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Abstract

Over recent years, advancements in bottom - up construction technologies are enabling the creation
of heterogeneous and functional materials. These approaches offer the potential to surpass the
physical limitations in traditional top - down micromachining. Of these, bionanotechnological
approaches that harness the inherent molecular recognition and self-assembling properties of

biological molecules - such as Deoxyribose nucleic acid (DNA) - are arguably the most promising.

Over recent years, the field of DNA nanotechnology has advanced rapidly, enabling the creation
of arbitrary structures in two and three dimensions. These substrates act as adapters enabling the
arrangement of functional components at the nano-scale to be interfaced with the macro-scale

world.

One approach to spatially address DNA nano-architectures is to harness the sequence specific
homologous recombination mechanism of the E.coli protein Recombinase A (RecA). This protein
mediates the alignment of a supplied single stranded DNA (ssDNA) with a subject double stranded
DNA (dsDNA) where homology is shared, making this method inherently programmable. Despite
several successful demonstrations of the artificial application of RecA, the underlying mechanism
which orchestrates this interaction remains widely debated. The lack of clear understanding
surrounding this critical biological mechanism stems from the in-direct approaches taken to

interrogate it, to date.

In response to this, the work presented in this thesis, attempts to answer the open biological
questions surrounding RecA. Here, recent advances in high speed atomic force microscopy (HS-
AFM) and high resolution Atomic force microscopy (AFM) - using rapid-force-curve imaging
- are applied to directly interrogate the homology searching mechanism of RecA. When taken
together, these structural and functional insights will inform the future development of RecA

mediated patterning approaches within complex DNA topologies.
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” I learned very early the difference between knowing the name of
something and knowing something. ”

— Richard Feynman
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Chapter 1

Introduction

In recent years, materials science has been re-invigorated by advancements made in the field of
nanotechnology. However, to date, such developments typically allow for the uniform formation
of homogeneous materials, offering enhanced characteristics such as strength. In contrast, in order
to form functional nano-scale architectures it is necessary to order materials heterogeneously in a

specifically coordinated manner.

To this end, bottom-up construction technologies that harness the inherent molecular-recognition
and self-assembling properties of biological systems have the potential to surpass the most
advanced top-down microfabrication techniques, which are reaching the physical limits of the

current technology.

It can be argued that DNA nanotechnology (see section 3.1) presents the most promising route to
realising the rational design of devices from biological molecules. Here, DNA is considered for
its structural properties and the fidelity of its base-pairing interactions, enabling the construction
of branched junctions and higher order structures in two and three dimensions.' This field has
seen rapid growth from individual junctions produced from several ssDNA molecules, to highly
efficient scaffolded approaches that weave viral DNA to form arbitrary structures - referred to as

DNA origami (see section 3.1.3).2

Moreover, recent advances in the directed surface organisation of DNA structures hails in an era
where biologically derived systems formed in solution may be integrated directly with micro-
fabricated solid state structures.® Hence, DNA origami may be utilised as a molecular breadboard
upon which components are arranged to form functional subunits. These subunits can be further
arranged across larger length scales to form integrated circuits and functional devices. Therefore,

DNA nanotechnology maybe considered an adapter, able to interface nanoscale arrangements with



Chapter 1. Introduction

the macroscale world.

In order to orchestrate functions, the heterogeneous arrangement of components to infer spatial
asymmetry, polarity or directionality is required. In some instances, these arrangements can be
pre-designed into the DNA structure through the inclusion of uniquely functionalised ssDNA
molecules or included indirectly through the introduction of different DNA binding proteins —

which themselves are chemically functionalised.

These methods are, however, relatively inflexible where the number of uniquely addressable
protein binding sites is typically very low within the available sequence space. Further, any
change in desired functionality would require a re-design of the entire DNA assembly, making

these approaches rather costly.

Alternatively, an approach being developed in the Bioelectronics group at the University of
Leeds, is to harness the homologous recombination mechanism of the E.coli protein, RecA -
commonly referred to as RecA mediated patterning.*>% The RecA protein contains two DNA
binding sites, thus able to accommodate ssDNA and dsDNA simultaneously mediating a triple

stranded complex.

In this scheme, RecA monomers polymerise on ssDNA in the presence of ATP and Mg?*to form
a nucleoprotein filament (NPF) (figure 1.1). Subsequently, this NPF searches for a region of
sequence homology between the encapsulated ssDNA and a target dSDNA molecule. Where
homology is located RecA mediates the formation of a triple-stranded DNA complex and
undertakes a strand exchange - recombining the DNA molecules to form a new heteroduplex

dsDNA - following which the complex disassembles.’

For the purposes of bionanotechnology, this process can be arrested at the triple stranded DNA

stage where NPFs are formed with ATP~S - a non-hydrolysable analogue of ATP. (figure 1.1).*3

As such, locations on a DNA substrate may be targeted arbitrarily and specifically, without the
need to re-design the underlying template. For example, a single DNA origami tile design may
be addressed in many different ways to form a multitude of different devices (figure 1.1), hence

making this approach highly economical.

To date, bionanotechnological applications of RecA have been successfully demonstrated, such
as the formation of conductive nanowires on linear and branched DNA templates.® Furthermore,
RecA has been used to form field effect transistors (FET) through the organised placement of

carbon nanotubes® and as a molecular lithography mask to create insulating gaps in conductive
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Figure 1.1: A schematic overview of the envisaged RecA mediated hierarchical construction on
DNA scaffolds. DNA structures are spatially addressed using the homologous recombination ability
of RecA. A) Firstly, RecA or chemically modified RecA is polymerised onto ssDNA (orange) to form a
nucleoprotein filament (NPF). B) NPFs seek out regions of sequence homology (shown in orange) between
the encapsulated ssDNA and the complex dsDNA template leading to site specific patterning. C) RecA is

used to add additional functional components through chemical modification, such as a conductive circuits

(e.g. carbon nanotubes) or photonic elements (e.g. gold nanoparticles).

nanowires. ' Further work in the Bioelectronics group has demonstrated that this approach can be

successfully multiplexed and scaled down to allow feature sizes of less than 10 nm.*>©

However, despite the success of these studies, severe gaps remain in the current understanding
of the mechanism by which RecA mediates homologous recombination. In particular, how NPFs
are able to conduct a homology search remains widely debated. Current opinion is divided as to
whether NPFs are able to conduct a one dimensional facilitated diffusion along dsDNA, possibly
favouring random sampling by three dimensional diffusion. Further proponents have provided
evidence for the involvement of intersegmental transfer. ! It is likely that the true mechanism is a

combination of all these interactions.
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This lack of clear understanding can be largely attested to the methods of study employed to date,

12,13,14,11,15,16,17

which typically rely on in-direct reporting or have attempted to infer functional

intermediates from ensemble structural derivation methods — such as crystallography. !8:19.20.21.22
Such limited insight has implications for the bionanotechnological application of RecA where
it would be employed in environments that far exceed its physiological role. For example, how

would the presence of complex DNA topology such as the woven structure of DNA origami impact

the homology searching ability of RecA NPFs?

1.1 Project Aim

In light of this, the work presented in this thesis attempts to directly investigate the RecA mediated

homology searching mechanism with a combination of HS-AFM and high spatial resolution AFM.

Here, the primary mode of interaction between NPFs and dsDNA is directly observed in real time
with HS-AFM. More specifically, this project aims to identify and quantify the suggested existence

of a facilitated diffusion mechanism directly for the first time.

In order to achieve this, the work presented here aims to develop a unique sample preparation
method to enable a transient binding of dsDNA sufficient for observation with the HS-AFM whilst

accommodating NPF interactions.

This must also be accompanied by a statistical analysis of homology searching intermediates, in
order to reconcile any real time observations and take account of sample preparation or AFM

induced artefacts.

In addition, the local manipulation of DNA structure as a result of NPF interaction is investigated
to characterise any induced strain which may be limiting in constrained DNA topologies. These
high resolution observations — made using rapid-force-curve imaging (see section 4.4.2) — aim to
increase the spatial resolution on the isolated biological complexes — NPF and DNA structures
— to examine any structural variation therein which may support the observed real-time dynamic

interactions.

1.2 Chapters Outlines

With respect to the aims of this project, this section outlines the content of the following chapters

in this thesis.
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Chapter 2

Given the project outline detailed above, this chapter explores the biological molecules DNA and
proteins, that form the core of these bionanotechnological approaches. These critical biological
molecules are introduced, describing their biological role, their basic subunit chemistry and the
final physiological geometries adopted. This sets the scene for a discussion of how they can be

manipulated for artificial applications in the following chapter.

Chapter 3

This chapter considers the extant literature on DNA nanotechnology and RecA in justification of
the RecA mediated patterning approach described above. In the first instance, the inception and
development of DNA nanotechnology is considered, with reference to the specific characteristics
of DNA that make it uniquely suited for this application. Further, the development of DNA origami
approaches is detailed and its growth into three dimensions is examined. Finally the emerging

applications for this technology after three decades of development is considered.

The second half of this chapter examines RecA in relation to its application to spatially address
DNA nano architectures. The structure and biological roles of the RecA monomer and its polymer
- the NPF - are examined. Furthermore, the current published literature regarding the non-native
application of RecA is examined within the context of the RecA mediated patterning mechanism

described here.

Finally, methods used to interrogate the RecA homology searching mechanism to date are explored

and used to justify the use of direct imaging approaches with the AFM in this thesis.

Chapter 4

As the AFM is the core instrument used throughout this project a thorough examination of the
underpinning physics of its operation is given in this chapter. A brief history of the development
of AFM is first explored followed by a detailed discussion of the tip sample interactions and

cantilever dynamics.

The proceeding sections go on to define the spatial resolutions, their relation to the force sensitivity
and relevant developments in rapid-force-curve imaging. Moreover, the temporal resolutions of

the HS-AFM are examined and related instrument developments are described.
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Chapter 5

The reader is provided with a detailed overview of the materials and methods utilised throughout
the proceeding chapters, in particular; Polymerase chain reaction (PCR), gel electrophoresis, RecA

mediated patterning and associated restriction enzyme assay.

Chapter 6

In the first experimental chapter, work to statistically assess the intermediates of a typical NPF
interaction with DNA is detailed. Here, a 60 minute reaction window is temporally dissected at
37°C and 22°C' . Moreover, the effect of heterology and NPF size are explored. Finally, how the
reaction landscape is altered due to the presence of a solid-liquid interface is detailed in relation

to the patterning NPFs in constrained and artificial environments.

Chapter 7

This chapter proceeds to describe the development of a sample preparation for orchestrating a
transient surface absorption of dsSDNA molecules. This is described alongside a methodology for
quantifying the translational freedom of DNA molecules, which when taken together enable the
mobility of DNA molecules adhered to a mica surface to be tuned appropriately to accommodate

nucleoprotein interactions.

Further, the utility of this approach is demonstrated using the restriction enzyme, EcoRI as a
proof of principle. Subsequently, initial observations of RecA polymerisation and NPF homology

searching on dsDNA are described.

Chapter 8

In light of limitations imposed by the previous experimental design, the work in this chapter
adopts DNA origami as a reference structure from which positional and orientational information

regarding the observed interactions can be quantified.

The formation of these DNA origami structures is described followed by the significant
observations made therein. The latter part of this chapter describes the collaborative efforts
between the author and the Sugiymama group (Kyoto University, Kyoto, Japan) to further enlarge

the DNA origami reference structure to enhance the experimental setup.
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Chapter 9

The final results chapter explores the application of rapid-force-curve imaging to surpass the
published spatial resolutions on DNA, DNA origami and RecA NPFs. This work provides
important insights regarding unique local structural variations, which ensemble methods are
insensitive to. Furthermore, attempts to apply this imaging methodology to directly observe the

structural manipulation of dsSDNA by NPFs are detailed.

