation, corresponding to the equilibrium state of the network-substrate
complex, the substrate is converted into the product particle. Its subsequent
removal induces relaxation of the free network accompanied by domain motions
from the closed conformation Q back to the open conformation P.

weakening the grip (hand off). It is the other way round after the hydrolysis

and product release.

Cyclic large-amplitude concerted motions of the two motor domains to-



3.4. Modeling of ATP-dependent operation cycles 45

gether with a possible grip control on the DNA strand already suggest a

certain mechanism used by the protein to translocate along the single DNA

strand. However, further investigations were needed to clarify the way of

locomotion along the nucleic acid strands. To this end, the model has been

further extended. Besides modeling of interactions with the ATP molecules,

the extended model had to include the dynamics of DNA strands and their

interactions with the HCV helicase. The formulation and the analysis of the

extended model are the subject of the next chapter.
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Chapter 4

Entire operation cycles of

Hepatitis C virus helicase

The use of the elastic network model to investigate conformational relaxation

motions in the HCV helicase has already led us to some insights into the dy-

namical properties of this important protein motor. We have learned that

coordinated domain motions are underlying the organized dynamics of this

protein. They are used to execute robust operation cycles that are related

to ATP binding and hydrolysis and consist of large- amplitude closing and

opening motions of the cleft between the two motor domains together with

more refined motions that control the dynamics of the DNA binding cleft.

To find out how such motions can lead to steady translocation of the

helicase along the DNA strand, our investigation will be further extended to

include also a dynamical description for the DNA molecule and interactions

between the helicase and DNA.

4.1 Modeling of DNA

The DNA, the carrier of genetic information, is a highly complex molecule

consisting in its commonly present duplex form of two single strands that

are paired by interactions between complementary bases adenine/thymine

47
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and guanine/cytosine, respectively. These two strands are typically wound

around each other giving rise to a helical arrangement of the duplex DNA in

its stable form, the so called B-Form.

While detailed descriptions of DNA and its dynamics are possible, using

them would be inconsistent with the otherwise coarse-grained nature of de-

scriptions employed in this study. For our purposes, it is more important

to concentrate on a proper description of the mechanical properties of DNA,

rather than on taking into account its detailed chemical interactions. To

remain at the approximate level on which our dynamical description of the

protein relies, we have modeled the DNA – its structure and interactions –

also within a coarse framework.

A single DNA strand is modeled by us as a semi-flexible polymer chain

consisting of identical beads, each replacing a phosphate-sugar-base unit

which represents the principal building blocks of nucleic acids. A bead is

connected to its neighboring beads by flexible links. Figure 4.1 shows the

setup of a single DNA polymer chain.

The chain of beads representing one single DNA strand is allowed to

undergo such deformations as stretching and bending. Its total elastic energy

is

UsDNA = (kel/2)
M−1∑
i=1

(|~ri − ~ri+1|2 − σ) + kbend
M−1∑
i=1

(1− cos θi)
2, (4.1)

where M is the number of beads in the polymer chain. The first term in

this equation, a harmonic bonding potential, takes into account elastic de-

formations of links in the chain. Here, ~ri is the position vector of bead i, σ is

the native length of the links, and kel is the stiffness constant, representing

the stiff sugar-phosphate backbone of DNA. The second term is the elastic

bending energy of the chain, with θi being the angle between two adjacent

links in the chain and kbend being the bending stiffness constant. The angle

is defined as

cos θi =
(~ri − ~ri−1) · (~ri+1 − ~ri)
|~ri − ~ri−1||~ri+1 − ~ri|

. (4.2)
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Figure 4.1: Modeling of the DNA molecule. (A) Semi-flexible chain model
of a single DNA strand. (B) Setup of the duplex DNA composed of two single
chains connected by breakable bridge-links.

In the same way as done for the protein dynamics, the relaxational motion

of the beads in the DNA chain is described by a set of differential equations

d~ri
dt

= −γ ∂UsDNA
∂~ri

, (4.3)

which are numerically integrated to obtain the time evolution of the bead

positions in the chain. For simplicity, we have assumed that beads of the

DNA had the same mobility as the particles that form the protein network,

i.e. γ = Γ.

Several aspects of the mechanical properties of DNA are known from the

force-probing experiments (see e.g. [77]). The sugar-phosphate backbone of

a single DNA strand, for instance, is relatively stiff and cannot be stretched

by large amounts, meaning that the distance between two beads in the semi-

flexible chain should not be allowed to change much. The DNA strand is also

rigid with respect to the bending behavior with a typical persistence length

of about 10 base-pairs. Although no fine-tuning of the model parameters
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has been undertaken by us, we have still taken those known aspects into

account by making the DNA chain much stiffer than the elastic network

of the helicase protein. In our simulations, we have used numerical values

kel/κ = 20 for the relative stiffness constant and kbend/κ = 15 Å2 for the

relative bending stiffness constant. For the beads separation in the chain we

have chosen σ = 6.5Å.

To further demonstrate how the HCV helicase is able to perform the

separation of the duplex DNA into its single-strand components, we have

modeled the duplex part as a setup of two single polymer chains that are

connected by additional links that bridge opposite chain beads (see Fig. 4.1).

These links shall mimic the attractive interactions between complementary

bases of the two chains that hold together the duplex form.

On the other hand, also their breaking should be considered when the

strands become spatially separated. In our approximate description, only

effective interactions could be accounted for and the dynamics of bridge-links

may be chosen to be described by a fairly arbitrary potential that has a well

and becomes flat for large-enough separations between the beads (i.e. the

interactions drop to zero and the links disappear). In computer simulations,

the Lennard-Jones potential is often used for an effective description of DNA

bridge-links. We have however decided to employ the Morse-potential in our

simulations.

The full energy of this duplex DNA system is the sum of the energies

of the two single strands and of the interaction potential, i.e. UdDNA =

U
(1)
sDNA + U

(2)
sDNA + Uint. Here, superscripts 1 and 2 are used to distinguish

between the two chains. The interaction potential is

Uint = D
M∑
i=1

[exp(−a∆i)− 1]2 + κs
M−1∑
i=1

[(cosϕ
(1)
i )2 + (cosϕ

(2)
i )2]. (4.4)

The first term is a sum of the Morse potentials, where ∆i = |~r(1)i − ~r
(2)
i | − ld

is the elongation of a bridge-link i. The second term depends on the relative

orientation of of the bridge-links and prevents shear motion of the two DNA

strands with respect to each other, taking into account the shear stiffness of
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the duplex DNA. Here, the angles are defined as

cosϕ
(1)
i =

(~r
(1)
i+1 − ~r

(1)
i ) · (~r(2)i − ~r

(1)
i )

|~r(1)i+1 − ~r
(1)
i ||~r

(2)
i − ~r

(1)
i |

. (4.5)

The Morse potential becomes flat if the elongation of a bridge-link is much

larger than the characteristic length 1/a. Thus, the force is vanishing and the

link becomes effectively broken which allows us to model the DNA unzipping

process later.

Some parameters have been fixed using the known geometry of the duplex

DNA while others have been simply roughly estimated. In the simulations,

numerical values a = 4.5 Å−1, D/κ = 6.67 Å2, ld = 20 Å, and κs/κ =

0.05 Å2 were used. To simplify calculations, we have introduced a cutoff

at ∆i = 5.5 Å, assuming that bridge interactions disappear completely for

larger separations between two opposite beads.

The position of each bead in the duplex DNA and its temporal changes

are again obtained by numerically integrating the set of differential equations,

d~ri/dt = −γ∂UdDNA/∂~ri. (4.6)

As it has already been said above, our aim in this thesis is not to perform

a detailed study of the dynamical properties of the DNA. Investigations of

this important molecule actually present a research topic on its own. The

modeling undertaken by us should be rather viewed in the context of the

operation of the hepatitis C virus helicase on the duplex DNA, which is the

translocation along it and its separation. Therefore, we have employed the

coarse-grained description of nucleic acids, which is similar to the approaches

used by other authors [141, 142, 143]. We have also applied further simpli-

fications such as neglecting the helicity of the duplex DNA or the use of an

auxiliary anti-shearing potential. There are however also some justifications

for this. A certain class of proteins, the topo- isomerases, is able to remove

the torque of DNA before the helicases can unzip them so that we can indeed

assume that near the unzipping region the duplex DNA is almost flat. On

the other hand, the unzipping of duplex DNA merely by shearing, although
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it has been modeled also, is of less biological importance [144].

4.2 Translocation mechanism of HCV heli-

case

In the previous chapter we have shown that binding of s substrate particle to

the HCV helicase elastic network (mimicking ATP binding) and the subse-

quent release after its conversion into the product particle (mimicking ATP

hydrolysis and the product ejection) first induce a motion from the open to

the closed conformation of the protein, making hydrolysis possible, and then,

upon the release of the product ligand, reset the original open protein state.

These large-scale conformational changes are also accompanied by controlled

motor domain motions that affect the DNA binding cleft, suggesting a hands-

on hands-off mechanism of the grip control. Now, we go further and try to

understand how the cyclic changes in the HCV helicase can be used by the

protein to walk along a single strand of DNA.

It is clear that the interactions between DNA and the protein are com-

plicated and to determine them accurately would require a modeling that

is beyond our scope. In our simplified model, we can only phenomenolog-

ically imitate such interactions. To do this, we have assumed that elastic

links between certain particles of the two motor domains, located near the

DNA binding cleft, and the beads forming the DNA polymer chain could be

established.

To consider interaction between the helicase and the DNA, we need to

place the single DNA chain into the DNA binding cleft. From the crystal-

lographic studies of the HCV helicase it is known that in the DNA-bound

state the two motor domains are approximately separated by the distance of

three nucleotides [134]. We have placed the single chain of DNA roughly in

the middle of the binding cleft and adjusted the distance between the two

consecutive beads in the DNA strand to fit this requirement (σ = 6.5 Å , see

Fig 4.1).

Moreover, it is known that major interactions between the helicase and
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Figure 4.2: HCV helicase Translocation mechanism. Four consequent
snapshots (A-D) within a single translocation cycle are shown. After each cycle,
the protein conformation is repeated, but the protein becomes translocated by one
nucleotide along the DNA strand. The bottom view is chosen here, with the motor
domains I and II being above domain III. Red links show connections between the
protein and the DNA strand. One bead in the DNA chain is colored red to better
illustrate the translocation.

the bound single DNA strand are not distributed over the whole binding

cleft, but rather confined to only a number of specific conserved residues

[134]. Such key residues that are known to establish major contacts to the

sugar-phosphate backbone of the DNA are Thr269 from motor domain I and

Thr411 from motor domain II [134]. We have taken this into account in our

modeling and restricted possible interactions between the helicase and DNA
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to the particles that corresponded to those two residues. The interactions

were mediated in our description by additional elastic links. They were

established or disappeared depending on the presence of the ligand.

