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Abstract

One of the most fundamental nanomachines for life is the helicase, as it is key

in the process of replicating DNA. It functions as a DNA zip, separating the two

strands of DNA, and allowing other nanomachines to create new DNA strands. Ex-

perimental research has increased the understanding of these helicases. However,

there is still a lot to know about how these nanomachines function. Molecular dy-

namics can fill this gap, by providing predictions and supporting the experimental

work, in order to gain a better understanding of helicase action.

One such helicase, the E1, separates the DNA strands in the papillomavirus.

Within the structure of the helicase, lie many channels and chambers, which play

a role in the function of the protein. The work for this thesis devised and utilised

a new method, which increased the number of accessible conformations. The

results found that inside one of the chambers, the DNA is pulled apart by an inner

component of the helicase. Revealing that the helicase acts on the DNA, grabbing

it and separating the strands in the process.

An entirely different helicase, Rep, clears the DNA of other proteins that can act

as "road-blocks", as well as separating the DNA strands of E. coli. It is formed

of four segments, with previous work discovering that these four segments fold

into two distinct conformations, called open and closed. The work presented here,

along with the complementing experiments, indicated that there were multiple

other conformations. The work also demonstrated that the distribution of these

conformations is affected by the salt concentration of the environment.
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Preface

We have come a long way since the start of this �eld in the 1950s. Though I feel

that we can sometimes forget both how far we have come, and how much further

we must go. Since the dawn of modern computers our understanding of the world

has increased at such a rate, it feels like we are constantly being swept off our feet

by the wave of time, hastily landing in a far-�ung future. We live in an age where

the technology that propelled men into space, can now �t, quite literally, in the

palm of our hand.

And yet, at the same time, some progress feels slower. While modern computers

were being developed, and the �rst MD simulations produced, pioneering x-ray

crystallographers developed an image of what would later reveal the structure of

DNA. Photo 51, the accomplishment of Rosalind Franklin and her PhD student,

Raymond Gosling, allowed the structure of DNA to be deduced. Since then

both the �elds of molecular dynamics and x-ray crystallography have developed,

and intertwined, creating the road for me to conduct the research for this thesis.

However, it is useful to note that Rosalind Franklin's role in this path is not often

remembered as a pinnacle of scienti�c endeavour, but part of a different narrative

altogether.

Our view of the world, whether it is through science or history, has a tendency of

valuing certain viewpoints, and lacking a holistic perspective. While we might

want to focus on some advancements more than others, we should not lose sight

of what can be achieved together. Science, like all human endeavours, relies upon
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collaboration, both in the present and with the past; our work after all, is based

upon the achievements of our predecessors.

This PhD thesis alone would not have been what it was, without the communica-

tion between two different groups, two different universities and three disciplines;

biology, chemistry and physics. There is so much to be learnt by utilising a wide

scope of lenses. Whether these are through different scienti�c views, like micro-

scopes or computers, or social ones, like gender, class, race or culture. Perhaps the

direction science could take in the future will not be dependent on one perspective

but many. As the physics joke goes*, we do not exist in a vacuum.
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* A farmer asks some scientists how to cure his cow. The biologist looks at the cow

and says "I know the species of the cow, but I can't cure it". The chemist examines

the cow and says "I know the chemical composition of the cow, but I can't cure

it". The physicist says nothing, but starts writing pages of notes. After many days,

without looking up, the physicist says, "I can cure your cow, but it only works for

spherical cows in a vacuum".
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Chapter 1

Introduction

1.1 Proteins and their Structure

1.1.1 Primary Structure

Zooming into a living organism, past any tissues or organs, right into the cells, you

�nd each one brimming with a buzz of movement from molecular nanomachines

packed inside. It is much like a hive where each molecular machine is like a bee

carrying out its own role in the collective life of the system. These molecular

machines are not made from steel or tyres, as they are in the world we know, but

are from what was believed to be the smallest unit of matter in existence. The

atom. First theorised in ancient Greece [7], it is dif�cult to comprehend how far we

have come in our knowledge of this unbelievably small component of life.

The simplest atom of all, hydrogen, made of only a single proton and electron,

is the most prevalent in the human body [ 8]. After hydrogen, there are three

other elements which together constitute over 95% of the human body; nitrogen,

oxygen and carbon [9, 8, 10]. It seems incredible that from only a small selection

of elements, so much biological material can be made. These four atoms make up

the bulk of amino acids, which build up to form chains called polypeptides, the
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primary structure. The primary structure is the sequence of amino acids which fold

into complex nanomachines called proteins, key in the workings of the organism.