Chapter 10

This final chapter, summarises the results achieved in this thesis laying them in context with the
wider field. The significant implications of the observations made here are explored and future

directions of this work are described.
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Chapter 2

Introduction to DNA and Proteins

Biological molecules are appealing candidates for the development of structural and functional
nanotechnology. First and foremost, nature already successfully forms and operates a multitude
of intricate and complex machines at these length scales.?? Inherent to this is the process of self-

assembly.

This governing phenomena is the implicit result of the constituent molecules carrying all the
required information to form the final structure. As a consequence, the majority of molecules

can spontaneously form and reform their designated geometry without external direction or input.

It is therefore easy to see how this is an appealing concept for the formation of synthetic nanoscale
devices. Of the abundant biological molecules that exist, two immediately present themselves
as ideal candidates for the production of synthetic objects; proteins and nucleic acids - more
specifically DNA.?* Naturally, the former typically forms all the functional machines within a cell

and the latter stores and transmits information through the specificity of its internal interactions.

In this chapter the form and function of these critical biological components - DNA and protein -
is described, setting the context for their exploitation in bionanotechnological applications, such

as the work presented in this thesis.

2.1 Deoxyribonucleic Acid (DNA)

All life depends on the ability to store, translate and transmit genetic information. This can be
described by the central Dogma of Biology which discusses the processing of information from its

storage in the genome - as DNA - through transcription in to RNA and finally its translation into
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functional proteins.

Originally, it was difficult to conceive how DNA might carry the genomic information due to
its apparent chemical simplicity, with only four very similar subunits; called nucleotides. It was
only with the discovery that DNA consisted of two strands that its capability to store and replicate
information was understood. In this section the chemical and functional properties of nucleic acids

are described, starting from the basic subunits; the nucleotide.

2.1.1 Nucleic Acid Chemistry

Nucleotides are constructed from a pentose backbone, a nitrogenous base and up to three

phosphate groups (figure 2.1).

The backbone pentose molecule - a five-carbon sugar ring (figure 2.1, blue box) is essentially the
same amongst all nucleic acids. A subtle change in this sugar backbone is the defining difference
between Ribose nucleic acid (RNA) and DNA; 5-D-ribose and 3-D-2-deoxyribose, respectively.

These two differ due to the loss of a OH group, indicated in red in figure 2.1, blue box. %
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i C C
Base }‘\C/ SN He” SH
NH, LRy | €|
2 NN S BN
N NH, °
Phosphate cl H,C C
o Y S
o—p—o—ch, W TN SN
o@ ) - 1
HocH oH /<I:
k T
B-D-ribose H C\NH/C§°
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Figure 2.1: The chemical structure of nucleic acids. A nucleic acid consists of three major parts, a pentose
backbone (blue), a nitrogenous base (green) and a set of phosphate groups (yellow).(Inset blue box) RNA
(top) and DNA (bottom) differ due to the loss of an hydroxyl group (red). (Inset green box) The structure
of the five different bases; guanine (G), cytosine (C), adenine (A), thymine (T) and uracil (U) are shown in

their respective pairs.

There are five nitrogenous bases found in nature; cytosine (C), thymine (T), adenine (A), guanine

10
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Figure 2.2: The chemical structure of the DNA
backbone.  Nucleic acids link together through
the formation of phosphodiester bonds between the
phosphate group (yellow) of one molecule and the
pentose hydroxyl (blue) group of its neighbour.

The resulting oligonucleotide contains an inherent

polarity with the terminal phosphate and hydroxyl

3 terminus groups at the 5’ and 3’, respectively.

(G) and uracil (U) (figure 2.1, green box). The first 4 bases are utilised in DNA.? In comparison,
RNA utilises U instead of T. The bases are split into two categories based upon the nature of their
carbon rings. Adenine and Guanine are both purines and contain a double ringed structure, in

contrast to the singularly ringed pyrimidines (thymine, uracil and cytosine)(figure 2.1).%3

The final component of a nucleotide is one or more phosphate groups. These are typically bound to
the hydroxyl group, indicated in yellow in figure 2.1. A single phosphate group is found in nucleic
acids, which is used to form the linkage between subsequent nucleotides in a sequence. In contrast,
two and three phosphate groups are found on Adenosine Di (ADP) and Triphosphate (ATP),
respectively. These are one of the most abundant energy currencies within Biology, releasing

large amounts of energy upon removal of a phosphate group.

Nucleotides are linked together through a phosphodiester bond that forms between the 5° and 3’
carbon atoms to form a linear nucleic acid polymer (figure 2.2). Due to the inherent chirality of
the constituent nucleotides, the nucleic acid strand exhibits a polarity, with a 3’ hydroxyl terminus
and a 5’ phosphate terminus. Conventionally, DNA sequences are written 5’ to 3’. As a result, it
is important to note that all the bases are arranged in the same orientation along the length of the

polynucleotide chain.??

In addition, the sugar-phosphate backbone confers a strong negative charge as a result of the
ionisation of the phosphate groups at biological pH, causing a single negative charge to be shared

across the phosphodiester bonds between each deoxyribose sugar, making the overall structure

11
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2.1.2 The Double Helix

It has been known since 1953, that the native structure of DNA contains two nucleic acid strands. 2*
These strands wrap around each other to form the characteristic double helix, as evidenced by the

X-ray diffraction studies conducted by Rosalind Franklin in 1950.

In this conformation the bases are found internally and the sugar backbone of both strands faces
outwards to the surrounding aqueous environment. This allows the bases to undergo hydrogen (H)
bonding with those on the other nucleic acid strand. It is important to note that in order for the
bases in the two nucleic acid strands to align and undergo H bonding the strands run in opposing

directions, giving rise to an anti-parallel DNA duplex.

In principle every nucleotide is capable of H bonding to every other, giving rise to the Hoogsteen
base pairing regime.?’ However, the most energetically favourable complementary base-pairing
regime was first described by Watson-Crick; where Adenine (A) bonds to Thymine (T) and
Guanine (G) bonds to Cytosine (C), forming two and three hydrogen bonds, respectively (figure
2.3).%* The sum of these interactions between two ssDNA oligonucleotide dictates the Melting
temperature (7;,,) of any resultant dsDNA molecule, where the 7}, is defined as the point at which

50% of the duplexes are found to have dissociated.?® As a consequence of this base-pairing regime,

12
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each DNA molecule contains two anti-parallel DNA strands that are exactly complementary to one
another. This allows for built in redundancy as one strand maybe used as a template to reproduce
the other. It is this predictable binding - and hence base sequence - characteristics that enable the

coding of genetic information.

As discussed, the nucleic acid backbone holds a net negative charge in an aqueous environment2°
causing repulsion between neighbouring ssDNA strands — an effect which would prevent the
formation of dsDNA. However, under physiological conditions this repulsive force is quenched
by the interaction of an excess of cationic species and thus allows the two DNA strands to
interact closely enough for base-pairing to occur.? It is therefore important to consider that the
salt concentration has a large impact on the melting temperature (7},,) of dsDNA, in addition
to its base sequence. It is found that a 17°C' decrease in T},, occurs per 10 fold decrease in salt
concentration. 2® Physiological salt concentrations are approximately 0.15M, with Potassium (K*),

Sodium (Na™) and Magnesium (Mg?*) the major biological contributors.?’

_——\ T

Minor groove .
Major groove

wug

1 helical turn /3.4 nm 0.34nm

Figure 2.4: A schematic diagram depicting the helical structure of duplex DNA. The two strands of DNA
wrap around one another, displaced from the central axis of the polymer. This gives rise to the occurrence

of minor and major periodic grooves.

When considering physical properties, the native form of DNA has a helical pitch of approximately
3.4 nm with the separation between each base pair constituting 3.4 A. This constitutes
approximately 10.4 base-pairs per turn and is commonly referred to as B-form DNA. This form of
DNA is found to be the native morphology adopted within a physiological environment, although
it is important to note that other forms do exist, typically transiently within a cell or in vitro. It
has been shown that this B-form has an approximate diameter of 2 nm, with a Hydrogen bond

separation of 2 A for both A-T and G-C base-pairs. 3"

13
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Within the double helical structure, the bases are all stacked within parallel planes due to the
hydrophobicity of their planar faces. This stacking is defined by the interaction of adjacent 7
orbitals and electrostatic interactions between neighbouring bases. Thus the centre of the double

helix excludes water entirely, which increases stability in its native aqueous environment.

Interactions between sequential heterocyclic rings of the bases causes a knock on effect in the
dipole characteristics of neighbouring nucleotides, in this way the stacked bases are stabilised
by the London dispersion force.3! Furthermore, due to the heterocyclic structure and hetero-
sequential nature of nucleic acid bases arranged in DNA, the close interaction energies of charged
planar faces is minimised by offsetting the nucleotide rings from one another, giving rise to the

).31

helical pitch described above (figure 2.4).°" Additional contributions to helical conformation are

instigated by the pucker of the de-oxyribose sugars.

Moreover, due to the energy-minimised structure of B form DNA it has favourable mechanical
characteristics. ~ Most interesting is its rigidity, with an accepted persistence length of
approximately 50 nm when in aqueous solution. Thus DNA is considered a semi-flexible polymer

with respect to the Kratky-Porod worm-like polymer chain model. *?

2.2 Understanding Proteins

Proteins may be considered the most functionally complex and versatile of all biological
molecules, responsible for the majority of catalytic, structural and motor functions in the cell.
As such, they are found to make up the majority of cellular dry mass. The basic subunit of a
protein is the amino acid, which are linked together to form linear polymers known as peptides.
The large diversity of protein function is dictated by the complex three dimensional folding of

these amino acid polymers, across four levels of organisation.

This versatility allows proteins to adopt a huge variety of roles within a cell, such as signal
transducers, cargo carriers, ion channels and pumps, antibodies, toxins, hormones and even

sources of bio-luminescence.

A subset of proteins, called enzymes, make particular use of the three dimensional intricacy of
their surfaces to perform the catalytic function of promoting critical chemical reactions. Such
enzymes enable critical biochemical reactions at a rate suitable for life to occur. In particular, the
interaction of proteins with nucleic acid forms a central set of process in biology. The processing

of DNA is of critical importance to all life, from unwinding and untangling; to replication; to

14
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recombination and maintenance.?? It is the proteins involved with this latter function that are of
interest to bionanotechnology and this project. In the following section, the biochemistry and

organisation of proteins will be described.

2.2.1 Amino Acid Chemistry

There are 20 types of amino acids utilised as the constituent building blocks of proteins in
biological systems.?? The function of the final protein is dictated by its folded structure, which
is in turn dictated by the unique sequence of amino acids. Thus, it is important to discuss the

chemistry of the subunit in order to understand the functional versatility of proteins.

H
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Figure 2.5: The chemical structure of amino acids and peptides. Top The basic chemical structure of
an amino acid is shown. The amino terminus (N), alpha carbon (blue), functional group (R, green) and
carboxyl terminus (C) are indicated. Bottom Amino acids are joined through peptide bonds, releasing
water. The resulting peptide has an inherent polarity due to the asymmetry of its terminal amino and

carboxyl groups. The amino acid functional groups protrude perpendicular to the peptide backbone.