When the substrate-ligand binds to the helicase network, i.e. when the

motor domain II moves down narrowing the DNA binding channel and thus

establishes a tight grip on the DNA, the distance between Thr411 and the

DNA chain decreases. To model the tight gripping, we have therefore as-

sumed that a relatively stiff link between the residue Thr411 and the nearest

bead in the DNA chain becomes established after binding of the substrate-

ligand.

When the product-ligand is released from the network, i.e. when motor

domain I is about to establish a tight grip on the DNA while the motor

domain II loosens its grip, the link between the DNA chain and residue

Thr411 from domain II is removed and a link between the residue Thr269

from domain I and the DNA chain is created in the same manner as described

above.

The interaction mediated through the link depends on the length of the

link and its relative orientation. The length dependence is described by a

harmonic potential with the relative stiffness constant kh,DNA/κ = 5 and

the natural length l
(0)
h,DNA = 5 Å. Additionally, the interaction depends on

the relative orientation of the link with respect to the DNA chain. The

orientation interaction is stiff, and, as we have assumed for simplicity in our

simulations, a definite angle between the link and the DNA chain is always

maintained. Furthermore, the first and the last of the DNA chain were always

immobilized in the simulations.

With such model extensions, we could successfully reproduce the mecha-

nism by which the HCV helicase is able to move along the DNA strand in a

structurally resolved way (see Fig 4.2). In the equilibrium ligand-free state,

the DNA is attached by a link to the left motor domain I. Binding of the

substrate-ligand induces a quick lift of the claw formed by domain I (hand-

off) so the link attaching DNA to domain I disappears. At the same time, the

claw of domain II moves down (hand-on) and a link attaching this domain

to DNA becomes formed. After that, the slower relative motion of motor do-
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main I towards motor domain II which is holding the DNA strand, is taking

place. When the equilibrium of the ligand-network complex is reached, the

product-ligand is removed. Now, the grip is changed. The left motor domain

I moves down to the DNA and a link attaching it to one of the chain beads is

established, whereas the right motor domain moves up and the link between

it and the DNA strand disappears. Then, motor domain II slowly returns to

its position by moving away from motor domain I, but without carrying the

DNA strand with it.

Thus, after each ligand-binding and ligand-release cycle, the protein re-

turns to its initial conformation, but it becomes translocated by one nu-

cleotide along the DNA strand (see Fig. 4.2).

The style of locomotion of the HCV helicase protein along the DNA is

reminiscent of the mechanism by which worms deform themselves to crawl

along the stalks of the plants. As our findings show, the helicase also crawls

along the DNA strands. The ATP-dependent deformations in the helicase

consist in motions that alternately bring together and separate two opposite

modules (the motor domains). Their integrated gripping (ratcheting) mech-

anism accounts for the conversion of these internal motions into directed

base-by base locomotion along the DNA strand. Because of such analogy,

the described mechanism of translocation is often referred to as the ratchet-

ing inchworm translocation [60, 145]. Previously, this mechanism has been

proposed based on the experimental data [134, 136]. It could not, however,

been theoretically confirmed so far.

4.3 Duplex DNA unzipping

The two motor domains in HCV helicase serve as basic modules that make

ratcheting inchworm locomotion along the DNA with a step-size of one base

per ATP possible. The role of the third protein domain, that, as revealed by

the dynamical probing, is rigidly connected to motor domain one, is however

still unclear. During the translocation of the motor modules this domain will

be always dragged with it by the motor domain I. It is therefore plausible
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Figure 4.3: Duplex DNA unzipping by HCV helicase. Three consequent
snapshots (A-C) from a simulation showing ratcheting inchworm translocation of
HCV helicase and mechanical unzipping of duplex DNA.

that this domain will play a crucial role the the separation process of duplex

DNA.

We have further extended our model to describe also interactions with

the duplex DNA with the aim to demonstrate duplex DNA unzipping by

the HCV helicase. The duplex DNA has been modeled as two single chains

bridged by breakable links as described in section 4.1 of this chapter. The

duplex DNA is placed in such a way that the upper single chain fits into
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the designated binding cleft (as before, when translocation was considered)

while the lower chain is oriented to lie below the two motor domains.

In the next step, we had to arrange the initial setup for the helicase and

the duplex. To do this, we had to manually open the duplex at one side

to prepare the fork at which the helicase can start its operation. This has

been done by applying an appropriate force to the first bead in the lower

DNA chain and mechanically unzipping the duplex for a while, so that the

first couple of bridge-links gets broken. In the prepared configuration the

free end of the lower DNA strand is positioned to the right of the third

helicase domain which represents the most likely alignment as evidenced by

experimental studies [132].

Little is known about the interactions between the HCV helicase and the

duplex DNA because detailed experimental structures of such a complex are

still lacking. Within our mechanical model and based on previously suggested

possible mechanisms [136], we can however assume the following situation:

As the two motor domains are repeatedly translocating along the upper

DNA chain, the third domain encounters the free end of the lower chain at

the DNA fork and interactions between them should occur. It is obvious

that the third domain should press against the lower strand; or, in other

words, the third helicase domain is seen as a barrier for the lower DNA chain

which cannot be penetrated. Alternatively, the consequence would have been

partial unfolding of the third domain which is not known to take place [132].

Obviously if some interactions between the third helicase domain and the

lower DNA strand need be introduced for in a phenomenological way into

the model, they must be of repulsive kind.

To account for the mechanical action of the helicase third domain, we

have assumed that the lower DNA chain is subject to an overall repulsive

potential emerging from all particles of the third domain. It reads as

Urep = D̃
∑
i,j

{exp[−a(|~r(2)i − ~Rj| − rint)]− 1}2Θ(rint − |~r(2)i − ~Rj|). (4.7)

Here, index i = 1, . . . ,M is used for the beads of the lower DNA chain and

j for the particles of domain III. The overall potential is a sum of repulsive
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Morse potentials with the interaction radius rint, meaning that interactions

between a bead of the lower DNA chain and a particle of domain III are

present only if the distance between them is below rint. This cutoff is imple-

mented by the step function Θ(d) = 1, if d > 0 and Θ(d) = 0, else. Numerical

values rint = 2 Å, D̃/κ = 25 Å2, and a = 1 Å−1 have been used.

In addition to short-ranged repulsive forces, electrostatic interactions be-

tween DNA and the protein can be important. Specifically, they may be

responsible for keeping the lower DNA strand and preventing it from side

motions (and eventually slipping away). Such interactions were not included

in the model. To hold the free end of the lower DNA strand below the third

helicase domain, a simple prescription was employed in the numerical sim-

ulations: After calculating all the forces acting on beads of the lower DNA

chain, their components pointing out of the initially defined plane of the DNA

duplex were deleted in each integration step. In other words, opposite forces

mimicking a steep confining potential and thus preventing deviations from

the chosen plane, were always virtually present. The anti-shearing forces,

corresponding to the second term in equ. (4.4), were taken into account only

for base-pairs in the duplex part of the DNA.

With these model extensions, we were able to watch in our simulation the

HCV helicase motor in action. We have followed three translocation cycles

of the helicase in a long computer simulation and observed how progressive

base-by-base inchworm translocation along the upper DNA strand leads to

duplex strand separation. For the snapshots of the simulation, see Fig. 4.3.

As the two motor domains were translocating themselves over the upper

strand of DNA, helicase domain III became dragged into the free space at

the duplex fork. Due to the repulsive interactions, forces that try to prevent

contact of domain III and the lower strand were produced which means that

this strand was pressed away. This implies that also forces tearing apart

the two DNA strands were generated. As they were built up, stress was

accumulated in the links bridging the strands and eventually one bridge-link

was getting broken, unzipping the DNA by one base-pair. Our simulations

show that the function of helicase domain III is that of a wedge that is pressed

between the two DNA strands and mechanically separates them while the
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motor domains translocate of the upper strand. We find that after three

translocation steps the HCV helicase has managed to break three base-pairs,

one in each cycle.

In the previous and the present chapters, we have presented a number

on results of the modeling of HCV helicase. Since they constitute a major

contributions to this thesis, a preliminary summary and discussion is in order

at this point. In this project, our aim was to understand the operation of

a typical motor protein – the helicase of the hepatitis C virus – that plays

a crucial role in the replication cycle of the virus. To do this, simplified

descriptions for the protein, the DNA, and for the interactions between them

and with the ATP ligand have been used in our study. The helicase was

modeled as a network of identical particles connected by elastic links. DNA

was also described by an elastic chain of identical beads. The binding of

ATP, its hydrolysis, and the release of products were only roughly accounted

for by assuming that a fictitious substrate ligand particle gets bound to

the network and is converted into the product, which is then immediately

ejected. Interactions between the helicase and DNA were phenomenologically

incorporated into the model, assuming that elastic links connecting one of

the network particles and a bead in the DNA chain become established or

removed. Additionally, thermal fluctuations and interactions with the solvent

were omitted in our description.

It is remarkable that even such a simple purely mechanical model could

reproduce the principal operation of HCV helicase and allowed us to trace

entire cycles of this molecular motor in a structurally resolved manner. Fur-

thermore, our simulations indeed confirm that ratcheting inchworm translo-

cation and spring-loaded DNA unwinding, previously proposed based on ex-

perimental data as the operation mechanism of HCV helicase [134, 136], can

take place.

After our results had been published [139], two studies have reported

several crystallographic snapshots of the HCV helicase complexed with non-

hydrolyzable ATP-analogs and DNA, RNA, respectively [137, 138]. The

obtained results agree well with our predictions. A brand new experimental

work has also reported on single-base pair unwinding of the HCV helicase
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agreeing with our in silico predictions [146].



Chapter 5

Conformational motions in

superfamily 2 helicases

In the introduction, the importance of helicase proteins and their classifica-

tion have been outlined. In the subsequent chapters, we have shown how

approximate models can be used to successfully trace entire operation cycles

of the hepatitis C virus helicase in structurally resolved dynamical simula-

tions. We have seen that the property of performing ordered conformational

motions in this protein is fundamental since such motions allow this molec-

ular motor to reproduce the same coordinated internal movements in each

operation cycle.

The aim of a further investigation carried out by us was to check whether

such ordered and well-defined conformational motions can be also found for

other helicases in the superfamily 2. In contrast to HCV helicase, the consid-

ered proteins have been so far much less experimentally and computationally

investigated and many essential aspects of their biological functions are still

unknown. Therefore, we could not carry out for them the same detailed anal-

ysis as for the HCV helicase. Our studies were focused on probing mechanical

properties of three other helicases and investigating their conformational mo-

tions by means of the methods similar to those used for the HCV helicase.