Again, the simplicity is beautiful in that each amino acid has these same four

components, each one bound to a central carbon atom. Firstly, the amino group,

composed of a nitrogen and two bound hydrogens, which gives the amino acid

its name. Next is the carboxyl group, a carbon atom with a single-bound and

double-bound oxygen. Finally there is a single-bound hydrogen atom and a side

chain, consisting of one or more bonded atoms. Since the carboxyl group is an

acid it, together with the amino group, gives the molecule its name, amino acid

[11].

When amino acids join together, they form a polypeptide chain, as in �gure 1.1.

In these chains, one side ends with the nitrogenous amino group, called the N-

terminus. Meanwhile the other side ending with the carboxyl group, is called the

C-terminus. There are only twenty commonly found amino acids [ 12], each with a

different side chain, that build up to form the vast array of proteins. The amino

acid sequence determines the shape of the protein, and thus its function[13]. As

a result, proteins with similar functions often have sequentially and structurally

similar components, called motifs. The overall shape and function of these proteins

will also be similar. When proteins have amino acid sequences where the amino

acids are similar, they are said to be conserved [14].

Figure 1.1: Polypeptide chain of 4 amino acids with R denoting the side chains.

N-terminus - blue, C - terminus - red.

It is a central dogma in biochemistry that the amino acid sequence affects how
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the polypeptide folds and thus creates the shape or structure of the protein [ 11].

In turn, this shape affects the how the protein will move and therefore how it

functions. The question as to how the sequence affects the shape of the protein

is called the "protein folding problem" [ 15] and has been of great signi�cance for

over 50 years [16]. The shape of the protein is as a result of the chemical properties

of the amino acids found in their side chains, including their charge and polarity

[12].

There are four properties of the amino acids; polar, apolar, positively and neg-

atively charged [ 12]. Polar amino acids are hydrophilic, meaning they interact

well with water, and are often found on the surface of the protein, where they can

interact with the water around them. Conversely, apolar or nonpolar groups are

hydrophobic, Greek for water haters, who are repulsed by water. They are often

buried inside the protein, hidden away from the water molecules. The properties

of the amino acids not only affect their position in the protein once it has folded,

but also how the protein behaves in different environments. For example, the

concentration of salt, or charged ions, around the protein can change the shape of

the protein.

Moving onto the side chains that are elecrostatically charged, these amino acids

can have acidic and basic properties. Acids are gift-givers, donating a bound

hydrogen atom as a hydrogen ion or proton. These protons are then accepted by

basic molecules, binding to one of the atoms, such as nitrogen. Positively charged

amino acids are acidic, while those that are negatively charged are basic. Whether

the amino acid residues in a protein are protonated depends on the pH of the

environment, the level of protons in the solution, as well as its pK value, the

propensity of a proton to dissociate from the amino acid [ 17]. So amino acids with

a high pK will be protonated at a neutral pH, while those with low pK will be

unprotonated.

Lysine is one of the positively charged amino acids, where its side chain consists

of a linear carbon chain ending with an amino group. This nitrogen is fully
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Figure 1.2: Protonation states of histidine, showing the delta, epsilon and fully

protonated states (A) and lysine, showing the two protonation states of the end

chain amino group (B). Lysine zeta amino group shown in purple.

protonated at the cellular pH of 7, because lysine has a high pK of around 10.

The protonation state is less clear for other amino acids like histidine. Histine

has a pentameric ring with two nitrogens, one at the delta and one at the epsilon

position. These nitrogens can be doubly protonated, or singly protonated with a

hydrogen at either the delta or epsilon site. Both the epsilon and delta protonated

states can be present at a pH of 7, cellular pH. [18]. The different protonated states

of lysine and histidine when found in polypeptides is displayed in �gure 1.2.

1.1.2 3D Structure

The large chains of amino acids fold up into a diverse array of 3D structures. On

the smallest level, called the secondary structure, are small local structures, which

commonly fold into only two distinct structures; alpha helices and beta sheets

[19]. These secondary structures can be joined together by different types of loops.

The beta sheets in particular often have many sheets joined together in a plane by

beta loops. If the beta sheets are aligned, and joined together by a sharp-turning

loop of 3-5 amino acids, they are referred to as beta hairpins, or simply hairpins

[20, 21, 22, 23]. The tertiary structure of a protein comes when it has folded into

multiple alpha helices, beta sheets and loops, demonstrated in �gure 1.3. The
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Figure 1.3: Three dimensional structures of proteins including a monomeric pro-

tein (Rep) made of four subdomains (A), and a hexameric protein (E1) made of six

subunits (B), with each subunit made of two subdomains, connected by an alpha

helix (C). Alpha helices - purple, beta sheets - yellow, loops - cyan.

structure may contain subdomains containing many alpha helices, beta sheets and

loops, which join to the other subdomains via other secondary structures. Such is

the case in the Rep helicase, where one strand folds into four subdomains; 1A, 1B,

2A and 2B [1].