The basic chemical structure of an amino acid can be seen in figure 2.5. Amino acids contain an
integral polarity centred around an « carbon, with an amino group (N terminal) and a carboxyl
group (C terminal) which are both ionised at neutral pH. The molecular mass of an amino acid is
measured in Dalton (Da) which is equivalent to one atomic mass unit (u), such as a single nucleon

or 1gmol~!. The average molecular mass of an amino acid is found to be 110 Da.?? Interestingly
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all amino acids exist as stereo-isomers, L. and D, due to the asymmetry of the « carbon. It is

important to note that all proteins are formed from L-amino acids exclusively.

This charged polarity enables the formation of an amide linkage between the N and C termini of
neighbouring amino acids, known as a peptide bond (figure 2.5). The addition of amino acids
through sequential peptide bonds forms a linear polymer, typically described from the N to C

terminus (left to right) and commonly referred to as a polypeptide.

The differential chemical functionality of amino acids is derived from the side chains that protrude
perpendicular to the polypeptide backbone, denoted by R in figure 2.5. Amino acids are grouped
based on the chemical functionality of their side chains; acidic; basic; uncharged polar; and non-

polar.

The functionality of a protein is known to be a consequence of its polypeptide — referred to as
primary — sequence, with the average length of a protein being 300 amino acids. Since there are
20 possible amino acids, then the possible combinations scale as 20™ for chain length n. In other
words, for the average protein, there are a possible 203%° different polypeptide chains. This is an
immense amount of possible sequence space, that would consume all the atoms in the universe in
order to sample simultaneously. However, of these possibilities only a small fraction are capable
of adopting a stable three dimensional structure, which have been carefully selected for through
evolution based on the efficiency of their function. As will be examined in the following section,
this three dimensional structure is formed from the combination of secondary structural domains

and governs a proteins functionality. >3

2.2.2 Intermolecular Bonds and Secondary Structure

The folding landscape of a polypeptide chain is limited by the possible bond angles available to it.
There are three bonds from each amino acid subunit that contributes to the polypeptide chain. The
peptide bond may be considered as a rigid planar unit, unable to rotate about the carbon - nitrogen
bond and is thus fixed. In contrast, the singular bonds between the amino and carboxyl groups and
the « carbon are very flexible. By convention the dihedral angle of rotations are referred to as psi
(¥) and phi (¢) for the C, — C' and the N — C,, respectively. Due to steric hindrances between
atoms within an amino acid there are only a few pairs of ¢ and ¢ angles permitted, which can be
described by a Ramachandran plot. The permitted bond pairs are shown to fall largely into two
constituent groups, which describe the most common secondary structural motifs; the « helix and

(3 sheet.3?
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Figure 2.6: The formation of protein secondary structure. Protein secondary structure is formed through
the interaction of the amino acid functional groups through; electrostatic attraction (yellow), hydrogen
bond formation (red) and Van der Waals attraction (blue). Additional formation forces come from the

hydrophobic exclusion of the surrounding aqueous media.

The folding of a nascent protein chain is guided by many weak non-covalent bonds that
form between the side chains and the polypeptide backbone. These include; hydrogen bonds;
electrostatic attractions; and Van der Waals attractions which can be up to 120 times weaker than
a covalent bond. Despite this, the sum of all the weak interactions allows the formation of stable

structural domains (figure 2.6).3423

Additional stability occurs as a consequence of the hydrophobic effect, where the non-polar side
chains are forced together in an aqueous environment. This occurs in order to reduce the disruption
of the hydrogen bonding network of the surrounding water. As a result the non-polar residues
have a tendency to be buried within the folded protein structure and the polar groups exist on
the outer surface, exposed to the aqueous environment. Thus the distribution of the polar and
non-polar amino acids is of critical importance to the stabilisation of the secondary domains. As
a consequence it can be considered that the final folded structure of a protein represents its free

energy minima.3%23

Proteins increase in geometrical complexity through the formation of independent structural
domains, known as secondary structure. Although the folding pattern of each protein is unique,
there are two commonly repeated domains; the « helix and the (3 sheet (figure 2.7).3> The
prevalence of these structures is in part due to the permitted pairs of ¢ and v angles and the H

bonding between the N—— H and C=—=0 of the polypeptide backbone.

[ sheets (figure 2.7) can exist in parallel - with chains running in the same direction - and anti-
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parallel - with chains that fold back upon themselves, running in alternating directions. Both types
of 3 sheets are found to be very rigid, due to the large number of hydrogen bonds that cross link
the neighbouring polypeptide chains perpendicular to the peptide bonds. As a consequence of its

structural integrity, this motif is commonly found at the core of many proteins. 3>

a helices (figure 2.7) are again formed

from hydrogen bonding between the C=——=0

a helix 3 sheet

and N——H in neighbouring amino acids.

‘ ‘ These form within a single polypeptide chain

‘ which twists around itself to form a right

i’ 17/5 handed helix containing 3.6 amino acids per

\ \“ turn. Typically this results in the exposure
Hydrogen

bonds g Ji of the hydrophilic polypeptide backbone,

shielding hydrophobic residues within the

\“ core. Alternatively, where hydrophobic non-

ﬂ JJ polar residues are exposed upon the external

surface of the « helix, these peptides typically

reside within the hydrophobic environment of
Figure 2.7: A schematic representation of o helix 3 a lipid membrane. Where these hydrophobic

sheet structure. These common secondary structures (non-polar) side chains exist uniformly on the

form due to specific hydrogen bonding (red). The same side, such that they rise parallel along

direction of the peptide chains traversing the structure . . . .

the polypeptide axis, then multiple helices -
is indicated.

typically two - are able to twist around one and
other in order to shield the hydrophobic residues within. This structure is known as a coiled-coil,

which is found in many elongated rod-like proteins. 3323

2.2.3 Tertiary and Quaternary Organisation

The final functional state of a protein is orchestrated by the association of multiple secondary
structures to form a tertiary structure. This level of organisation maybe considered the final

structure in many cases.

Within this tertiary level, structural and evolutionary studies have demonstrated the importance
of separate modular subunits or domains that are responsible for the individual process of an

overall protein function. For example, in the case of the restriction enzymes, one domain will be
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responsible for sequence recognition and another domain is responsible for cleavage of the nucleic

acid backbone.?3

These subunits consist of small regions of polypeptide chains including « helices and 5 sheets, up
to 350 amino acids in length (depending upon the overall protein size). Evidence from structural
studies demonstrates that the polypeptide chain entirely forms one domain prior to crossing into
and folding the next domain.3® Domains are often conserved throughout evolution, resulting in

the classification of protein families.

In the same way that small regions of a single polypeptide chain can form discrete functional
domains, fully folded proteins are capable of interacting to form complex functional structures.

This arrangement is described as a proteins quaternary structure (figure 2.8).

The same non-covalent bonds, described earlier (section 2.2.2), are responsible for the formation
of tertiary (through intra-molecular bonding) and quaternary (through inter-molecular bonding)
structure. Where this occurs between identical proteins forming a symmetric complex, this is
known as a dimer and the constituents are referred to as protein subunits (figure 2.8). The
formation of quaternary protein complexes is not restricted to identical proteins, but may exist
as multi-subunits.?® For example; Haemoglobin, consists of two a-globin and two (-globin in a

large symmetrical ring arrangement. >’

Primary structure Tertiary structure
a helix

______

Quaternary structure

H bonds

a helix B sheet

Figure 2.8: A summary of protein structure hierarchy. Protein structure is formed from the hierarchical

folding of peptide sequences to form functional domains and structures (left to right).
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2.2.4 Conclusions

This chapter has examined the structure and function of DNA and proteins, from their constituent

chemistry to their functional conformations and how these relate to their native functions.

As described, both molecules are formed from the linear polymerisation of monomeric subunits,
the sequence of which dictates further hierarchical assembly. Natively, this results in a linear
duplex polymer for DNA. However, in proteins this sequence results in a three dimensional folding

due to the cumulative effect of many intra-molecular forces, forming a functional unit.

Furthermore, proteins are not restricted to a rigid conformation. They commonly have regions
of conformational flexibility that are linked to the orchestration of specific chemical events.
Typically, these are found to be robust even in non-native environments. As such many
proteins have been shown to be able to catalyse specific reactions ex vivo which has enabled
the development of many biochemical assays and tools for the manipulation of DNA in molecular

biology.

The adoption of a host of enzymes has given biologists a toolbox with which DNA can be cut,
copied and pasted - using restriction enzymes, DNA polymerase and DNA ligase, respectively -
to create de novo genetic arrangements. Furthermore, given the detailed understanding of how
protein structure relates to function, it has been possible to add or remove specific protein domains

to provide further or more specific functions compared to their native counterparts.

From this chapter, it is clear that a deep understanding of the intrinsic properties of biomolecules
is critical in guiding how they may be harnessed for artificial applications. In the next chapter,
how the sequence structure of DNA can be simply manipulated to form novel artificial structures
and functional devices is introduced. In addition, further hierarchical assembly on DNA structures

is explored through the exploitation of recombination enzymes, specifically RecA.
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Literature Review

In this chapter the extant literature regarding the development of DNA nanotechnology, its
emerging applications and the potential use of RecA for spatially addressing these structures to
provide heterogeneous assemblies is examined. In the first instance, the theory underlying the use
of DNA as a construction material and the development of DNA nanotechnology is discussed.
This section identifies the principles that govern the structure of DNA and how manipulation of
these factors can lend themselves to the use of DNA as a robust construction material. Following
this, key developments in the field are highlighted, including the development of woven motifs,
the inception of scaffolded origami methodologies and the use of ssDNA “brick” systems are
examined. Finally a discussion of the arising applications for DNA-organised systems, including
nano photonic and electronic systems, platforms for studying biological molecules and emerging

medicinal devices is presented.

In the second half of this chapter the homologous recombination protein, RecA, is reviewed
in relation to its use for spatially addressing DNA nano-architectures. In order to do this, the
current understanding of the structure of the RecA protein and its polymer is first described.
Subsequently the homologous recombination function of RecA is examined, from the formation of
the active nucleoprotein filament, the alignment of sequence homology and final strand exchange.
This is followed by a description of the extant examples of the use of RecA in nanotechnology

applications.

In the latter part of this chapter, the current understanding of the homology searching mechanisms
of RecA are explored with relation to the methods of study. This is used to demonstrate the
sometimes conflicting observations that arise from the ensemble or indirect approaches used to

date. A contrast is, therefore, drawn between the approaches adopted by others and the direct
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single molecule approach undertaken in this thesis. With respect to this, the applicability of the
AFM - in particular the realisation of high speed AFM - is highlighted with examples of previously

studied biomolecules, in order to justify its selection for this study.

3.1 DNA Nanotechnology as a Template for Bottom-up Hierarchical
Assembly Regimes

The concept of structural DNA nanotechnology (SDN) was first envisaged by Nadrian Seeman
in 1980, as a method for creating periodic arrays within which proteins could be hosted in
specific orientations for crystallographic studies. Seeman’s original inspiration was the M.C.
Escher woodcut “Depth”, which he postulated resembled a set of branched DNA junctions. He
went on to establish a base set of branched junctions and further constructed a 3D cube from the

complex interweave of several DNA strands as a proof of principle (figure 3.1 D).!

This inspired vision of utilising DNA as a material for the rational design of self-assembling
nanostructures spawned the entire field of DNA nanotechnology. This field has advanced rapidly
over the proceeding 30 years, to include a vast array of structural, functional and computational

systems produced from DNA.

Underpinning this concept is the assembly of immobile branched junctions joined through the use
of sticky end cohesions, enabling the growth of structures in multiple dimensions through iterative
addition of junction units.3® With respect to this, it becomes apparent that we must first discuss

DNA from a material perspective in order to examine its exploitation for construction.