The results of this chapter have been published [147] and videos present-

ing these results can be accessed online via the PLoS ONE webpage.

61
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5.1 In silico investigation of superfamily 2 he-

licases

As shown in the previous chapter, we were able to trace entire operation

cycles of the HCV helicase in a structurally resolved manner by using an

elastic network model for the protein and including its interactions with

DNA and ATP. We have identified large-scale ordered motions inside the

protein that bring together the two motor domains or spatially separate

them depending on the presence of the ATP ligand. The switching between

open and closed protein conformation can drive translocation and, as we have

shown, HCV helicase can move along the nucleic acid chain by one base per

cycle induced by the binding of one ATP molecule. It has been furthermore

demonstrated that the third domain of HCV helicase acts as a wedge which

is dragged between the two nucleic acid strands and mechanically separates

them.

While significant experimental and theoretical progress in understanding

the function of HCV helicase has been made, operation mechanism of other

helicases in the same superfamily 2, especially those with limited structural

data available, remain less clear. The open questions particularly refer to

the ATP-dependent conformational motions inside these proteins and their

coupling to the activity on the nucleic acid.

Whether the one step translocation, i.e. the base-by-base motion of the

motor domains along the nucleic acid consuming one ATP in each cycle, rep-

resents the common mode of helicase locomotion is a topic of current debate

[59, 145]. The mechanistic role of other structural domains in the processing

of duplex DNA/RNA substrates by other helicases from superfamily 2 is also

far from understood.

In the study presented in this chapter we have focused on the analysis of

large-amplitude conformational motions in the superfamily 2 helicases. As

in the previous case when functional motions in HCV helicase have been

considered, investigations have been performed within the elastic network

approximation. Moreover, similar methods have been used here to analyze
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mechanical responses of the selected proteins. This allows us to compare the

properties of conformational motions for the chosen helicases with those of

the HCV helicase.

Our investigations have been performed for the Hef helicase from Pyrococ-

cus furiosus that manipulates fork-structured DNA forms [148], the Hel308

helicase from Archaeoglobus fulgidus involved in unwinding of lagging strands

in replication forks and other branched nucleic acids [149], and the XPD he-

licase from Sulfolobus tokodaii that opens DNA duplex structures during

transcription and repair processes [150]. We have constructed the elastic

networks for the proteins and investigated their dynamical behaviour in re-

sponse to various kinds of deformations.

Our primary aim was to find out whether the considered helicases, similar

to other previously studied motor proteins [118, 119] and the HCV helicase,

possess robust and well-defined conformational motions. Furthermore, we

also wanted to discuss the possible functional role of such motions in the

different helicases. Therefore, we have generated a large number of ran-

dom initial deformations and considered conformational relaxation processes

starting from them. In this way, robust conformational motions could be

identified for each of the proteins.

In the actual operation cycles of these molecular motors, functional con-

formational motions are induced by perturbations localized near the nu-

cleotide binding site and involving binding of ATP, the hydrolysis reac-

tion and the release of chemical products. The coarse-grained nature of the

elastic-network models does not allow us to to include specific chemical de-

tails of all such processes. Nonetheless, similar to the previous investigations

of HCV helicase, we can still analyze the related conformational responses

by applying various random perturbations (forces) to the residues which be-

long to the experimentally known conserved motifs and are expected to be

involved in the binding of ATP and its hydrolysis reaction.

Figure 5.1 shows ribbon structures of the three considered helicase pro-

teins and their respective elastic networks. The equilibrium conformations,

taken from the Protein Data Bank, are 1WP9 (Hef, chain A), 2P6U (Hel308)

and 2VL7 (XPD). Two motor domains and an additional third domain are
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Figure 5.1: Superfamily 2 helicases. (A-C) Ribbon structures in the cartoon
representation of Hef (A), Hel308 (B) and XPD helicase (C) and their respective
elastic networks (a), (b) and (c). In the ribbon representation , the two motor
domains are colored red (domain 1) and blue (domain 2). In the network rep-
resentation, three labels 1, 2 and 3 are indicated. The distance between them,
indicated by red lines, are used for visualization of conformational relaxation. The
residues belonging to the conserved ATP binding motifs are highlighted as yellow
sphere.

present in all these proteins. It should be noted that these three helicases

have not yet been co-crystalized with an ATP-analog and the correspond-

ing ligand-induced structures are not known. Nonetheless, conserved residue

motifs, common for all members of superfamily 2 helicases and associated

with ATP binding have been identified [148, 149, 150]. In the studied heli-

cases and the HCV helicase, they are located at the interface between the

two motor domains (see Fig. 5.1), suggesting that ATP molecules bind in

this region.

The same elastic network approximation as in the previous chapters will

be used below. Amino acid residues are replaced by identical beads and ef-



5.1. In silico investigation of superfamily 2 helicases 65

-0.4
-0.2

 0
 0.2

 0.4

-0.2
-0.1

 0
 0.1

 0.2
 0.3

-0.04

 0

 0.04

u23

u13

u12

u23

-0.4 -0.2  0  0.2  0.4
-0.2

 0
 0.2

-0.05

 0

 0.05

u23

u13

u12

u23

A B

t1 t2
t3 t4

Figure 5.2: Relaxation dynamics of Hef helicase. Panels (A) and (B)
show the relaxation pattern as a set of 100 trajectories in the space of normalized
relative distance changes u12, u23 and u13 between the three labels. Each trajectory
starts from a different initial deformation that has been generated by applying
random static forces globally distributed to all network beads (grey trajectories)
or restricted to the beads of the ATP binding site (red trajectories). The viewpoint
in (B) is chosen in such a way that the planar confinement of relaxation trajectories
is best seen. Note that the scale for the distance changes u23 (the vertical axis) is
much smaller than for the other axes.

fective interactions between them are taken into account through empirical

harmonic potentials. Two beads connected by a deformable link if the dis-

tance between them, extracted from the crystallographic data of the known

equilibrium conformation, is within a prescribed interaction radius.

As in the previous study of the dynamics of HCV helicase, only slow con-

formational motions, with the time-scales of milliseconds or longer, will be

considered here and, since then frictional dissipative forces dominate the con-

formational dynamics and moreover hydrodynamical interactions and ther-

mal fluctuations are omitted by us, the motions inside the protein represent

relaxation processes of its elastic network towards the equilibrium configura-

tion with the minimal elastic energy.

The dynamics of the three selected helicases has been probed by moni-

toring relaxation of their elastic networks after application of various initial

deformations. The dynamics has been determined by numerically integrating

the equations of motion, which yields the positions of network beads at all
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time moments. To visualize conformational changes we have selected three

network beads as labels, each belonging to a different domain, and tracked

the temporal evolution of the distances between them. In this manner, any

conformational relaxation process could be characterized by a trajectory in

the three-dimensional space of normalized distance changes between the la-

bels with the origin corresponding to the equilibrium conformation.

Two different kinds of initial deformations were considered by us. The

deformations of the first kind were obtained by perturbing the structure of the

elastic network globally, i.e. by applying random forces globally distributed

over all network beads. In the second case, perturbations were localized in

the ATP binding pocket and initial deformations were generated by applying

random forces only to those network beads that corresponded to the residues

of the conserved ATP binding motifs. In both cases, deformed conformations

of the network were obtained by integrating the equations of motion in the

presence of random forces for a fixed time period.

5.1.1 Hef helicase

Figure 5.2 shows the relaxation pattern for the elastic network of Hef heli-

case. Grey trajectories start from different initial deformations obtained by

applying global perturbations. Remarkably, no meta-stable states could be

found. Even though many initial states corresponded to highly deformed

conformations, the elastic network of the protein could always return to its

equilibrium shape. Examining further the relaxation pattern, we notice that,

while distances between the labels 1 and 2 or 1 and 3 could vary up to 40%,

application of the same forces could change the distance between labels 2

and 3 by only a few percent. This suggests that the third domain in this

protein is relatively rigidly attached to the second motor domain and they

move essentially as a single object. Small initial changes u23 in the distance

between motor domain 2 and domain 3 soon disappear and the relaxation

trajectories become confined to a plane (see Fig. 5.2), on which subsequent

slow relaxation takes place. We see that Hef helicase performs well-defined

relaxation motions of the motor domain 1 with respect to domains 2 and 3,
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Figure 5.3: Conformational motions in Hef helicase. Consequent snap-
shots showing conformational changes in Hef helicase along the relaxation trajec-
tory, highlighted in black in Fig. 5.2. Snapshots (a-d) correspond to the states at
time moments t1 = 1500, t2 = 3000, t3 = 6000 and t4 = 27900 which are indicated
by green dots on the trajectory. Both the front view (upper row) and the top view
(bottom row) for all conformations are displayed. Absolute distances d12 in Å be-
tween the two motor domains at the respective time moments are indicated under
the snapshots in the upper row. In the bottom row, the corresponding distances
d13 are given. Coloring of the domains is the same as in Fig. 5.1. The backbone
Cα trace representation is employed.

responding to random perturbation forces applied to all its residues.

Binding of an ATP ligand should produce local forces which are applied

only to the residues in the binding pocket region. The exact details of such

forces and of the induced responses in Hef helicase are not known. Nonethe-

less, we could generally probe the responses by applying various random

static forces only to a subset of residues in the ATP binding pocket, similar

to what we have done previously for the HCV helicase.

Relaxation processes starting from the states induced by the application

of such local forces are shown as red trajectories in Fig. 5.2. One can see that

the protein responds to the local perturbations in the ATP binding region

essentially in the same way as to the generic globally distributed perturba-

tions (grey trajectories). Well-defined relative motions of the motor domain
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Figure 5.4: Relaxation dynamics of Hel308 helicase. Panels (A) and (B)
show the relaxation pattern as a set of 100 trajectories in the space of normalized
relative distance changes u12, u23 and u13 between the three labels. Each trajectory
starts from a different initial deformation that has been generated by applying
random static forces globally distributed to all network beads (grey trajectories)
or restricted to the beads of the ATP binding site (red trajectories). The viewpoint
in (B) is chosen in such a way that the confinement of relaxation trajectories is
best seen.

1 are again observed.

To further characterize domain motions we have produced a sequence of

snapshots accompanying the conformational relaxation process that corre-

sponded to one particular trajectory (highlighted black in Fig. 5.2). They

are shown in the front and top views in Fig 5.3. Large-amplitude hinge mo-

tions of the mobile motor domain 1 with respect to the other two domains,

which are rigidly moving, are clearly seen. During conformational relaxation,

the distance between the two motor domains increased from 37.9 Å to 44.5 Å

so that a large-amplitude conformational change was observed. The distance

between the first motor domain and the domain 3 was also increasing from

38.2 Å to 52.8 Å.