The largest proteins have a �nal structural layer, its quartenary structure, when

multiple amino acid chains, or subunits, come together [ 24]. The smallest quar-

ternary structure would be a protein with two subunits, a dimer, however proteins

can consist of many more. Proteins associated with DNA replication can often

have six subunits, called hexamers, such as the E1 helicase, with its six subunits

arranged in a ring [1], labelled A to F, as showing in �gure 1.3B.

Proteins are not rigid, in�exible structures like a sculpture set in stone, but can

move �uidly and continuously, almost as if they were a living thing [ 25]. Each

different shape that the protein occupies is called a conformation, with the protein

passing through different conformations as it carries out its function. The dihedral

angles [26] result in different energies for each conformation, so that as the protein

moves, it explores an energetic and conformational landscape.
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1.2 DNA Structure

DNA is a fundamental component of life. It holds the genetic information of the

organism, acting as an instruction manual for the life-form. Incredibly, DNA is

written in an alphabet that contains only four letters. The arrangement of these

letters into longer sequences of "words" distinguishes many of the differences

between species and individuals. The four letters are A (adenine), T (thymine), G

(guanine) and C (cytosine) and they represent different types of a molecule called

nucleobases, often referred to simply as bases [11] (see �gure 1.4).

The bases have two categories, pyrimidines and purines. The pyrimidines (thymine

and cytosine), are smaller and contain one hexameric ring. The purines on the

other hand, (guanine and adenine), are much larger and comprise of the same

hexameric ring as the pyrimidines, but also a smaller pentameric ring alongside.

Each base has a complementary pair, formed of a purine and pyrimidine. Adenine

forms a pair with thymine, as does guanine and cytosine. In RNA, a similar

molecule to DNA, thymine is replaced by a different pyrimidine, uracil.

Figure 1.4: The four nucleobases of DNA: thymine, cytosine, adenine and gua-

nine. The two purines, adenine and guanine have two aromatic rings, while the

pyrimidines have one.

DNA is made not only from nucleobases but another two components; a deoxyri-

bose sugar and a phosphate. The deoxyribose sugar is a pentose ring with four
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carbons and one oxygen, while the phosphate has one phosphorous atom with

four oxygens. Together these three components, the nucleobase, sugar and phos-

phate form a nucleotide. These nucleotides then form large chains, creating a

single strand of DNA. The nucleic acid chains have directionality, where the DNA

strands can go from the 3' carbon to the 5' carbon and vice versa. The directionality

comes into play when proteins bind and travel along, or translocate, DNA, since

the proteins have a particular direction they travel along the DNA track.

The sugar-phosphate backbone is of particular importance in the properties of

DNA, as it gives DNA a negative electrostatic charge. This allows other charged

molecules, such as certain amino acids, to interact with the DNA via the Coulomb

potential. Interactions can be via long-range electrostatic interactions as well

as shorter range interactions like hydrogen bonds. Hydrogen bonds are weak

interactions caused by the partial charge from an electronegative atom, an atom

that has a tendency to attract a bonded pair of electrons. The result is a partial

positive charge on the hydrogen, and a partial negative charge on the nitrogen or

oxygen. A hydrogen bond is then formed between one of these hydrogen atoms

and another electronegative atom.

DNA is most commonly found as double stranded DNA (dsDNA), where two

strands are aligned anti-parallel. Here, one strand will be 3'-5', while the other

is aligned opposite to it, 5'-3'. The two strands are held together via hydrogen

bonds between the complementary base pairs called WC hydrogen bonds (�gure

1.5), as well as between the stacked bases above and below [27]. In guanine and

cytosine there are three hydrogen bonds between the bases. The eletronegative

atoms of 06, N1 and N2 on guanine bind to the N4, N3 and 02 atoms of cytosine,

respectively.

The distinct 3D structure of dsDNA is iconic, and has been widely circulated

in �lms and TV. The image is clear, with the bases on the inside, and the sugar-

phosphate backbone of each strand, often referred to as the phosphate backbone,

encircling each other [28, 29, 30, 31]. However, since the use of the image is often
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Figure 1.5: Two base pairs of DNA. The sugar and phosphate form the backbone of

DNA, while all three together (base, sugar and phosphate) are called a nucleotide.

The complementary base pairs are joined together by three WC hydrogen bonds

in the case of guanine and cytosine, and two in the case of thymine and adenine.

Sugar phosphate backbone shown in purple.
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