3.1.1 DNA as a Structural Element

DNA has been found to be an ideal biomolecule for the construction of nano-architectures due to
its: abundance and availability; chemical addressability; robust and predictable helical geometry;

and the specificity of the interactions through which it self-assembles.

In nature, DNA is the carrier of genetic information, based upon the specificity of the Watson-Crick
base pairing regime,?* as described in section 2.1. In principle, structural DNA nanotechnology
utilises the fidelity of this molecular recognition to design the specific interaction geometry of

individual DNA strands in order to form artificial structures. 138
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Figure 3.1: A set of schematic diagrams depicting the structure of four arm DNA branched junctions.
A four way junction formed from four partially complementary oligonucleotides with asymmetric sequence
structure eliminating branch migration. Shown schematically (A) and as structural ribbon model (B).
Branched junctions can be sequentially joined to create periodic 2D lattices (C). The same principles enable
a cube to be created from six interwoven oligonucleotides (D). (B) Generated using Chimera from PDB file:

3CRX. (D) Adapted from Seeman et al.’

Although other base pairing paradigms exist (see section 2.1) which potentially open up the
structural coding capacity of DNA further, the use of such would directly undermine the specificity
of DNA hybridisation that thus far is the critical credential of nucleic acids as a construction
material. Thus sequence designs are limited to the canonical AT and GC base pairing, with
the differences in thermodynamic stability of the 2 and 3 bonded bases, respectively, a critical

parameter in sequence determination. -3

The basic unit of any DNA architecture is the branched junction, which is formed at the
intersection of two non-canonical linear DNA duplexes, immediately expanding the structure
in multiple dimensions. Here, we can imagine four strands of partially complementary single
stranded DNA, such that half of every strand is complementary to half of another. Thus, the
pairing of all complementary partners creates four individual duplexes linked at a single branch

point (figure 3.1 A).
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ATGGCTAGTTGCATGATGCTCACG CACGGCGTTAGGTGATACCGTACTA
TACCGATCAACGTACTACGAGTGCGTGC :: CGCAAYCCACTATGGCATGAT

Figure 3.2: A schematic diagram depicting the

hybridisation of DNA overhangs to form a single

ATGGCTAGTTGCATGATGCTCACGCACGGCGTTAGGTGATACCGTACTA
TACCGATCAACGTACTACGAGTGCGTIGCCGCAAYCCACTATGGCATGAT
Structure.

In nature these appear in the form of transient branched structures known as a Holliday junctions
which are found as the intermediates of DNA recombination events (figure 3.1 B).394041
These structures are resolved enzymatically through the migration of the branch point along

symmetrically sequenced arms, forming two separate DNA duplexes.*1>

Structural DNA nanotechnology adapts these structures by removing the sequence symmetry
around the branch point and hence ceasing the migration of the joint (figure 3.1 A). Natively,
Holliday junctions exist as four way junctions, however this can be expanded to in excess of twelve
arms for nanotechnology purposes. In practice, increasing branch complexity is difficult to achieve
due to limitations in the available unique sequence, given an alphabet of only 4 nucleotides.
However the introduction of a 4 arm branch remains energetically favourable compared to that

of the four separate ssDNA constituents free in solution — at approximately + 1.1 kcal mol~! .4

It is important to consider that due to natural fluctuations within the environment, all DNA
structures “breathe” with the H bond distance fluctuating around 2A. This is particularly acute
at branch points between multiple DNA strands - where the base-pairing interactions are typically
most stressed - and as a consequence may lead to the dissociation of the structure. To counter
this, vulnerable regions are typically strengthened through the inclusion of GC sequence repeats,

known to confer the highest 7}, (section 2.1.2) (figure 3.1 A).3026

The further expansion of junctions to form higher order structures is dependant upon the
complementarity of terminal single stranded regions known as “sticky ends” (figure 3.1 C).%°
These elements arise in nature following the action of restriction enzymes, allowing for the cut and
paste mechanisms common within molecular biology. Where sequence complementarity exists,
hybridisation is able to occur regardless of whether it exist within the same canonical species,

resulting in a continuation of the helical geometry (figure 3.2).

The predictability of this geometry allows for very precise control over the orientation of
subsequent attachments 3" without the need to continually asses the relative positions of species at
each step of construction. It is important to consider that the 7T;,, of such interconnections must be
higher than the individual species that make up the subunit itself, thus inferring global stability as

the structure grows.
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3.1.2 Development of Motif Structure

Building on this, a host of two and three dimensional lattice structures based on a small set of
arrayed junctions, were demonstrated. 43:44:43:46:47.48.49.50 1y contrast, at the same time and utilising

the same concepts, multiple discrete polyhedral constructions were demonstrated. 3!-72-33,34.35,36.57

Of particular note, the work by He et al,
demonstrated the development of large

supramolecular polyhedra.?

Fascinatingly
in this example, only three DNA species
were used to produce a three point star motif
that was utilised to form a large range of
polyhedra by varying the concentration
of the final DNA motif available for
subsequent assembly.”> The structures
formed, ranged from a basic tetrahedron to a

Bucky ball (Buckminsterfullerene), at a DNA

concentration of 500 nM. The curvature of

such structures was created due to the clever
design of the helical twist, separating the joint Figure 3.3: A schematic diagrams depicting the
by incomplete helical turns, inferring global —Structure of a double crossover (DX) and double

curvature. Where the curvature is accumulated €"0550Ve” Junction (DX+J). Different DNA species are

indicated by colour. Reproduced from Seeman et al.*$

on the same face of the structure construction
in three dimensions is favoured. Principally it
was noted that working at nano-molar concentrations favours discrete 3D formations compared to
micro-molar concentrations favouring large 2D lattice structures.® Indeed this approach has later

been applied to construct tubular structures for templating nanowires. >8

Central to achieving this eruption of successful structures, was the development of a set of core
structural motifs. These were designed to overcome the poor mechanical rigidity of dsDNA over

long length-scales 2.1.2), which is described as a semi-flexible polymer.3?

This is an important consideration, as critically it lacks the robustness required to form rigid
lattices in two dimensions and certainly was found to cause problems when considering three-

dimensional structures.

Work by Winfree et al combated this problem by weaving parallel DNA duplexes together

25



Chapter 3. Literature Review

increasing global rigidity by limiting the gyration of the molecules about one and other. This
approach is analogous to the braiding of rope.****-° In its simplest form, a double crossover
(DX) motif can be constructed from two parallel DNA duplexes (figure 3.3). Here, each strand
contributes to either DNA molecule, associating the two duplexes together at the exchange points.
A robust DX motif is created where two crossovers occur separated along the helical axis between
two parallel duplexes (figure 3.3). This can be further extended to include a third DNA duplex
in parallel to create a TX motif or set perpendicular to create a junction or DX + J motif. It is
interesting to note that although crossovers can be carried out between strands of both polarities,

exchanges between strands of opposing polarities — i.e. where the ssDNA molecule reverses

8

direction at the crossover — confer the most predictable topologies. >

Figure 3.4: DNA nanostructure motifs and their associated 2D arrays and 3D crystal. (Top) schematic

helical arrangements and (bottom) AFM images of assembled 2D arrays and 3D crystal. Adapted from

Zhang et al. %

At this point, a distinction must be made between the original junction based arrays and the latter
crossover based arrays (figure 3.4). It can be considered that by weaving multiple DNA strands
together with multiple crossovers — e.g. double (DX) or triple (TX) — that small discrete units or
“tiles” are created. Thus, these small tiles can then be tessellated and assembled together using

short connecting species (figure 3.4, left). %!

Further adaptation of these motifs was achieved by incorporating them within junctions, such
as the three armed junctions created by Ding et al.®> This DX triangle motif was created by
combining a double crossover (DX) motif with a bulged triangle design, in order to overcome

the flexibility of previous triangular junctures.

By arranging the three sets of parallel strands overlapping one another around the circumference
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of the junction, a tensegrity triangle design was created. This has been shown to be one of the
most robust motifs created to date, enabling the development of up to macroscale polyhexagonal

lattices. 6263

It is important to note that not only is the triangular junction itself very robust, but
through the inclusion of DX motifs in all three arms, neighbouring junctions are joined through
parallel sticky ends strengthening these traditionally flexible regions and preventing any flexing
out from the growth plane. 3D lattices built with these tensegrity triangle unit cells have brought

Seeman’s original vision of orientated crystallography leaps and bounds closer. %!

3.1.3 DNA Origami

In contrast to hierarchical motif construction, seminal work by Paul Rothemund changed the
landscape for structural DNA nanotechnology, through the introduction of DNA origami.? This
method directs the folding of a large ssSDNA “scaffold” - typically a viral genome - in to a desired
shape using short ssDNA oligonucleotides “staples” to pin distant regions together (figure 3.5A -
E).

The use of an underlying scaffold strand circumnavigates the stoichiometric and purification
problems associated with construction from many short species and allowed for near-quantitative

yields of 2D tiles. ®°

To demonstrate this concept, Rothemund folded M13 viral DNA into a multitude of intricate
shapes, including a “smiley face” which can be seen in figure 3.5 C - E.? Furthermore, in this
seminal work Rothemund already eluded towards three dimensional construction (figure 3.5 G)
and expansion of geometry via the tessellation of tiles (figure 3.5 H). This work suggested the
notion of DNA origami tiles as molecular pin boards upon which protruding DNA loops could be
incorporated, thus using a height difference to creating effective “pixels”. Demonstration of this

can be seen in figure 3.5 G where Rothemund wrote the letters “D”, “N” and “A” on a tile.>

Despite the different approaches taken by Rothemund and Seeman - a comparison of which
is given in figure 3.6 - they both inherently rely on the interconnection of multiple DNA
duplexes through branched junctions. Indeed, the woven strength of DNA origami comes as a
result of the incorporation of double crossovers between adjacent DNA duplexes throughout the
structure (figure 3.5 F). Note that in origami designs, both the scaffold and the staple strands
can contribute crossovers and individual staples can be involved in crossovers between multiple

duplexes sequentially, depending on length, 246

This methodology was immediately adopted by other groups and quickly expanded into 3D,
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Figure 3.5: An overview of the DNA origami method. (A) A large single stranded “scaffold” DNA
molecule is mixed with a large number of short single stranded “staple” oligonucleotides. (B) Staples
are partially complementary to distal regions of the scaffold, bring these regions together upon binding.
Arbitrary patterns can be folded with high efficiency, such as a smiley face; shown schematically (C) and
in AFM images (D) & (E). (F) The modelled internal weave of DNA strands within a folded origami
structure is depicted schematically. The scaffold strand is shown in grey traversing horizontally through the
structure. The staple strands are shown in a multitude of colours contributing to multiple DNA duplexes as
they traverse vertically through the structure. Examples of 3D pin boards (G) and 2D arrays (H) of origami
are depicted. Adapted from Rothemund. %
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Figure 3.6: A size comparison of DNA nanotechnology types. A schematic diagram comparing the relative
sizes of junction based polyhedra and lattice structures (Left) with scaffolded origami structures (middle).
For comparison, the sizes of a Ribosome and the state of the art micro-machining are depicted (right).

Adapted from Rothemund.?

through either the consecutive layering of sheets creating close-packing pseudo-solid objects,
or the joining of vertices to create intentionally hollow shapes with each face produced from a 2D

origami tile,67:68:69

Meanwhile, other groups examined the growth of 2D tile networks by: scaffolded templating

I or specific base pairing (akin to

individual tiles;’® base stacking at the termini of the helices;’
earlier DNA nanotechnology junction work).% Contrasting work has examined the expansion of
origami tiles themselves, through the use of longer scaffold strands, with up to 51 kbp sequences

demonstrated by Marchi et al.”?