5.1.2 Hel308 helicase

By using the same methods, relaxation dynamics of the Hel308 elastic net-

work has been investigated. Similar to Hef helicase, we found that the trajec-
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Figure 5.5: Conformational motions in Hel308 helicase. Consequent
snapshots showing conformational changes in Hel308 helicase along the relaxation
trajectory, highlighted in black in Fig. 5.4. Snapshots (a-d) correspond to the
states at time moments t1 = 100, t2 = 300, t3 = 700 and t4 = 5120 which are
indicated by green dots on the trajectory. Both the front view (upper row) and the
side view (bottom row) for all conformations are displayed. Absolute distances d12
in Å between the two motor domains at the respective time moments are indicated
under the snapshots in the upper row. In the bottom row, the corresponding
distances d13 are given. Coloring of the domains is the same as in Fig. 5.1. The
backbone Cα trace representation for different conformations is used.

tories beginning from different initial deformations all returned to the equi-

librium conformation with no meta-stable states present (Fig. 5.4). After

short transients, trajectories converged to an attractive bundle along which

the relaxation proceeded to the equilibrium conformation of the protein. This

behavior was found for both sets of initial deformations, either obtained by

applying random forces globally or with the random forces spatially confined

to the ATP binding motifs.

In contrast to Hef helicase, the distance between the two motor domains,

characterized by u12, did not significantly change when perturbation forces

were applied. On the other hand, large changes u13 and u23 in the distance

between the third domain and the two motor domains could be induced
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Figure 5.6: Relaxation dynamics of XPD helicase. Panels (A) and (B)
show the relaxation pattern as a set of 100 trajectories in the space of normalized
relative distance changes u12, u23 and u13 between the three labels. Each trajectory
starts from a different initial deformation that has been generated by applying
random static forces globally distributed to all network beads (grey trajectories)
or restricted to the beads of the ATP binding site (red trajectories). In panel (B),
a different viewpoint is chosen and the scales are smaller.

by the same random forces, with the relative deformations reaching about

30%. Thus, the generic soft conformational dynamics in Hel308 helicase

corresponds to large-amplitude ordered motions of the third domain with

respect to the two motor domains. It is remarkable that large-amplitude

motions of this domain can be generated by mechanical perturbations that

are spatially confined to the remote ATP binding pocket.

To further illustrate the typical conformational relaxation process in Hel308

helicase, we show in Figure 5.5 a series of four snapshots at time moments

t1 = 100, t2 = 300, t3 = 700 and t4 = 5120 taken along the trajectory, which

is outlined in black in Fig. 5.5. One can clearly see that the top part of the

third domain is mobile and can move substantially with respect to the two

motor domains (with the distance changes of about 9 Å).
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Figure 5.7: Conformational motions in XPD helicase. Consequent snap-
shots showing conformational changes in XPD helicase along the relaxation tra-
jectory, highlighted in black in Fig. 5.6. Snapshots (a-d) correspond to the states
at time moments t1 = 600, t2 = 1200, t3 = 2000 and t4 = 9300 which are indicated
by green dots on the trajectory. Both the front view (upper row) and the side view
(bottom row) for all conformations are displayed. Absolute distances d12 in Å be-
tween the two motor domains at the respective time moments are indicated under
the snapshots in the upper row. In the bottom row, the corresponding distances
d23 are given. Coloring of the domains is the same as in Fig. 5.1. The backbone
Cα trace representation for different conformations is used.

5.1.3 XPD helicase

Finally, we present the results for XPD helicase, the last protein investigated

by us. Relaxation processes starting from initial conformations generated by

applying random forces to all network beads are shown as grey trajectories

in Fig. 5.6. The initial induced deformations were strong, as evidenced by

large relative distance changes between the labels (up to 40%). It can be

moreover noted that, in this helicase, the perturbations induced pronounced

rearrangements of all three domains. Nonetheless, the trajectories returned

to the equilibrium conformation and meta-stable states were not found.

Relaxation trajectories starting from the second set of deformations, ob-
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tained by applying random forces only to the residues in the ATP binding

pocket, are shown as red curves in Fig. 5.6.

As we see, deformations induced by such spatially localized forces were

significantly smaller, with relative distance changes between the labels not

exceeding 10%. Even when stronger forces were applied, much larger de-

formations could not be found in our simulations (not shown in the figure).

Thus, large conformational changes cannot be generated by mechanically

perturbing residues of the ATP binding pocket only. This finding is in con-

trast to what we have observed for the two other helicase proteins and also

for the previously studied HCV helicase.

Large-amplitude domain motions accompanying one particular relaxation

process (corresponding to the black trajectory in Fig. 5.6) are shown as

snapshots in the backbone-trace representation in Fig. 5.7. During con-

formational relaxation large changes in the relative positions of the motor

domains can be seen (around 10 Å) and absolute changes in the distance

between the third domain and the motor domain 2 are even larger.

5.2 Functional aspects for helicase operation

The objective of our study presented in this chapter was to investigate con-

formational dynamics of proteins in the largest helicase superfamily within

the framework of a coarse-grained mechanical description employing the re-

laxational elastic-network model. Three representative helicases of the su-

perfamily 2 were chosen by us, i.e. the Hef, the Hel308 and the XPD helicase.

To study conformational motions of the proteins, we have probed the dynam-

ics of their corresponding elastic networks in response to various mechanical

perturbations.

The common observed property of all studied helicases is that they re-

spond in a well-defined way to mechanical perturbations and their responses

consist in large-amplitude relative changes in the positions of the protein do-

mains. Though the distanced between the domains may change up to 40%,

such conformational changes can still take place without protein unfolding,
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with the elongations of elastic links remaining relatively small. The relax-

ation starting from deformed initial conformations involves ordered motions

of major protein domains. Metastable states could not be found and the

molecules always returned to the original equilibrium conformation. Previ-

ously, a similar behavior has been observed for other motor proteins [118, 119]

and it has also been found by us for the molecular motor HCV helicase.

The ability of motor proteins to perform ordered conformational motions

triggered by ATP binding and hydrolysis is a fundamental property of molec-

ular machines.

On the other hand, we have also seen important differences in the con-

formational dynamics of the three studied proteins. These differences can be

important for the biological operation of the helicases, i.e. for the processing

of the nucleic acid substrates. In the following the functional aspects are

discussed separately for each of the studied molecule.

Hef helicase

The structure of this protein complexed with DNA is still not available.

Nonetheless, well-known conserved motifs crucial for DNA binding have been

identified in the two motor domains [148]. Analysis of the electrostatic sur-

face potential and mutational studies of the protein have revealed that the

third domain can recognize and bind specific (e.g. fork-structured) DNA.

According to the model in Ref. [148], the two motor domains can bind

double- or single-stranded DNA (see Fig. 5.8). Our study shows that in Hef

helicase a mobile motor domain is able to perform large-amplitude hinge mo-

tions with respect to the other motor domain and the third domain, which

themselves are rigidly connected. This observation is in accordance with

what has been previously proposed based on crystallographic studies of this

protein [148]. The hinge motion brings together or spatially separates, re-

spectively, the residues of the conserved motifs which are located in the two

motor domains. These motifs are involved in binding and hydrolysis of ATP

and thus it is likely that such conformational motions are functional and

essential for the motor operation. Our investigations suggest, that, in Hef
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helicase, DNA is actively transported by the two motor domains and becomes

further processed by the third domain. This behavior closely resembles that

of the HCV helicase, where large relative motions of the motor domains are

enabling hydrolysis of ATP and drive progressive translocation along the nu-

cleic acid. Remarkably, both in Hef and HCV helicase, the motions of the

motor domains can be induced by forces applied only in the ATP binding

region.

Hel308 helicase

The structure of this protein with partially unwound DNA (PDB ID code

2P6R) reveals that the duplex DNA is bound to motor domain 2 and becomes

separated by this domain [149]. The unwound 3’ tail winds through the en-

tire protein having contacts with all its domains. The backbone of the DNA

strand goes across both motor domains, establishing contacts to the residues

of the conserved nucleic acid binding motifs. Then it meanders towards the

arch subdomain, binding also there as seen in Figure 5.8. The proposed op-

eration mechanism of this helicase [149] consists of the processive helicase

translocation in the 3’-to-5’ direction accompanied by the ATP-dependent

ratchet-like transport of the DNA strand, involving relative motions of the

motor domains (inchworming). Mutational studies have revealed that the

arch subdomain is of special importance for the helicase function. It has

been found that the absence of this domain results in a significantly higher

helicase processivity, as compared to the wild-type protein, and, therefore,

an autoinhibitory or molecular brake role has been assigned to the arch sub-

domain [151]. Thus, it has been previously suggested that its function can

be to limit and control the helicase activity. While our present investigations

have shown that, in contrast to Hef helicase, the motor domains are already

close one to another in the native conformation of this protein and their rel-

ative motions are less pronounced, the position of the DNA strand within

the Hel308-DNA complex still suggests that such motions may be used for

the ATP-dependent translocation. We have additionally found that the top

part of the third domain, representing the arch subdomain [149], could per-
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Figure 5.8: Helicase function on DNA. (A) Structure of Hel308 helicase
with partially unwound DNA bound to it (2P6R) in the front and side views. The
DNA strands are shown as green tubes; the direction of translocation along the
unwound strand is 3’ to 5’. The coloring of the domains is the same as in the
other figures, but the top part of domain 3, referred to as the arch subdomain,
is colored purple here. (B) Schematic drawing of XPD helicase with the single
DNA translocation strand positioned according to Ref. [150]. In this protein,
the direction of translocation is 5’ to 3’. (C) Possible orientation of the branched
duplex DNA in Hef helicase as proposed in Ref. [148] (schematic drawing), In all
panels, arrows indicate possible domain motions.

form large-amplitude hinge motions with respect to the two motor domains.

Such motions could be induced both by globally distributed perturbations
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and by local forces applied only in the ATP binding pocket. As we have

seen, conformational changes in the arch subdomain could be produced by

perturbations acting in the ATP binding pocket, indicating correlations be-

tween the ATP binding or hydrolysis and the regulation of helicase activity

and thus the presence of long-range internal communication in this protein.

Such possible correlations have previously been also discussed based on bio-

chemical analysis of the Hel308 helicase [152]. Our simulation results suggest

that the arch subdomain does not merely function as a passive brake, but

has an active functional role. It can mechanically regulate the grip on the 3’

DNA tail in an ATP-dependent fashion. Thereby, the arch subdomain may

actually operate as a clamp to control the activity on the DNA substrate.