Considering 3D close-packed objects, DNA helices can be assembled together into either a
square’® or hexagonal lattice structure (figure 3.7).°0 This choice of packing lattice directly relates
to the spacing of cross over points along the helical direction. With regards to the hexagonal
lattice, crossovers spaced every 7 bp gives a rotation of connection points by 240° connecting the
3 neighbouring strands successively along the duplex. In this way, any particular pair of duplexes
is connected twice - a double crossover - every 21 bp (figure 3.7). This approach follows the B-
form helical pitch throughout the entire woven structure, but results in a porous weave of parallel

helices.

In contrast, by weaving DNA in to a square lattice, each duplex connects to 4 neighbours, requiring

the crossover positions to be placed every 8 bp by partially relaxing the helical pitch from 10.5 bp
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Figure 3.7: Origami packing geometries and induction of curvature.(Top) DNA duplexes are packed onto
either a square (left) or hexagonal (right) lattice. (Bottom) Global curvature can be induced into the
structure by offsetting the crossover points between adjacent DNA duplexes (orange & blue). This enables

construction of curved structures, such as gears. Adapted from Castro et al®

to 10.67 bp per turn. % This inevitably adds a degree of global strain or twist throughout the planes
of DNA duplexes, but results in a far closer packing of parallel strands - which is important when

considering some of the applications explored later (section 3.1.4).

Moreover, the density and positioning of crossovers is crucial to dictating the global twist and
curvature of the finalised design, where subtle deviations from the desired crossover positioning
can cause intentional under-twist, over-twist or axial strain.’*75-%5 When considering Rothemunds
original single layer tiles produced with crossovers spaced a standard 16 bp apart between each
pair of duplexes, these undoubtedly contain a global curvature in solution. However, this is largely
neutralised through electrostatic binding to a support surface, such as those used for microscopy

observations. 02

In addition to the flurry of structures produced with DNA origami method, other groups have
expanded the horizons further, through reductive folding approaches, attempting to either remove

the scaffold or staples.

Work by Geary et al has expanded the origami approach to RNA, which due to its more flexible
backbone, demonstrates motifs unavailable to DNA, such as the “kissing loop”. This system was
designed to be a single long RNA molecule, akin to a biological mRNA (messenger RNA) that

contained self complementarity. Thus, RNA tiles were designed to fold in the absence of additional

30



Chapter 3. Literature Review

NS ISATNISeT

Figure 3.8: A Summary of origami of 2D and 3D origami structures demonstrated to date. (Top)
schematic diagrams depicting the routing of the scaffold strand. (Bottom) AFM (smiley face only) and

TEM images depicting the described structures. Adapted from Zhang et al®

staple strands and hence, this technique is termed “single stranded origami”.”®

This system was based upon the known intricate RNA secondary structures found throughout
biology, all of which are produced through transcription from a DNA template. Amazingly,
Geary and co-workers were able to replicate this process in vitro, folding their RNA tiles co-

transcriptionally as they were produced from a synthetic plasmid using a RNA polymerase. ¢

An alternative approach was demonstrated by Yin et al, where a set of interlocking ssDNA
sequences that form localised connections with one another were developed. These so-called
“bricks” contain 4 domains which are complementary to 4 different bricks and are designed to
create 2D or 3D canvases, in the absence of a scaffold strand. From this blank canvas, the desired
design is “engraved” by selectively omitting or including specific bricks in a one pot folding
process. This approach is inherently automatable, with each “brick” representing a pixel (in 2D)
or a voxel (in 3D), a pipetting robot can easily be programmed to include only the necessary
components for a particular design. Hence, Yin and co-workers rapidly demonstrated a vast
number of different designs in a very short time - including a full 26 letter alphabet - highlighting

the versatility of the approach’”78.7

More recent developments have focussed upon merging the scaffold driven origami approaches
with the earlier junction based polyhedra methods to develop novel routing algorithms for wire-
framed structures. These approaches have enabled the researchers to generate novel, non-
symmetrical and arbitrary wire-frame structures that would be incredibly difficult via previous

methods, thus further expanding the versatility of DNA nanotechnology (figure 3.9).80:81:82.83
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3.1.4 DNA Nanotechnology Applications

As with anything youthful, the first stages of

development are involved with investigating

the abilities and pushing the limits. However,
as time passes DNA nanotechnology must

inevitably begin establishing its practical

approach and applications. ®

The power of DNA nanotechnology in real-

world application is the accurate spatial and

heterogeneous templating of external elements
to form practical devices including: circuits;
actuators; and sensors at the nanoscale.® Not
only can final devices be templated using
these methods, but they allow experimental
platforms upon which specific properties of a

material can be investigated. %

For example, the arrangement of metallic

nanoparticles, quantum dots3>-86.87.88,89.90

and organic chromophores®" have all been

shown — enabling investigation into the

spatial dependencies of these photonic

92.93.94 Figure 3.9: Scaffold routed DNA wire-frames. Three

elements. The ability to accurately

example designs, a waving stick man, a bottle and the

control the spatial arrangements of such
Stanford bunny are demonstrated. In columns (top

lements 1 n h nabl L , L
clements is seen as a pathway to enmable bottom); the initial wire-frame design, algorithmic

the  development  of  phototransistors, scaffold route and cryo-electon microscopy images.

optoelectronic devices, new generations All scale bars = 50 nm. Adapted from Benson et al.*°
of solar cells, laser diodes and light emitting

diodes (figure 3.10).%0

One such example is the work by Liedl and co-
workers, which demonstrated a staircase arrangement of gold nanoparticles templated around the
circumference of a DNA nanotube. This arrangement enabled the specific tailoring of the surface

).87

plasmon resonance of these structures (figure 3.10).°’ Related work by Dutta et al, demonstrated a
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similar arrangement of organic chromophores in order to direct a cascading energy transfer through
an artificial light harvesting complex.®! Alternatively, origami templates have been developed
as lithography masks, in attempts to extend the reach of more traditional top-down construction

approaches by combining them with bottom-up assemblies. ?>-76-97:98

Thus far this text has described the spatial arrangement of components using DNA templates.
However, it is necessary to consider that any practical application requires tight control over
the orientation, spatial distribution and interconnection of individual DNA-organised devices
themselves. This has been a difficult problem to tackle, as DNA nanostructures are formed and
typically functionalised in solution. As a result, deposition onto solid surfaces often results in
randomised arrangements and orientations. This poses problems for characterisation as large
areas must be mapped to find correctly deposited devices.®> Furthermore, applications such as
nanoelectronics that require the structures to be externally addressed or nanophotonics where
specific spatial arrangements of nanodevices are required are hence drastically limited by current

surface arrangement methodologies - or lack there of.3

500 600
Wavelength (nm)

Figure 3.10: Representative examples of DNA-organised inorganic nano-particles. (Top) Schematics
depicting the DNA organisation of inorganic nano-particles, shown alongside corresponding AFM or TEM

images. Adapted from Zhang et al. %

In response to this, several efforts have been made to template the surface arrangement of DNA

100,101,102,103 t 104

based devices through chemical,®® lithographic and topographic confinemen
Of particular note is the work by Gopinath and Rothemund?, who built upon the lithographic
placement methodology of Kershner et al. % Here, binding sites of identical shape to the origami
intended for deposition were lithographically patterned through a passivated layer onto SiOg
surfaces. O9 plasma etching created silanols which ionise at the deposition pH to give a negatively

charged binding site. Deposition of the origami causes preferential binding and alignment into

these designed wells through the divalent cation bridging of the negative DNA backbone to the
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silanols mediated by Mg?* (figure 3.11).3 The introduction of amine groups on the inner edge
of the origami triangle, enabled the subsequent covalent coupling of the origami to the surface,
locking the arrangements in place. This then enables the surface origami arrays to be exposed to

non-native chemical environments for downstream processing or additional functionalisation.3

Figure 3.11: Surface organised DNA Origami tile arrays. (A) A SiOy surface is plasma etched through
a passivation layer, patterning triangular regions of negatively terminated silonls. (B) DNA origami in
Mg?Tis deposited and arranges preferentially into the lithographically patterned binding sites (C). An AFM
image depicting an exemplar surface array produced with this method. Scale bars = 400 nm. Adapted from

Gopinath et al.’

Alternatively, with respect to biological applications, DNA scaffolds have been used to organise
proteins for both study and device formation. !9 The Tuberfield group arranged proteins attached
to periodic 2D tile arrays, enabling study of their structure through cryo-EM. % Similarly, work
by Shih et al, isolated proteins within DNA nanotubes allowing the structural study of previously
uncharacterised membrane proteins using nuclear magnetic resonance imaging (NMR).'%7 Both
of these examples approach Seeman’s original vision of DNA nanotechnology as a host network

for protein crystallography. !

DNA and RNA templates have also been used to confine multiple proteins in specific orientations

and geometries in order to study metabolic processes,®” signalling cascades, 198:109:106,110.111,112

113,114,115 116

the spatial dependencies of motor proteins, single molecule force sensing platforms,

117,118,119

biosensing assays and the observation of single molecule DNA or protein-DNA

interaction events. 120,121,122,123,124,125,126,127,128

In addition to the study of biological molecules, unique applications of DNA origami in medicine
are being demonstrated, in particular as targeted local delivery systems or devices for triggering
cellular signalling cascades.®*!?° For example, the last decade has seen the development of

DNA-organised systems for the delivery of: the anticancer drug doxorubicin (DOX); 130:131,132.133
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Figure 3.12: Representative examples of DNA-organised proteins. (Top) Schematics depicting the DNA

organisation of proteins, shown alongside corresponding AFM images. Adapted from Zhang et al. %

136,137,138

small interfering RNA (siRNA) 134135 and targeted immuno-stimulation; , in addition to

a multitude of nanocontainers with controllable opening, ®3-:67-13%:140 {5 name but a few.

In all these applications, DNA structures are utilised as templates on which additional functionality
is arranged. This is easy to orchestrate for repetitive and homogeneous arrangements. An example
of this can be seen in figure 3.12, where junction binding proteins are consistently attached
throughout a structural DNA lattice. However, arrays of this nature offer limited functionality

due to their uniformity.

In contrast, true functionality is derived from the heterogeneous arrangement of components
which infer spatial asymmetry, polarity or directionality. This can be orchestrated directly through
the inclusion of uniquely functionalised ssDNA staples or indirectly through the introduction of

different DNA binding proteins which themselves are chemically functionalised.

These methods are, however, relatively inflexible where the number of uniquely addressable
binding sites would be typically very low for any given sequence. Further, any change in desired
functionality would require the re-design of the entire tile assembly, making these approaches

rather costly.

An alternative approach being developed in the Bioelectronics group, is to harness the properties
of homologous recombination enzymes - specifically RecA (see chapter 1) - which are able to
seek out and pair DNA sequences which share homology. Hence, a standardised DNA tile could

be used which would be repeatedly addressable at any unique site at any point using RecA - given
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the known sequence woven throughout the structure. As this approach negates the need to pre-
design binding sites or chemical functionality into the underlying DNA structure it is inherently

flexible, scalable and crucially economical.*>%

3.2 RecA Mediated Homologous Recombination

The process of homologous recombination - which exchanges identical or very similar DNA
strands - is critical in maintaining genomic integrity, overcoming DNA lesions, rescuing DNA
replication failures and affecting genetic diversity during meiosis. 1417142 Consequently, it allows
genetic recovery from detrimental pathways that could otherwise elicit deleterious cell activity and

induce carcinogenesis. 143

()
RecA ) + /\/\ ssDNA
C

Nucleoprotein m +
filament

dsDNA

Figure 3.13: A schematic diagram depicting an overview of the RecA mediated homologous
recombination system. RecA monomers polymerised upon ssDNA forming a nucleoprotein filament. This
filament is able to seek out a region of sequence homology between the encapsulated ssDNA and a dsDNA

template, forming a triple stranded complex.

Central to this process is an ATP-mediated DNA strand exchange orchestrated by ubiquitous
DNA recombinase proteins - RadA in archaea, Rad51 in eukaryotes and the most widely studied
homologue - RecA in bacteria. 144143146 A5 previously mentioned, RecA is the focus of this work,
however, the discussion applies across all of its homologues. Furthermore, it is worth noting
that there are further proteins which act at the beginning and end to activate and terminate the

recombination pathway, respectively.

However within the context of this thesis only RecA is examined as it is capable of orchestrating

homologous recombination in isolation. Central to this process is RecA’s ability to mediate the
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formation of triple stranded DNA intermediates between portions of ssDNA and dsDNA that
share sequence homology, which is what makes this process of interest for bionanotechnology

application. This process is shown schematically in figure 3.13.

Broadly speaking, RecA polymerises upon ssDNA in the presence of Mg?Tand a nucleoside
cofactor - typically ATP - to form a nucleoprotein filament (NPF). This NPF subsequently probes
a dsDNA molecule - genomic DNA in the context of a cell - for regions of sequence homology,
forming a triple stranded DNA intermediate where homology is located (figure 3.13). At this
point a strand exchange takes place, replacing one strand of the dsDNA with the encapsulated
homologous ssDNA - creating a new heteroduplex. The exchange is finalised with the NPF
complex dissociating as ATP is hydrolysed. This process will be described in more detail in

the following sections.

To date, RecA and its homologues are known to have two additional functions in a cellular
environment; 47141 the regulation and induction of the SOS DNA repair pathway and the
recombination of undamaged DNA during SOS mutagenesis. Although of critical importance
in living cells, neither of these functions are useful for bionanotechnological application and are

therefore considered beyond the scope of this thesis.

The following sections explore the structure and related functions of RecA in detail. This
information is crucial when looking to harness the homologous pairing functions of RecA
for spatially addressing DNA structures. Moreover, previous non-native applications of RecA
are presented in justification of the methodology under development in the Bioelectronics
group. Finally, a detailed examination of the approaches utilised to date to derive the current
understanding of the RecA mediated homologous recombination mechanism is given, setting the

scene for the investigations carried out in this thesis.

3.2.1 Recombinase A Structure

RecA is formed from the complex folding of 352 amino acids with a total calculated molecular
weight of 37.842 kDa and an isoelectric point of between 5.0 - 5.6.14% The tertiary structure
of RecA consists of three distinct domains, which in turn lend themselves directly to specific
functions; the large central - involved in DNA binding, the C (carboxy) and the N (amino) terminal
domains. 4*!8 The latter domain, is known to be of critical importance in monomer-monomer
association during the filament polymerisation.!® In contrast, the strongly negative C-terminal

domain is shown to play a crucial role in modulating both duplex DNA binding and inter-filament
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interactions. °% A detailed discussion of each domain is given below. Figure 3.14 depicts the
structure of the RecA protein generated from PDB entry “2REB”, as reported by Story et al, '8

with the domains and secondary structure clearly highlighted.

The large central domain extends from residue 34 - 269 which are woven into 8 «a-helices
surrounded by 8 /3-sheets.'®!13! Within this, there are two distinct but disordered binding loops
presented on the inner surface; L-1 and L-2 which have traditionally assumed to bind ssDNA
and dsDNA, respectively.!® Due to the distinction of two binding domains, RecA is able to
accommodate ssDNA and dsDNA simultaneously, which explains how it is able to mediate
the formation of a triple DNA strand intermediate - central to the homologous recombination

152

mechanism. >~ The two binding loops are shown in figure 3.14.

Due to the non-ordered and irregular nature of these loops they present a low electron density
within the crystal and are therefore difficult to reconstruct. Therefore, their position is given as
dashed lines connecting the flanking alpha helices in the solved crystal structure (figure 3.14). The
relation of these reported structures to their functions has been confirmed by mutation studies,

such as those conducted by Nastri et al >3 and Hortnagel et al. 134

Interestingly, it is found that these putative binding loops - in addition to the flanking a-helix G
of the central domain - are the most highly conserved regions of the RecA monomer across 16
different bacterial species, with 10 of the 23 disordered loop amino acids shown to be invariant
across these species. !> This inevitably supports the conclusion that it is these regions which bind

DNA within the RecA monomer, a process critical to its function.

Indeed, this has been further verified experimentally through photocross-linking of the DNA
species to their respective binding sites ¢ and that binding can be inhibited by competition with

157

a 20 amino acid peptide consisting of the L2 sequence. >’ However the most concrete evidence

comes from point mutation studies conducted across both binding loops, which has led to the
identification of the most important DNA binding residues. These are shown to be; Glycine(mo),

Glycine(157) and Arginine(169) in L1 and Glycine(204), Glutamate(2°7) and Glycine(211) in L2.1%

Interestingly these disordered regions are found to transition to a pseudo a-helical structure upon
DNA binding. '8 Moreover, the extent of a-helical structure formation is directly correlated with
the presence of homologous DNA pairing compared to that of heterologous pairing. Thus the
induced transition of disordered to structured binding loops maybe the mechanism by which RecA
decides to transition from a synaptic to a post-synaptic complex and undergo strand exchange, '8

the process of which is presented in section 3.2.3. In addition, there is some evidence to suggest
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N Terminal L1
Domain

Central
Domain

CTerminal S
Domain

Figure 3.14: Crystal structure of the RecA monomer. The position of the N terminal, C terminal and
central domains are labelled. The binding loops for ssDNA (L2), dsDNA (L1) and the nucleoside co-factor

Nucleos‘ide co-factor
binding site (P-Loop)

(P-loop) are highlighted Structure rendered using Chimera, PDB file: 2REB. '8

that there maybe some sequence dependence, with AT rich regions inducing a greater degree of
secondary structural transition. '>® This may in fact help to stabilise the homologous pairing of the

weaker AT base pair bonding, bringing them in line with the stronger bonded GC regions.

More recent work by Chen et al has demonstrated the crystal structure of 6 RecA monomers
bound to a ssDNA molecule. This was achieved by the fusion of the RecA monomers together
— separated by flexible linkers — enabling them to form a stable nucleoprotein complex which
could be successfully crystallised.?> This work revealed that both loops L1 and L2 contribute
to the binding of ssDNA and hence are not independent binding sites as previously suggested.
Here, the L1 loop associates primarily with the backbone of the ssDNA by forming H bonds with
the backbone phosphate groups. L2 residues from not only the binding monomer, but the two
neighbours, pack alongside the nucleobases preventing their rotation away from the helical axis of
the filament. In this way the ssDNA is presented with its nucleobases exposed orthogonal to and
spiralling around the central axis of the nucleoprotein filament. Moreover, although it is known
that RecA under-winds DNA, Chen’s work has demonstrated that this occurs by stretching the

DNA backbone between RecA monomers. As a result the three nucleobases held by each RecA
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monomer exist largely in a B form confirmation. >

There are further regions within the RecA structure that are implicated in transient DNA binding,
likely involved with the probing of sequence homology between the incoming and initiating
strands. In particular, a tract of strongly electronegative residues which forms a cleft at the C-
terminal end of the L2 loop. This region has been shown to accommodate DNA through interaction
with a large proportion of basic residues.?? These residues are also found to be well conserved
throughout many bacterial species.'>> As a consequence, this region is commonly referenced as
a secondary DNA binding site (site II).!3%!60 Furthermore, in line with site I, DNA is shown
to interact with multiple Lysine residues located on the C-terminus through the formation of salt
bridges with the phosphates of the DNA backbone and hence are implicated in stabilising the

initial dsSDNA interaction. '61-160

The central domain also contains a phosphate binding loop (P-loop) where residues Lysine”?

73

and Threonine’® are found to be directly responsible for the hydrolysis of ATP and its

162,163,151

homologues, interacting directly with the nucleosides phosphate group. Under

physiological conditions, RecA has a typical ATP turnover rate of 30 min~! and 20 min—! on
ssDNA and dsDNA, respectively. 194 Indeed, it has been shown that RecA mutants that have either
of these residues substituted continue to be able to bind, but lack the ability to hydrolyse ATP to
ADP. 163:166.167 Taken together, these findings describe RecA as being a DNA dependent ATPase

and indicate how the complex is locked in the presence of ATP~S - a non hydrolysable analogue.

The N - Terminal domain consists of residues 1 to 33 which form a protruding large a-helix and
short 3-strand. '® This largely negative a://3 unit is crucial in the monomer-monomer associations

that enable polymerisation of RecA to occur.'® This is examined in detail in section 3.2.2.

In contrast, the C - terminal domain is considered to begin from residue 270 until 352, consisting
of 3 « helices and 3 short 3 sheets. This domain, is suggested to define the active or inactive state
of the polymerised complex, in two ways. '8 Firstly, the state of the RecA complex is defined by
the bound nucleoside cofactor; ATP (or ATP~S) for the active or ADP for the inactive. It was
noted by Yu et al %8, that the position of the C-terminal domain relative to the central domain
altered depending on the state of the complex. Interestingly, the C-terminus is noted for its high
concentration of negatively charged residues which are capable of repelling negatively charged
dsDNA molecules. '3 When taken together, these findings suggest that the C-terminal domain
acts as a gateway to the binding domains within the RecA polymer, blocking the entry of an

invading dsDNA molecule when the complex is in an inactive state.
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Furthermore, the C-terminal domain is implicated in formation of inter-filament interactions
observed between neighbouring RecA polymers, binding close to the N-terminal domain of

neighbouring RecA polymers. !8:131

These filament bundles are observed in vivo and may act
as a storage mechanism for inactive RecA, inhibiting its ability to bind spuriously to dsDNA
by blocking entry into the helical groove of the protein complex. '3:15%170 Mutation studies have

298)

implicated, Glutamate®8) and Isoleucine! to be critical to this process, where substitutions

inhibit the ability of RecA to form bundles, whilst promoting increased dsDNA binding thus

supporting the role of the C-terminal domain in both the above functions. !7%17!

3.2.2 RecA Nucleoprotein Filament Structure

Central to the RecA mediated homologous recombination mechanism is the nucleoprotein filament
formed from the polymerisation of RecA monomers upon DNA. A section of a RecA NPF can be
seen in figure 3.15 A. It is also important to note, that RecA is capable of forming “inactive”
polymers in the absence of DNA. These are generally accepted to have a compressed geometry
compared to that of the “active” (DNA containing) form. The formation and action of this polymer

is discussed below, prior to which the structure is described.

In the “active” state - where ATP or ATP~S is included - RecA is bound to DNA occupying 3
nucleotides per monomer. The resultant nucleoprotein filament is 120 A wide with a 2.5 A central
cavity, along which the incorporated nucleobases are exposed (figure 3.15 A). The NPF wraps
around in a helical conformation with 6 RecA monomers per turn, giving rise to a right-handed
helical pitch of 95 A with an axial rise of 5 A (figure 3.15 A). 20.19.21 A a result, the nucleic acid is
held along the central axis with a relaxed helical pitch of 18.5 nucleotides per turn, approximately
1.5 times longer than native B-form dsDNA. 72173.159 This elongation leads to the notion that the
RecA acts as a structural scaffold holding the DNA in an extended conformation for the strand

exchange to take place.