XPD helicase

Structural data for the XPD helicase-nucleic acid complex is not yet avail-

able. Nonetheless, the conserved residue motifs, known to interact with the

nucleic acid substrate in other helicases, have been identified in this protein

[150]. They are located on the surface of the two motor domains. Using this

data, the single-strand of DNA can be positioned like in the well-resolved

Hel308-DNA complex [150] (see Fig. 5.8). We have found that in XPD heli-

case significant changes in relative positions of all three domains accompany

conformational dynamics. However, in contrast to the two other helicases

and HCV helicase, they could not be generated by mechanically perturbing

residues only in the ATP binding site. Thus, additional mechanical stimuli,

provided e.g. by interactions with the nucleic acid substrate, may be needed

in this protein to yield significant motions of the motor domains.

For a different helicase in the same superfamily 2, it could indeed have

been shown that binding of the nucleic acid to the apo structure may induce

large repositioning of the motor domains, thus affecting the binding affinity

of ATP molecules to the protein and controlling the ATP-dependent helicase

activity [153]. We cannot however also exclude a possibility that the con-

served residue motifs, which have so far been identified for XPD helicase, do

not actually account for all residues constituting the ATP binding pocket. It
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may therefore turn out that large-scale conformational changes may still be

induced by local perturbations in this pocket, but the forces should then be

applied additionally to some other residues. Indeed, in the crystal structure

used by us, residues of the conserved ATP binding motif V could not be

determined [150] and were therefore missing in our simulations.

Generally, one can expect that the dynamical behavior of helicases, re-

garded as a result of biological evolution and selection, should be adapted

to particular molecular processes in which they are involved and thus to the

specific forms of the nucleic acid substrate. In viruses, where helicase are

functioning in the molecular replication machinery together with polymerase

proteins, they need to translocate over large distances along the nucleic acid

strands and separate their duplex structure, in order to ensure efficient mul-

tiplication of the viral genome.

The situation is different when branched forms of nucleic acids should

be separated during transcription processes or intermediate bubbles in the

regular duplex structures should be generated in the processes of DNA re-

pair. In this case, helicases need to catalyze only local unwinding of short

duplexes and aspects of efficient translocation might be less important. In-

stead, the execution of specific functions, such as nucleic acid recognition

and fine-regulated processing of nucleic acids, can then play a dominant role

in conformational dynamics.

Two possible operation mechanisms have previously been discussed for

superfamily 2 helicases [60, 154]. According to the active mechanism, a he-

licase can progressively move itself along the nucleic acid substrate, thereby

destabilizing its duplex structure and eventually separating the strands. The

passive mechanism assumed instead that, once a base pair becomes broken

due to thermal melting, the helicase passively moves along the strand and

locally locks the destabilized region. In our study of HCV helicase, we could

investigate entire operation cycles of active nucleic acid unwinding, with the

motor domains acting as a translocation machine. In that study, interactions

with the DNA strands have been explicitly included into the considered dy-

namical model. For the three presently chosen helicases, we could not yet

consider entire operation cycles, including interactions with nucleic acids and
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unwinding processes. We can, however, note that when large large relative

motions of the two motor domains are observed, this may indicate the active

mode of operation including stepwise translocation along the nucleic acid

strand, though further investigation is needed to clarify the situation.

5.3 Simulation details

To study conformational dynamics of superfamily 2 helicases we have used

methods that were similar to those applied to the HCV helicase. The dy-

namical responses of the chosen helicases to deformations of their elastic

networks were analyzed in order to study conformational motions and clarify

their functional aspects. In the same way as for the previously considered

HCV helicase, we needed to generate various deformed states by applying

random static forces to particles of the network. Again we have distin-

guished between deformations that have been obtained by applying the forces

globally distributed over all network particles, or only to a subset of parti-

cles that corresponded to residues of the known ATP-binding pocket in the

protein. In each realization of random forces the normalization condition

(
∑
i |fi|2)1/2 = C was satisfied. To obtain the coordinates of particles in the

deformed state, the set of dynamical equations (2.9) was numerically inte-

grated in the presence of the forces for a fixed time tf This procedure was

repeated to prepare a set of 100 initial deformations, each arising from a dif-

ferent random configuration of forces. For each prepared initial deformation,

we have checked that the springs were not overstretched, i.e. that plastic

deformations were excluded. To imply this, we have required that elonga-

tions of the springs do not exceed 1.5 · dint. When global deformations were

considered, numerical values used in the simulations were C = 1.0 Å and

tf = 10000 for Hef helicase, C = 5.0 Å and tf = 20000 for Hel308 helicase

and C =
√

3.0 Å and tf = 10000 for XPD helicase.

Since none of the chosen helicases have been co-crystallized with an ATP-

analog yet, details of their interactions are not known. Nonetheless, the

conserved residue motifs which have been identified in the helicases to be
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involved in ATP binding and its hydrolysis [148, 149, 150] have been used in

our simulations. Assuming that interactions between ATP and the helicase

produces local forces in the ATP binding region, we have probed helicase dy-

namics in response to mechanical perturbations confined to the ATP binding

pocket and using the afore mentioned binding motifs in each of the helicases.

The following residue motifs were used in our simulations. For the Hef

helicase: Thr32-Gly-Leu-Gly-Lys-Thr (motif I), Val130-Phe-Asp-Glu-Ala-His

(motif II) and Glu455-Arg-Arg-Gly-Arg-Thr-Gly-Arg (motif VI). For the Hel308

helicase: Gly52-Lys-Thr-Leu-Leu (motif I), Asp145-Glu-Ile-His-Leu (motif II)

and Gln365-Met-Ala-Gly-Arg-Ala-Gly-Arg-Pro (motif VI). For the XPD heli-

case: Gly36-Leu-Gly-Lys-Thr (motif I), Asp182-Glu-Ala-His (motif II), Ser326-

Gly-Thr (motif III) and Gln500-Thr-Ile-Gly-Arg-Ala -Phe-Arg (motif VI). In

these simulations, the values C =
√

3.0 Å for Hef helicase, C = 10.0 Å for

Hel308 helicase and C =
√

5.0 Å for XPD helicase have been used. The

values for tf were the same as before.

The visualization of conformational motions has been carried out in the

same way as done previously for HCV helicase. Labels 1 and 2 were chosen

to lie in the motor domains 1 and 2, whereas label 3 belonged to the third

domain. For Hef helicase the labels 1, 2 and 3 were Ser91, Ala374 and Lys264.

For Hel308 helicase we have taken Val62, Ile382 and Val679. For XPD helicase

we have chosen Ala140, Thr427 and Glu273.
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Chapter 6

Models of synthetic protein

motors

So far we have considered the dynamics of real protein motors. The dynam-

ical systems investigated in this chapter are of different nature. Here, we are

considering dynamical properties of artificially constructed analogs of real

biological objects. We explain the construction of a model artificial motor

and investigate its behavior in the presence of thermal fluctuations.

6.1 Introduction

Our investigations of the HCV helicase motor protein and other representa-

tive motors from the largest helicase family have shown that such proteins

share one common property. They can perform highly coordinated ordered

conformational motions that are robust against perturbations and exhibit

only a weak dependence on the initial conditions. This property is funda-

mental as it underlies the ability of molecular machines to reproduce the

same coordinated internal movements in each next operation cycle.

To understand the fundamental operation principles of molecular ma-

chines it is very important to study the proteins in experiments under real

biological conditions. Since this turns out to be complicated and often is not

possible at all, it can be on the other side also advantageous to investigate

81
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simplified model systems under controllable conditions in theoretical studies.

Well-known theoretical descriptions for motor proteins are provided by the

ratchet models in which their dynamics is drastically reduced (see section

1.4). Since they are lacking any structural aspects of the proteins, it would

be desirable to construct models systems that go beyond this over-simplified

picture and allow to resolve also structural changes accompanying protein

operation.

It is also clear that due to the enormous complexity it is not yet possible

to create models that take into account complicated details of real motor

proteins and mimic their operation with all complex aspects.

Therefore, in this chapter we want to engineer model systems of inter-

mediate complexity based on the elastic network description. They were

intended to incorporate important dynamical aspects of real biological mo-

tor proteins in a simplified fashion.

In a previous work it has been shown already that the elastic network

description can be used to construct simple model systems of molecular ma-

chines [118]. There, elastic networks with special dynamical properties have

been designed and a prototype machine was constructed. Powered by energy

supplied with a ligand, they were able to undergo ordered cyclic structural

changes.

The process which will be used by us to design special networks relies

on the methods similar to those of the previous work [118]. However, in

contrast to [118], we shall go further and construct a model of synthetic

protein motors.

While the term ‘protein machines’ generally refers to any nanoscale de-

vice that cyclically changes its structure upon binding of a substrate ligand,

the operation of molecular motors is more specific. In the motors, cyclic

internal changes are used to produce a force on other molecules. In the

kinesin and dynein molecules, which represent well-known motor proteins,

internal changes of their conformation induced by binding and hydrolysis of

ATP molecules are translated into mechanical work applied to microtubules.

In this way these motors can transport molecular cargo through the cell by

walking along the microtubules [17].
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Figure 6.1: Muscle-myosin motor. A single-head myosin motor (blue) can
interact with filamentous actin (red shape) and generate a force on it under its
ATP-dependent activity 1.

Our aim was to consider a synthetic motor model that implements fea-

tures of real motor proteins. We have therefore constructed a setup consisting

of the artificial machine and an artificial filament. A ratchet mechanism was

implemented, allowing for the transport of the filament by the machine. This

model system is used for further investigations of the principles of protein

motor operation.

The artificial motor constructed by us is roughly analogous to the mus-

cle myosin, a protein motor that interacts with actin filaments to control

functions in muscle cells (see Fig. 6.1).

Additionally, we have included noise accounting for thermal fluctuations

into the dynamical description.

6.2 Design of elastic networks

First, we describe how elastic networks with special dynamical properties

have been designed.

1Taken from the Maciver Lab webpage (http://www.bms.ed.ac.uk/research/others/smaciver/).
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The design principles for the elastic networks basically rely on the applica-

tion of optimization methods intended to improve and eventually perfect the

performance of a network, which is subject to continuous evolution, accord-

ing to the prescribed properties. There are at least two key questions here.

The first is how one should organize the evolution process of a network and

the second is what kind of criteria one should employ for the optimization.

In the real biological situation, evolution of proteins and their functions

proceeds through point mutations in the amino acid sequence, i.e. the local

replacement of an amino acid by another one, which can result in different

protein folds and thus different functional properties. The decision which

fold is better than another one is then, simply speaking, determined by the

evolutionary pressure a protein is subject to.

It is clear that this scenario is too complex to be implemented in computer

simulations. In order to keep the computational effort bounded, Togashi and

Mikhailov have considered the following situation [118]. Starting from a ran-

dom elastic network, subsequent single structural mutations that can locally

change the interaction pattern are performed. To evaluate the worth of evolv-

ing structures, the spectral gap of a network before a structural mutation has

been derived and compared with that after the mutation.

Although the dynamics of an elastic network is generally nonlinear (see

section 2.3), properties of the linearized version of the respective network,

namely its eigenvalue spectrum, have been employed for the selection method.

This particular choice turned out to be successful in order to design networks

with coordinated well-defined motions.

According to the linearized model, the over-damped relaxation dynamics

of the elastic network is governed by exponentially decaying normal modes

with the lifetimes given by the inverse of the respective eigenvalues. Let us

now imagine the following situation: We consider two networks with two dif-

ferent spectral properties. Suppose that in one network we find a gap in the

spectrum that separates a few lowest eigenvalues from the rest of the spec-

trum, while in the other the eigenvalues are very densely distributed and no

significant gap can be identified. Now, when initial structural perturbations

from the equilibrium conformation of the network are considered, the latter



6.2. Design of elastic networks 85

case with absent gap implies that even after long times a large number of

relaxation modes will contribute to the dynamics. In the other case instead,

where a significant spectral gap is present, all modes with large eigenvalues

beyond the gap will quickly die out and the long-term relaxation will be

determined by a few (or even a single) relaxation modes. When relaxation

dynamics of the elastic network is dominated by a few slow modes, the corre-

sponding motions will be accordingly simple (i.e. low-dimensional) and can

be described in terms of a few mechanical coordinates only.

It turns out, that when spectral properties of elastic networks correspond-

ing to real biological motors are considered, a significant spectral gap can

often be found [118, 119]. The evolutionary optimization method applied by

Togashi was therefore aimed to design networks with a substantial spectral

gap.

Since similar design methods for the networks are also employed by us, we

explain the single steps underlying the design process in greater detail. The

first step consists in the construction of a random elastic network with which

the later evolution is performed. To do this, a chain of N identical particles

is randomly folded in the three-dimensional space. After the first particle

has been placed, the second and each next particle are randomly positioned

under the condition that their distance l from the previous particle comes

from an interval [lmin, lmax]. Here, to avoid a too compact chain fold, each

placed particle is forced to have at least the distance lmin from all previous

particles. The randomly folded chain of identical particles represents the

backbone of the network. Under the folding process different particles have

presumably come close one to another and the construction of the random

network is now completed by additionally connecting those pairs of particles

with a spring that have a distance shorter than a prescribed interaction radius

lint. We have assumed that lint > lmax.

Now the evolutionary optimization can be undertaken. It consists of sub-

sequent events of structural mutations followed by selection. A mutation is

carried out by changing the network structure locally. To do this, a particle

is chosen at random and its equilibrium position is replaced by a new equi-

librium position which is randomly chosen within a sphere of radius d = lmin



86 Chapter 6. Models of synthetic protein motors

around the old one. A side condition aimed to preserve the backbone geom-

etry is implied in such a way that we require both distances to the neighbor

particles in the chain to be still within the interval [lmin, lmax]. Furthermore

we have exclude the possibility that other pair distances become shorter than

lmin. The new pattern of connections for the mutated particle is determined

by examining distances to all other nodes and creating spring connections if

they are below the interaction radius lint.

For the selection process, i.e. the decision whether a mutation was good

or bad, the spectral gap before the mutation and after it was examined.

The gap was defined as the logarithm of the ratio between the two lowest

spectral eigenvalues λ1 and λ2, i.e. g = log10(λ2/λ1). If the gap g′ after a

mutation was larger than that before the mutation g, i.e. ∆g = g′ − g > 0,

the mutation was always accepted. If instead the gap had decreased under

the mutation, i.e. ∆g < 0, we have still accepted the mutation albeit with

a small probability P = exp(∆g/θ) (θ being the optimization temperature)

and otherwise (i.e. in most cases) rejected it.

The latter condition prevents that the system gets stuck in an intermedi-

ate optimal configuration which may not coincide with the global optimum

of the network.

Evolution of the network is obtained by iteratively applying the sequence

of mutations followed by selection. The method of evolutionary optimization

employed here is reminiscent of the Metropolis algorithm which is widely

used in optimization problems.

After a fixed number of evolutionary steps, networks with a large spectral

gap have been obtained. Then, as in [118], a few steps of neutral evolution

have been performed. This means that several subsequent mutations have

been performed without selection. Under this process the spectral gap was

typically decreasing.

It turns out that many of the designed elastic network have a modular

structure and indeed obey the desired dynamical properties. Their behav-

ior is fundamentally different from the random networks. When exposed

to initial deformations, the random networks behave similar to amorphous

glassy systems and possess many metastable conformations different from the
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true equilibrium state. The designed networks instead respond by perform-

ing well-defined organized relaxation motions that lead back to the original

equilibrium conformation of the network (see [118]). It is highly remarkable

that, although properties of the linearized elastic network have been used for

the optimization routine, for strong deviations from the equilibrium confor-

mation, where the linear approximation should definitely fail, the network

dynamics is still low-dimensional and can be described in terms of simple

domain motions.

The evolutionary optimization of elastic networks was implemented by the

following procedure. We have prepared a set of 200 initial random networks

and have ensured that they do not possess free degrees of freedom additional

to translational and rotational invariance, i.e. their spectrum had to have

3N−6 non-zero eigenvalues. In each evolution, a fixed number of 3, 500 steps

were performed. The numerical values lmin = 3.0, lmax = 4.0, lint = 7.5 and

θ = 0.1 were used in the simulation.

After that, networks with a gap larger than 9.0 have been taken and fur-

ther inspected. Out attention was focused on the structure and flexibility

properties. In each network, the links can be colored according to the defor-

mation they would undergo when network motion in the lowest eigenmode

is considered (see [118]). This provides information about the network flex-

ibility. As we have observed, many of the designed networks consisted of

rigid parts connected by a flexible region, indicating that the rigid parts may

undergo large relative motions with respect to each other. We have therefore

selected some of the designed networks in which the structure was separated

into two rigid bodies connected by a hinge region. For each of the networks,

we have then performed a few steps of neutral evolution to decrease the spec-

tral gap. Here, we have imposed the condition that this process should not

generate additional zeros in the spectrum.

Finally, after performing the described selection, we have probed the me-

chanical properties of the few chosen designed networks. This was done in

the same way as for the real proteins, i.e. by monitoring the relaxation tra-

jectories of an elastic network in response to different initial deformations.

Our primary aim at this point of the study was to cast a single candidate
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network that can be later used as a template for the synthetic motor setup.

We were therefore not collecting any statistics that can provide information

about the efficiency of the design process. In the previous work by Togashi,

more attention has been put on the statistical aspects and such data has

been then indeed collected [118].

Several designed networks have shown well-defined robust relaxation prop-

erties similar to those found for elastic networks of real proteins. We have

chosen one specific network around which further investigations will be cen-

tered.

6.3 Designed network template

The designed network chosen by us for further investigations contains N = 50

particles and with the prescribed interactions radius of lint = 7.5 gives rise

to 240 spring connections. After the entire optimization process including

the neutral evolution its spectral gap is g = 1.1. The architecture of this

network is composed of two rigid domains that are connected flexibly by the

middle part (see Fig. 6.2). The dynamical properties of this network have

been probed by testing its relaxation response to various initial deformations

which have been generated by applying random static forces to all network

particles. The procedure follows exactly that used for the investigations

of the HCV helicase and the other helicase motor proteins and, to avoid

repetitions, we refer to earlier parts of this thesis for detailed explanations

(see section 3.2 2). The difference was that only initial deformations obtained

by perturbing the network globally have been considered.

Conformational relaxation motions of this network have been visualized

by selecting three particles as labels and recording distance changes between

them. We have placed two labels in one part of the network and the third

label inside the distant other domain (see also [118] for a routine to chose

the labels). The chosen labels 1, 2 and 3 correspond to the network particles

with indices 47, 10 and 0.

2In the present simulation the numerical values C = 1.0 and tf = 10, 000 were used.
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Figure 6.2: Designed network template. The designed network with the
links colored according to their relative deformations in the motion corresponding
to the slowest normal relaxation mode (for the method see [118]).

The network and its relaxation pattern are shown in Fig. 6.3. We see

that by the application of random forces this network can undergo large

deformations with relative changes of up to 60% between the domains. The

relaxation trajectories starting from those highly deformed states proceed

along an attractive path and the dynamics corresponds to organized relative

motions between the two domains.

In most cases, the network is able to return to its original equilibrium

conformation. There is, however, also one meta-stable present, indicating

that the elastic energy landscape possesses (at least) a second deep energy

minima. This state is located far enough from the true equilibrium so that

no impact needs to be expected when further cyclic ligand-induced motions

of this network will be considered. As evidenced by the relaxation pattern,
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Figure 6.3: Designed network with robust relaxation dynamics. (A)
The designed network consisting of 50 particles and 240 links is shown. Labels
1, 2 and 3 used for monitoring conformational changes are highlighted as yellow
balls. (B) Red lines show relaxation trajectories in the plane of normalized distance
changes u12 and u13 between the chosen labels, each starting from a different initial
conformation obtained by applying random static forces to all particles.

conformational motions of this network consist in large-amplitude hinge mo-

tions of the two domains with respect to each other. The flexible middle

connector part serves as a mechanical hinge.

6.4 Ligand-induced cyclic operation

In the following, we will explain how the designed network is used to con-

struct a cyclic operating synthetic machine powered by binding of a fictitious

substrate ligand and its conversion. The technique applied here is similar to

that used for modeling of ATP-induced cyclic changes in HCV helicase.

There, a substrate ligand particle has been placed into the ATP binding

region bringing energy through newly formed deformed elastic links. This

induced conformational motions of the network-substrate complex towards

its equilibrium conformation. At this stage, a fictitious conversion of the

substrate particle into the product particle was assumed. The product had

no connections do the network and was therefore released. Subsequent back
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Figure 6.4: Substrate binding and cyclic relaxation. (A) The substrate
particle (red sphere) can establish elastic links (shown in blue) to three binding
site particles (gold spheres) in the flexible hinge region. Initial lengths of the
additional links and their respective prescribed natural lengths (in parentheses)
are given. (B) The conformational change P → Q is induced upon binding of the
substrate ligand particle; the reverse motion Q → P is observed when the ligand,
after its conversion from substrate into product, is released. For comparison, gray
lines (similar to Fig. 6.3) show the relaxation trajectories.

relaxation to the equilibrium of the free network then proceeded.