This observation is further supported by the formation of free RecA hexamers which display the
same geometry when imaged with electron microscopy.'’* This hexameric secondary structure
occurs in the absence of DNA, thus it can be considered that within the nucleoprotein filament it

is the RecA that supports the observed structure rather than the DNA.

In contrast, the “inactive” state is characterised by a compressed helical pitch of 73 - 83 A, with

otherwise identical hexameric symmetry.'® Despite a 10 A discrepancy between the observations

1151 121

of Story et al °" and Egelman et al,“" their reported structures are generally accepted to represent
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the same RecA polymer inactive state, with differences attributed to the method of structural
derivation, X-ray crystallography in the former and electron microscopic reconstruction in the

latter.

A

Figure 3.15: The crystal structure of a RecA nucleoprotein filament. (A) The individual monomers in a
nucleoprotein polymer are highlighted in different colours for clarity. The structure is rotated by 180°, left
to right. The solvent accessible surface is shown as a semi-transparent layer, beneath which the protein
structure is represented in a ribbon model. The respective locations of the N and C terminal domains are
shown for each monomer. (B) A close up view depicting the association of the N terminal domain of one
monomer with the large central domain of another, forming an a/b (parallel) unit. Shown from the top (left)

and rotated 90° (right). Structure assembled in Chimera, from PDB file: 2REB. '8

In these structures, the C-terminal domains are found to project out from the right-handed helical
arrangement in a radial formation (figure 3.15 A); thus suggesting the proposed involvement in
inter-filament interactions and mediating DNA binding (section 3.2.1). 13%170.171 I contrast, the N-
terminal domain is found to be critical in monomer-monomer associations, where the most critical

2

residues are Lysine?'6, Phenylalanine?!” and Arginine???, as identified by mutation studies. !’ In

42



Chapter 3. Literature Review

this process, the N-terminal « helix of one monomer packs in between the « helix and S sheet
of the adjacent monomer’s central domain (figure 3.15 B), causing a reduction in the solvent
accessible surface area by 2.9 nm?. This creates a stable dimer interface, held together by
hydrophobic and electrostatic interactions. Furthermore, the importance of this interaction is

evidenced through the inhibition of polymer formation in RecA mutants that have had their N-

terminal domains completely truncated. !7>

3.2.3 RecA Mediated Homologous Recombination

Having examined the structure of the RecA monomer and NPF it is important to discuss how that

structure relates to the mechanism of homologous recombination.

Broadly speaking, the process of homologous recombination as mediated by RecA can be

considered to consist of three distinct stages; !76!77

e A Pre-synaptic phase - the formation of a nucleoprotein filament
e A Synaptic phase - the location of homology

e A Post-synaptic phase - the exchange of DNA strands

The pre-synaptic phase: RecA in the presence of ATP (or its analogues) and Mg?*binds to a
ssDNA or dsDNA - depending on the cofactor concentration - at a stoichiometry of 3 nucleotides
(nt) per monomer (see section 3.2.2) forming an active nucleoprotein filament, also known as the
pre-synaptic filament.!”® The filament formation process occurs in two phases; a rate limiting

nucleation step and a extension step (figure 3.16).”

Nucleation: Firstly, free RecA monomers nucleate upon the DNA, typically taking 6 - 8 monomers
to initiate full polymerisation.” This step is found to have a pH dependence and is critically
enhanced in the presence of divalent ions, with a particular prevalence for Mg?*.”-!7” Interestingly
the preference for polymerisation on ssDNA - RecAs primary target - and dsDNA is governed by

the concentration of Mg?™, low and high, respectively.’

RecA nucleation has been shown to be severely hindered by the presence of secondary structures
within the target DNA. '3 Typically this limitation is circumnavigated by accessory proteins
such as single stranded binding protein (SSB) which removes secondary structure formation in
ssDNA and prevents its premature annealing back into dsDNA. 3! Hence, SSB critically reduces

the energy barrier for RecA binding, leading to high nucleation rates.!”® Furthermore, SSB may

43



Chapter 3. Literature Review

also be responsible for ensuring the formation of continuously and regularly polymerised RecA
filament structure by pre-straightening the DNA template. This enhanced RecA loading rate at
regions of disrupted dsDNA is further noted in its apparent preference for unusual DNA topologies

such as Z form DNA. 182

Extension: The second stage occurs with a rapid extension in the 5’ to 3’ direction, with monomers
binding at the growing 3’ polymer interface and dissociating at a slower rate from the 5’ end, with
an approximate Kp = 100 nM. 82183 Interestingly, where dsDNA is concerned, binding occurs
to one of the strands in the duplex. Hence filament growth can occur from either 5’ termini of
the duplex DNA and extend accordingly.!%* It is important to note that the polymerisation of
RecA is not sequence dependent. However, preferences for GC-rich regions of DNA have been

demonstrated where increased rates of extension are notable. 134

. Pre-synaptic Filament
~ O
ssDNA

d 000
—> ATP ‘ .

Filament Growth Mg2+

RecA

Figure 3.16: A cartoon depicting the formation of a RecA nucleoprotein filament. RecA monomers
nucleate upon ssDNA in the presence of co-factors. Monomers polymerise at the 3/ face and disassemble

from the 5! face at a slower rate. Net filament growth occurs in a 5/ to 3! direction.

As mentioned, filament growth is a process of net gain, where RecA monomers are arriving at
the 3’ termini and leaving from the 5° simultaneously (figure 3.16). !8%136 The rate of disassembly
is linked directly to the to ATP hydrolysis, with a disassembly rate of approximately 70 or 120
monomers min~! on ssDNA and dsDNA, respectively at 37°C .!8¢ Note that disassembly is
largely suppressed where ATP~S (see section 1) is utilised and hence the filament growth rate

is accelerated.

The resultant pre-synaptic filament is central to the RecA protein function containing an initiating
ssDNA which is able to incorporate an invading dsDNA as it searches for homology and ultimately
catalyses a homologous pairing between the two DNA molecules. Interestingly in this way, it is
considered that the nucleoprotein filament acts to spatially confine the interacting DNA species,
enabling strand exchange to take place, rather than enacting it directly.!”” Once formed, the

entire nucleoprotein filament complex undertakes a homology search, probing the sequence of
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a dsDNA molecule in a synaptic phase (figure 3.17). Note that a distinction must be made
between homology probing where base pairing is tested and homology searching which is the
larger movement of the filament in finding homology (figure 3.17). The former is described below
and the latter remains a widely debated topic, where a combination of random sampling, inter-
segmental transfer - dependant on NPF size - and facilitated 1D diffusion along the DNA is argued
(figure 3.17 B).

Synaptic phase: In this phase, the pre-synaptic filament aligns with a given dsDNA and proceeds
to probe for regions of sequence homology with the encapsulated initiating ssDNA . '87 It is critical
to note that this process occurs in the absence ATP hydrolysis and hence no known motor function

of RecA has been identified.

Evidence from molecular dynamics (MD) simulations suggest that initial contact occurs through
weak interactions at the protruding RecA C-termini (section 3.4.2).'6! From here the dsDNA
diffuses into the filaments helical groove, docking into binding site II through the formation of salt
bridges to the phosphate backbone. In this position, the dsDNA is destabilised due to the induced
tension as it forms a kink. '8%-10 This allows residues from the L2 disordered loop to intercalate
with the dsDNA, further destabilising the local base stacking causing the characteristic relaxation

and extension of the dsDNA from B-form. 109

At this stage both DNA molecules are bound simultaneously in an under-wound configuration
within the RecA filament complex.'>!% Here the complementary strand is now positioned to
undergo base flipping to probe for base pair homology with the initiating ssDNA strand. %011
Where homology is located, stable base flips result in the loss of backbone salt bridges from site

IT and a re-arrangement of the backbone into the L2 position stabilising the new pairing. '6°

Such base flipping was traditionally assumed to occur with a minimal unit cell of 3 bases as this is
the number of nucleotides bound per RecA monomer. "¢ As a result, this process is purported
to be slow as it requires the movement of residues in the L2 loop to allow full triplet flipping, thus
avoiding steric hindrance. !%! Despite this interpretation, this doesn’t quite fit with the observed
kinetics, which are found to scale non-linearly with the size of the nucleoprotein filament. !9%193
Indeed, previous work has demonstrated that 6 - 8 nt homology is sufficient to form a post-synaptic

complex. &194195

In contrast, recent work by Yang et al suggests that base flips occur in duplets, running in the 5’ to
3’ direction. '%° Here, the third base does not flip due to the aforementioned steric hindrance and

is likely to flip into place consolidating the final sequence upon dissociation of the RecA complex.
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Interestingly, new stable base pairings are only noted to occur in pairs, due to the effect of stacking

interactions and thus single spurious base flips do not result in new watson-crick interactions. '

Moreover, base flipping is suggested to occur surrounded by the hydrophobic residues of the L2
loop as a consequence of their destabilising intercalation. Thus flipping proceeds continuously
protected from the environmental water within a favourable hydrophobic environment. As a
consequence the energy barrier to base flipping is drastically reduced compared to a base flip
that were to occur through thermal fluctuations alone, having to pass through an unfavourable
aqueous environment from one stable configuration to another.'®® These observations go some
way to explaining the apparent kinetic paradox of a genomic wide homology search, suggesting

homology probing requires significant less energy than previously discussed.

Homology probing is believed to continue to processes in this fashion, forming an increasingly
stable new heteroduplex where homology has been located. '°® Upon de novo pairing of the entire

sequence homology, the complex is considered to have transitioned to a post-synaptic phase.

The Post-synaptic phase: On location of a homologous region, a strand exchange between the
two DNA molecules ensues where the complementary strand of the incoming dsDNA molecule is
moved entirely into the L2 position, forming a new stable heteroduplex with the initiating ssSDNA
strand (figure 3.17). 197198 At this stage, ATP hydrolysis occurs causing a conformational change
in the RecA forcing out the remaining incoming DNA strand and disassembling the nucleoprotein
filament. '1:19%:200 This stage of the homologous recombination mechanism can be stalled through
the use of non-hydrolysable analogues of ATP, such as ATP~S due to the severe reduction in
the nucleoside turnover rate and hence a stable triple stranded complex can be formed.?®! It is
important to note, that during this final stage further supporting proteins are known to be involved
in order to resolve the complex fully, such as the operation of DNA polymerase to repair the

missing region from the donor dsDNA .

Work to date, delivers a reasonable description of the RecA mediated homologous recombination
mechanism, including; the formation of the nucleoprotein complex, the homology probing via the
flipping of bases between the incoming and initiating DNA strands, and the disassembly of the

complex, completing the formation of the new heteroduplex.