Since we are dealing with an artificial network, no natural binding pocket

for the substrate is present. Instead, we define three interaction sites for

the substrate located in the flexible hinge region of our designed network.

The substrate particle is placed in the geometric center of these binding site

particles and interactions are mediated by newly formed links to them. Those

additional links are initially deformed so that the creation of the network-

substrate complex upon substrate binding is accompanied by a supply of

energy. When the links are established, we assign to each of them some

natural length that is smaller than the respective initial one, meaning that

they are initially stretched and interactions with the substrate ligand are

of attractive kind. The same method has been applied previously when a

ligand-powered machine was constructed [118].

The choice of the substrate interaction sites within the flexible network

region is to some extend arbitrary. Our aim was to construct a machine that
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Figure 6.5: Cyclic operation of a synthetic machine. Binding of the
substrate particle (red sphere) to the equilibrium state of the network at time mo-
ment t1 = 0 induces large-amplitude domain motions inside the network-substrate
complex until its equilibrium conformation is reached at t3 = 30, 000. The product
particle (blue sphere) is ejected and the free network performs relaxation motions
towards its original equilibrium conformation. Conformational snapshots at time
moments t4 = 30, 100 and t5 = 30, 400 are shown. In all snapshots, absolute
distances between the labels 1 and 2 are indicated.

is able to perform substantial structural rearrangements upon binding of the

fictitious substrate particle. It is obvious that many different configurations

are possible, and, to keep it simple we have just tried various of them in-

cluding different binding sites as well as different natural lengths of the three

additional links in order to find the largest response in terms of large-scale

domain motions. The finally chosen binding configuration is shown in Fig.
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6.4. They correspond to network particles with indices 17, 19 and 21.

The substrate particle that was bound in the geometric center of this

pocket has created additional links of lengths (2.28, 4.02, 4.42). The assigned

natural lengths of the links were (1.0, 2.0, 3.0).

With this choice of parameters, the machine could undergo substantial

motions with relative distance changes between the domains of up to 50%

under binding of the substrate ligand (see Fig. 6.4). When the ligand,

after its conversion from substrate into product, is released, the network can

return to its original equilibrium conformation along a relaxation trajectory

that lies within the attractive bundle (see Fig. 6.4). From Fig. 6.4, we also

see that the meta-stable state will not be involved in the cyclic operation of

the artificial machine.

Snapshots from a video displaying conformational changes within one

operation cycle of the machine are shown in Fig. 6.5. Upon binding of the

substrate, a large-amplitude hinge motion brings together the two domain

parts of the network and after ligand removal at time moment t = 30, 000,

they become separated again. One cycle is finished after the time t = 60, 000.

6.5 A prototype synthetic protein motor

What we have in hand now is an artificial counterpart of real existing molec-

ular machines. It is able to perform cyclic well-organized conformational

motions powered by discrete supply of energy brought by a fictitious ligand

particle. We have further considered a setup of the machine and an artificial

filament. By applying further extensions to the model step-by-step, we were

eventually aiming to establish a model system that, although within the lim-

itations of the approximate description, was able to mimic the activity of

molecular motors and thus made the investigation of mechanical aspects of

their operation principles possible.
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Figure 6.6: Prototype machine with filament. (A) The machine-filament
setup shown in the front and side view perspective. The particle that can make
contact to the filament is highlighted in orange color and three immobilized par-
ticles from the tail domain are shown in black. (B) The shortest distance of the
machine’s orange particle to the filament is plotted as a function of time during
one ligand-induced cycle. The inlet shows the change in the radius of gyration of
the substrate binding pocket.

6.5.1 Interactions with an artificial filament

Our aim was to demonstrate how ligand-induced internal motions of the syn-

thetic machine can be translated into the directional movement of a filament.

When the machine-filament complex is considered below, one machine do-

main will be allowed to connect to the filament. It will be referred to as the

head domain. The other domain will be referred to as the tail domain.

The artificial filament is modeled as a chain of identical beads that is

placed below the head domain of the machine. The entire setup can be seen

in Fig. 6.6 in two different perspectives. Having in mind applications that

include the transport of this filament by the machine, we needed to clarify

two important aspects. First, we had to specify interaction sites between

the machine and the filament. To keep it simple, we have chosen only one

particle of the machine’s head domain for a potential interaction spot, the

particle with index 47. Second, we needed to immobilized the machine at
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the top part of the tail domain. The immobilized particles were those with

indices 0, 5 and 6.

With an appropriate placement of the filament, we have now modeled

one ligand-induced operation cycle of the artificial machine and measured

the shortest distance of the selected interaction particle of the head domain

to the beads of the filament. During this cycle, no interactions between

the machine and the filament have been included yet. The filament was

also static. We just needed to check whether the relative arrangement of

the machine and the filament was properly implemented and to specify the

parameters needed for further simulations that actually imply interactions

with the filament. The results are seen in Fig. 6.6. After binding of the

substrate ligand, the head domain moves towards the filament reaching a

minimal distance around 1.0. Upon removal of the ligand the head domain

rapidly rotates away from the filament and under subsequent conformational

relaxation back to the equilibrium state of the machine, it moves parallel to

the filament maintaining a constant distance around 6.0.

Thus, the observation shows that the machine can come close to the

filament when the substrate ligand is present and remain at a distance from

the filament in the absence of the ligand. A ratchet mechanism for the

filament transport by the machine can be thus implemented when distance-

dependent physical interactions between the machine and the filament are

introduced.

To do this, we have prescribed a distance threshold that controls the

binding affinity of the head domain to the filament. Once this threshold is

crossed, we assume the affinity to be suddenly changed. If the shortest dis-

tance between the head domain and the filament falls below the threshold,

its affinity becomes very large and an additional link between the binding

particle of the head domain of the machine and the filament becomes es-

tablished. When the threshold is exceeded, it is assumed that the binding

affinity vanishes and therefore the additional link becomes removed. When

the link is present, the machine will exert a force on the filament and it will

follow the motion of the head domain. In our simulations, we have assumed

for simplicity that that the filament is absolutely rigid (no internal deforma-
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tions are allowed) and its motion is confined to the direction that coincides

with its initial orientation.

In the simulation, we have set the threshold for binding/detachment of the

machine’s head domain to the filament at 1.5. The additional link mediating

the interaction between the machine and the filament is described by us in

terms of the Morse potential D[exp{−α(dmf − d(equ)mf )}], with the parameters

D/κ = 0.01 Å2 and α = 3.0 Å−1. Here, dmf is the actual length of the link

to the filament and d
(eq)
mf = 1.0 is its prescribed equilibrium length.

We have run a simulation of a single operation cycle including interactions

of the machine with the filament. Snapshots of this simulations are shown in

Fig. 6.7. After binding of the substrate ligand, the machine is able to bind

to the filament and thus switches into its force-producing state, in which the

head domain can drag the filament into one direction.

Through this coupling, the internal motions of the machine are trans-

lated into directional motion of the filament. By the time moment when

the equilibrium state of the machine-filament complex is reached (part (d)

in Fig. 6.7 at time moment t=200,000), the immediate conversion of the

substrate into the product particle and its release leads to the decoupling of

the machine from the filament. The machine alone can then return to its

initial conformation without carrying with it the filament. During one ma-

chine operation cycle, the filament therefore becomes effectively transported

into one direction (compare (a) and (h) in Fig. 6.7).

6.5.2 Motor operation under thermal fluctuations

In the previous investigations of the HCV helicase and other superfamily

2 helicases we have neglected the effect of noise on the dynamics in the

simulations. In their natural environment, however, the proteins are always

subject to thermal fluctuations which can be also quite strong.

For the discussed model system of a protein motor, we therefore wanted

to include effects of noise as well.

Noise accounting for thermal fluctuations can be imbedded into the present

dynamical elastic network model by assuming that network particles are
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subject to additional time-dependent random forces with certain intensities.

These external forces can be added to the equations of motions (2.9). Ex-

plicitly they read

~̇Ri = −
N∑
j=1

Aij(|~Ri − ~Rj| − |~R(0)
i − ~R

(0)
j |)

~Ri − ~Rj

|~Ri − ~Rj|
+ ~fi (6.1)

The time dependent random forces ~fi acting on particle i had the intensity σ

and their components fx, fy, fz have been chosen randomly from a Gaussian

distribution of width 1.0 centered around zero.

Note, that in the presence of noise, in contrary to the previous simu-

lations, also those conformational motions are allowed that correspond to

uphill dynamics in the elastic energy landscape. Furthermore, we need to re-

consider the conditions for interactions between the machine and the ligand

particle, namely the binding process of the substrate particle and its release

after conversion into the product ligand. In the real biological situation with

fluctuations present, binding of a ligand to the motor protein should depend

on the local conditions inside the binding site. Furthermore, such processes

should depend on the concentration of ligands.

In our simplified descriptions of machine operation, with effects of noise

being neglected, the substrate binding was always assumed to take place in

the equilibrium conformation of the network whereas the particle conversion

and product release were carried out in the conformation that corresponded

to the equilibrium of the network-substrate complex. In the presence of

noise, however, a definite equilibrium conformation of the network may not

be reached.

For the investigation including noise, we assume that binding of the sub-

strate ligand to the machine is determined in terms of the local configuration

of the previously defined binding pocket. The binding process itself will be

considered of stochastic nature, meaning that in the simulation it takes place

with a certain rate. One further aspect was involved in our simulations. In

any enzyme, the formation of the enzyme-substrate complex upon substrate

binding is in principle reversible. This means that the substrate ligand be-
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Figure 6.8: Filament transport by the machine. The filament displace-
ment is plotted against the time for various values of the noise intensity. (A) In
this set of simulations conversion of the ligand from the substrate into the product
particle was incorporated. (B) Here, no conversion was implemented and thus only
equilibrium fluctuations in the system were examined. The machine activity was
based on substrate binding and its dissociation only. In the case of relatively low
noise (10.0, red curve) the machine-filament complex with the substrate bound has
reached its equilibrium state and no transport is possible. For larger noise (40.0,
blue curve) links between the machine and the filament become regularly broken
and newly established. However, no net transport of the filament can be achieved.

fore its conversion into the product can also undergo dissociation from the

enzyme with a certain rate.

We have now taken into account this possibility. When the machine-

substrate complex became formed and subsequent conformational changes

may have taken place already, the substrate ligand could still dissociate from

the machine with a certain rate, again depending on the conditions inside

the binding pocket. The conversion of the substrate into the product particle

and its following ejection from the machine were also formulated in terms of

local conditions of the interaction pocket.

6.5.3 Filament transport by the motor

To investigate filament transport by the synthetic machine under its ligand-

induced operation and in the presence of noise, we have run simulations

implementing different dynamical scenarios.

Two major situations were distinguished by us. In a first series of simula-

tions we have focused on the working cycles of the synthetic machine which
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would emulate the operation of a molecular motor under equilibrium condi-

tions. This means that only processes of substrate binding and dissociation

have been taken into account into the dynamical modeling, whereas the re-

action and release of products were absent. In a second set of simulations,

we have allowed the machine-filament system to perform its operation also

beyond equilibrium by including processes of ligand conversion and prod-

uct release. For both situations relatively large time series of the machine

operation have been recorded for different noise intensities. The intensities

correspond to different system temperatures.

As mentioned before, the interaction between the machine and the ligands

should be described in terms of local conditions of the ligand interaction

pocket. To do this, local geometric conditions of the binding pocket have

been employed. As an appropriate measure for the size of the pocket we

have used the radius of gyration which is calculated as the root mean square

distance of particles of the pocket from its geometric center. Its square reads

as

R2
g = (1/B)

∑
i∈Np

( ~Ri − ~Rc)
2, (6.2)

where the summation is carried out over the B particles that belong to the

neighborhood Np of the binding pocket. They are the three selected particles

the ligand can bind to plus the particles that are connected to them. The

position vectors of these particles are ~Ri, and ~Rc is the position vector of the

geometric center of the three binding particles.

As estimated from the the previous simulation of the machine operation

without the filament (see Fig. 6.6), we have set the threshold for binding of

the substrate to Rg > 5.45, which means that the machine is still around its

structural global equilibrium conformation. If this conditions was fulfilled,

binding of the substrate ligand to the actual network structure was possible

with the probability of 10−4 in each integration step. Once the substrate-

network complex has been formed, the substrate was allowed to dissociate

under the same conditions under which it became bound to, i.e. assuming

the identical probability and the same threshold for Rg.
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The ligand conversion and release were allowed to take place with a prob-

ability of 10−4 in each integration step, provided that local conditions of the

active pocket, namely that Rg < 5.39, were fulfilled. The conditions con-

trolling the binding of the machine to the filament were the same as in the

noiseless case.

We have compared the outcome of a series of simulations showing obvi-

ous differences between the operation of the machine operating under equi-

librium conditions, i.e. without substrate ligand conversion, and under non-

equilibrium conditions where substrate conversion into the product was con-

sidered.

In Fig. 6.8 we have plotted the filament displacement under consequent

operation of the machine for various values of the noise intensity. We can

clearly see that steady directional filament transport is possible only with

the machine operating under non-equilibrium conditions. When working

instead at equilibrium, the machine can temporarily transport the filament

in both directions, but, if a long-time average is performed, its net locomotion

vanishes and directed transport of the filament is not observed. These results

also suggest that in the case of non-equilibrium operation of the synthetic

motor, the presence of noise may be beneficial as it increases the transport

rate of the filament (see Fig. 6.8).

6.6 Coordinates of the designed network

The following table provides the spatial coordinates of equilibrium positions

of the 50 particles that constitute the designed network which has been used

by us to construct the synthetic motor template. The pattern of spring

connections used in our simulations can be reproduced from this data by

applying an interaction radius of lint = 7.5.

index i xi yi zi

0 0.000000 0.000000 0.000000

1 -2.250606 1.513577 1.814874

2 -3.547681 -0.657242 3.959800
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3 -1.694768 -2.842780 5.264394

4 1.494905 -2.547102 3.813177

5 4.529039 -2.770177 1.992979

6 4.072661 0.262305 2.865932

7 1.670645 0.378216 5.765140

8 0.164961 3.089509 7.921995

9 -0.718121 -0.506017 9.003187

10 0.027955 -2.616314 11.803884

11 -1.976225 -4.102386 8.773245

12 -5.734028 -3.993969 9.534685

13 -4.059582 -3.257490 12.571988

14 -6.131467 -0.130246 12.892877

15 -9.404208 0.492210 14.177999

16 -11.335046 0.712168 11.093718

17 -8.102510 1.170035 9.877696

18 -10.233940 -0.733887 7.333117

19 -11.294299 -3.519827 8.765336

20 -14.091883 -1.657092 8.496408

21 -15.225877 -2.475998 11.339919

22 -16.454146 -1.633076 15.007511

23 -18.705472 -0.643274 12.435505

24 -21.657510 0.958647 11.536650

25 -22.165406 -0.737916 14.620891

26 -24.366702 -3.826345 15.289950

27 -21.318742 -2.968613 17.208187

28 -20.928556 -4.337320 14.197824

29 -17.618755 -6.479827 14.083390

30 -19.579717 -8.918729 16.121652

31 -17.822841 -7.376985 18.560644

32 -19.004346 -10.464905 19.278277

33 -21.894159 -10.676693 17.450503

34 -22.041187 -8.958193 20.431335

35 -23.935834 -7.863389 18.150190
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36 -26.453200 -9.574022 18.060080

37 -28.115449 -6.331969 17.401296

38 -28.889437 -8.304478 14.157759

39 -27.137244 -11.459018 14.761705

40 -23.332556 -10.891567 14.437410

41 -20.822941 -9.175062 12.747098

42 -21.989900 -10.823980 9.437601

43 -24.325875 -12.599568 10.867699

44 -22.562342 -14.152048 8.744179

45 -19.851852 -13.165531 10.231882

46 -16.896938 -13.586741 10.974879

47 -13.817907 -15.520423 11.899851

48 -13.617313 -12.161436 13.840984

49 -14.184332 -8.596932 14.647480
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Conclusions

The work presented in this thesis can be divided into two parts. In the main

part, we have studied the dynamics of real biological motor proteins whereas

in the second part model systems that were analogs of biological objects have

been considered.

In the first chapter, we have provided a brief introduction to the field

of protein research. We have outlined the importance of enzymes and mo-

tor proteins and given a short survey on experimental techniques used to

investigate functional aspects of their operation.

In Chapter 2, an approximate description for the dynamics of protein,

viewing them as deformable elastic objects, was introduced. The focus in this

chapter was placed on a presentation and discussion of the relaxational elastic

model, which was the particular model used in this thesis. Its advantage

is that it allowed us to study large-amplitude slow protein motions with

structural resolution.

A large part of the work was devoted to the investigation of the hep-

atitis C virus (HCV) helicase motor using this coarse-grained model. At

the first stage, we have probed dynamical properties of this protein. We

have shown that coordinated domain motions are underlying its organized

dynamics. They are used to execute robust operation cycles that are related

to ATP binding and hydrolysis. We could reproduce the conformational

motions accompanying the ATP-dependent operation cycle of this helicase

motor by incorporating interactions with ATP into the model. These results

are described in the third chapter.

In Chapter 4, a dynamical description for the DNA molecule has been

105
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implemented and interactions between the helicase and DNA have been in-

cluded. With such model extension, we could trace entire operation cycles

of the HCV helicase in a structurally resolved way. As we have shown, the

motor can move base-by-base along the DNA consuming one ATP per trav-

elled base. Under this translocation process one protein domain was acting

a a mechanical wedge separating the duplex DNA.

Previously, the ratcheting inchworm translocation mechanism has been

proposed based on the experimental data. The results of our theoretical

modeling confirm this mode of operation. Recently obtained crystallographic

data of HCV helicase complexes agrees well with our findings [137, 138]. The

single-base pair unwinding of HCV helicase as predicted by our computer

simulations has been also confirmed recently in single-molecule experiments

[146].

Chapter 5 is devoted to the study of three other helicase proteins of

the largest superfamily. We have probed their mechanical properties and

analyzed large-amplitude conformational motions using similar methods as

for the HCV helicase. The common observed property for all investigated

helicases is that they are able to perform robust and well-coordinated do-

main motions that are underlying their ATP-dependent activity. On the

other hand, we have also observed differences in the conformational dynam-

ics which can be important for the biological operation of the helicases. The

studied helicases are poorly explored in experiments yet. Our predicted con-

formational changes can be tested in further experiments.

The dynamical systems investigated in Chapter 6 are of different nature.

There, we have considered artificially constructed analogs of real biological

objects. The construction of a prototype synthetic protein motor operating

on a filament has been explained and its behavior in the presence of thermal

fluctuations investigated. We have shown that steady directional filament

transport by this model motor is possible only when operating under non-

equilibrium conditions.

In our study, the operation of a real molecular motor could be repro-

duced - for the first time - in structurally resolved dynamical simulations.

In general our results are a demonstration of the feasibility of coarse-grained
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modeling, bridging the gap between full molecular dynamics and reduced

phenomenological theories of molecular motors.

Any coarse-grained models, including elastic-network descriptions, are

intrinsically limited in their explanatory power and cannot fully describe

molecular operation mechanisms of motor proteins. While chemical details

are not resolved in elastic network models, it is, however, remarkable that

such purely mechanical descriptions are still able to capture essential as-

pects of functional dynamics in protein motors. Apparently, the operation

of molecular motors is so robust that, in a rough approximation, it is not

sensitive to fine chemical details.

In the future it can be however interesting to develop and apply hybrid

descriptions, combining coarse-grained elastic network models with more re-

alistic molecular dynamics simulations.

Our investigations performed for a prototype synthetic motor have demon-

strated the advantage of such replacements of real motors in theoretical mod-

eling. These models allow to study the operation of molecular motors in a

structurally resolved fashion under controllable conditions. In forthcoming

studies we plan to extend the present model systems further to incorpo-

rate also aspects of reversibility of motor operation. Moreover, we want to

consider its activity to be controlled by the concentration of substrate and

product particles.

The method of evolutionary optimization used by us to design special

elastic network templates with robust dynamical properties can be also var-

ied. Interesting scenarios can actually be considered: Today we know that

different motor proteins have originated from gene duplication events and

thus have common ancestors. Under biological evolution, subject to var-

ious evolutionary pressure, their substrate-dependent activity has however

evolved in different directions. As a consequence, their global structures are

different and also their functional properties.

One can therefore consider design processes of artificial networks in which

evolution would be performed with respect to the ligand-induced activity.

Then, optimization can be, for instance, aimed to design networks with tai-

lored types of ligand-induced conformational motions. In this situation one
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would be able to investigate the impact of various types of principal motions

on, e.g., the efficiency of a molecular motor.

The operation of many real molecular machines relies on the coordinated

interaction between multiple structural subunits. The ligand-powered artifi-

cial machine designed by us can be further used to construct a more compli-

cated model system consisting of several coupled units. Such a system can

mimic oligomeric molecular machines and may serve as an appropriate model

to study the effects of cooperativity and communication in such biological

devices.
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