However, many questions remain regarding the process by which the RecA filament is able to
search through large regions of dsDNA, for example in the context of genome wide search. 20187
It is important to remember that this “homology searching” process occurs in the absence of any

motor activity form the RecA itself. Furthermore, although it is known that a large collection of
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Figure 3.17: A cartoon depicting a detailed overview of RecA mediated homology searching and strand

exchange. A Nucleoprotein filaments “dock” with dsDNA through random contact. Homology search
is undertaken, forming a pre-synaptic joint as sequence homology is probed as the dsDNA is transiently
bound in the secondary binding pocket. Upon location of homology, the incoming dsDNA is bound to the
L1 binding loop, forming a stable Post-synaptic complex. Strand exchange occurs as ATP is hydrolysed
and the RecA monomers dissociate resulting in a the formation of a heterogeneous dsDNA strand. (B)
Homology searching through transient dsDNA association is postulated to occur through, Inter-segmental

transfer between distal non-contiguous regions and facilitated diffusion along the template molecule.

protein act in support of the process, RecA is demonstrated to be capable of enacting homologous
recombination in isolation. Hence, it must be concluded that no motor activity or direction is
derived from the support proteins either. Thus the mechanism by which RecA nucleoprotein

filaments are able to search genomes for regions of homologous sequences remains an area of
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intense study. 177,203,204,202

3.3 DNA:RecA Nucleoprotein Complexes as a Construction Material

The sequence specification and high fidelity of the RecA mediated DNA triple-strand
formation are attractive characteristics when considering self-assembling nano-structures for
bionanotechnology applications. Furthermore, it has been shown that the functionalisation
of RecA allows for specific material arrangements to be made using DNA as an underlying
scaffold.” Such methodologies commonly refer to the formation of site specific triple-stranded
DNA junctions by RecA as RecA mediated patterning, and shall be referred to henceforth, where
relevant, in this text. In addition to this, there have been multiple demonstrations that have
harnessed the sequence specificity of RecA to enhance the precision of traditional molecular
biology techniques. However, as this thesis is concerned only with bionanotechnological
application, these are not reviewed here. The following section aims to review the extant literature

on the technological applications of RecA.

3.3.1 Bionanotechnology Application: Molecular Lithography and Site Specific

Metalisation

It has previously been demonstrated by Braun et al,?? that continuous nanowires can be formed
by nucleating Silver ions onto glutraldehyde functionalised DNA. Here, Silver nanoparticles
are bound to the backbone of A bacteriophage DNA (48,502 bp) at alkaline pH resulting in a
continuous wire 30 - 50 nm in diameter. Successive work improved the conductivity of the wires
through the sequential nucleation of Gold on the Silver nanowires, following the well established

photographic process of Tollen’s chemistry. °

In addition, incorporation of RecA mediated molecular lithography was demonstrated,
representing the first practical application of RecA mediated DNA assembly for
bionanotechnology. Here, a 2027 nt RecA nucleoprotein filament was reacted with bacteriophage
A DNA that had been pretreated with glutraldehyde. This 500 nm region of DNA was subsequently
shielded from exposure to the successive Silver and Gold nucleations by the RecA and hence a

break was specifically created in the nanowire upon its removal (figure 3.18).1°

Further work by Keren et al® reported the arrangement of functionalised carbon nanotubes (CNTs)

through antibody attachment to RecA nucleoprotein filaments, to produce a field effect transistor.
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Here, the DNA was pretreated as previously and a RecA nucleoprotein filament site specific
arrangement formed. This positioned nucleoprotein filament was targeted with biotinalated anti-
RecA antibodies, and the whole construct subsequently exposed to Streptavadin functionalised
single walled carbon nanotubes (SWNT). This construction enabled the specific placement of a
single carbon nanotube aligned along the length of the DNA template. Finally, the exposed DNA
was metallised with Silver and Gold, as previously, resulting in continuous gold nanowires directly

contacting either termini of the single SWNT (figure 3.18).°

# Patterned
Complex

Figure 3.18: RecA mediated molecular lithography and templating. Nucleoprotein filaments and
interacted with dsDNA . (A) formation of a field effect transistor by specific placement of SWNTs. (i)
A functionalised SWNT is attached to the RecA nucleoprotein filament through a conjugated antibody
mechanism. The surrounding DNA is selectively metallised, using Ag (ii) and Au (iii). The RecA locally
protects the dsDNA from metallisation, leaving the SWNT bridging an otherwise insulating gap. (iv) SEM
images depicting the final FET. (B) (i) & (ii) RecA locally protects the dsDNA from metallisation forming
nanowires. Removal of the RecA results in specifically positioned insulating gaps (iii). (iv) AFM and SEM

(bottom) images depicting the successful formation at various stages. Adapted from Keren et al.'%’
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Other RecA mediated site-specific arrangements of gold nanoparticles (GNPs) have been
demonstrated by Nishinaka et al.® In this work DNA templates were nucleated with a RecA mutant

containing an additional cysteine residue at the radially protruding C-terminus.

Subsequent introduction of gold nanoparticles (GNPs) - which bind selectively to the exposed
cysteine residues - culminated in the successful fabrication of nanowires exclusively along the
RecA nucleoprotein filament. This methodology was used to successfully fabricate alternating
conducting and insulating regions upon DNA templates through the successive binding of wildtype
and cysteine modified RecA nucleoprotein filaments onto neighbouring regions. In addition,
the same group demonstrated the formation of conducting junctions, through the interaction of
partially homologous nucleoprotein filaments. This resulted in only short portion of the RecA
filament forming a triple stranded region with the template DNA. Addition of further RecA,
coating the remaining DNA, and subsequent exposure to GNPs resulted in the formation of a

fully metallised three arm junction.®

The work discussed above, successfully
demonstrated that self assembled RecA
structures could be a legitimate alternative
to top down lithographic fabrication for

electronic structures. However, despite

this impressive work, the large feature
sizes produced make them uncompetitive
with current photolithographic techniques.

Furthermore, to date, work has focused upon

1D geometries limiting the applicability of 15 nt 10 nt

such systems. Thus further advancements

require substantial growth in 2 and 3 Figure 3.19:  Scaling down RecA mediating

. . . atterning. A series of AFM images showing RecA
dimensions for these techniques to be adopted P & f & &

nucleoprotein filaments of decreasing size, formed

as a plausible alternative for the arrangement
upon single-stranded DNA from 60 nucleotides (60
f el ic circui hi . .
of electronic circuits and architectures nt) to 10 nucleotides (10 nt) long, patterned at the

In response to this, work by Sharma et al termini of a double-stranded DNA template (orange

examined the extent to which RecA mediated arrow). The scale bar indicates 50 nm. Adapted from

. ) Sharma et al.%
patterning could be efficiently scaled down

(figure 3.19) and conducted in parallel, that

is to say if multiple regions can be patterned simultaneously on the same DNA substrates.*>¢
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Here, RecA mediated patterning was successfully demonstrated at the termini of DNA substrates
with nucleoprotein filaments down to 6 nt in length, representing a feature size of 3 nm. In
contrast a lower limit of 20 nt was found for nucleoprotein filaments patterned at the center
of a DNA substrate. Nonetheless, this still represents a programmable feature size of 10 nm -
remaining competitive with the most advanced photolithographic processes to date.® Furthermore,
simultaneous and co-operative patterning upon the same DNA substrate at the scales presented
above has also been reported. This work demonstrates that at least 3 nucleoprotein filaments can

be simultaneously patterned independently of one and other.’

As a consequence of the work by Sharma et al,*>® the work of Keren et al'®® and Nishinaka
et al®, this RecA mediated approach has been highlighted as a potential competitor to top-down
photolithographic techniques. However, further work is required to adapt these approaches from
demonstrations of linear DNA substrates to more complex topologies, such as those demonstrated

in DNA nanotechnology (section 3.1).

In order to achieve this, a deeper understanding of how RecA mediates the location of homologous
DNA sequences must be obtained, such that complex DNA structures maybe designed with
out undermining the achievable patterning efficiencies of the system. Visualising the resulting
small structures is of great importance to understand and exploit this process, however, given the
typical feature sizes and the structural properties of the materials involved, it remains a significant
challenge. The next section will examine the interrogation approaches that have led to our current
understanding of the RecA mediated homologous recombination mechanism and how these might

be improved upon to gain further insight.

3.4 On the Interrogation of the RecA Nucleoprotein and its

Dynamics

The apparent discrepancy in our understanding regarding the RecA mediated homology search
maybe considered a direct consequence of the employed investigation methodologies, the majority
of which have employed ensemble methods. For example; our current understanding of the
RecA structure, both monomeric '® and polymeric comes from x-ray crystallographic techniques,
small angle neutron diffraction (SAND) and electron tomography (ET).206-207.208.22,19 {Jging these
averaged structures, attempts have been made to decode the interactions of RecA with DNA (both

single stranded and duplex) in an effort to identify intermediates that can be used to characterise
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the mechanism. Such work, as that conducted by Egelman et al (figure 3.20 A)'%202! Datta et
al'4 Story et al'® and Chen et al??, give indispensable structural insight when coupled with the
correlating biochemical data in the literature !> and have provided a starting point for molecular
dynamics simulations. However due to the differential fixation and sample preparations for all
these techniques, discrepancies and scepticisms arise as to whether these are true depictions of
nucleoprotein structures and if the structural changes identified can actually be attributed to stages

within the interaction mechanism.2!-12

-

Figure 3.20: Microscopy examination of RecA nucleoprotein filaments. A Electron microscopy image
of negatively stained RecA:dsDNA:ATP~s nucleoprotein complexes. B AFM topographical images of
RecA:dsDNA:ATP~s nucleoprotein complexes acquired with CNT tips. Filaments have been fixed with
0.1% Glutralahyde. White and Black arrows indicate 20 and 10 nm periodicities, respectively. (A) Adapted

from Egelman et al.?° (B) Adapted from Umemura et al.*"

In contrast, the AFM offers many advantages with respect to elucidating the structure and
interactions occurring within RecA mediated nucleoprotein filaments. Most importantly,
biological molecules are maintained without staining or fixation, thus preserving their natural
geometries, structures and conformations that are the specific point of interest.>'® Furthermore,
imaging can be conducted in air under ambient conditions or in aqueous solutions. In this case
the latter is applicable to understanding the geometry of NPFs in vivo and the former remains
true to their intended use as integral parts of a nano-circuit, hence dried upon a surface. Of
particular interest is the resolution obtained by Umemura et al?® using carbon nanotube (CNT)
probes (figure 3.20). By this method, a 10 nm helical pitch for NPFs formed upon dsDNA was
observed, found to be in good agreement with that predicted from crystallographic methods.2°
Furthermore they reported a sufficient aspect ratio such that a groove of 1 nm was determined
to exist at the pitch between helical stacks of RecA.?? Interestingly, from our earlier work,
it was found that through rigorous purification and sample preparation that almost equivalent
spatial resolution could be gained with commercially available probes.?!! Despite these studies,

significant resolution enhancement is still desired on isolated RecA nucleoprotein filaments to
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discern the intermolecular intricacies which are undoubtedly of key importance to understanding

the function of RecA, this is examined in chapter 9.

3.4.1 Filament Formation and Disassembly

Traditionally, assessments of RecA interactions, both monomeric and as a nucleoprotein complex,

have been conducted using biochemical assay !8%12-212.13

, providing valuable but limited insights
into these mechanisms. Initially monomeric RecA interactions with both double stranded and
single stranded DNA were the focus of these previous studies, which is a trend that extended into

single molecule experiments as well. 183-212.213.214,178

Such work as that by Pugh et al '3% adapted the tau analysis, also known as the abortive initiation
assay, which was originally developed for studying differential kinetic stages of RNA polymerase
association with an open promoter complex. Here, it was utilised to identify two stages in the
binding of RecA to dsDNA with distinctive kinetics: a rate limiting co-operative nucleation step
and a rapid polymerisation step, presented in section 3.2.3. Further analysis indicated that these

steps were differentially perturbed by environmental factors.

Thus, biochemical analysis has laid the ground work for assessing the biological functions of

RecA and its complexes, however a more direct approach towards single molecule visualisation

1215 1183

is necessary. Work by Bell et a and Joo et a attempted to address this using fluorescently
labelled RecA to directly detect the nucleation and growth steps upon ss- and dsDNA, using total
internal reflected fluorescence (TIRF) and Forster resonance energy transfer (FRET), respectively.
It is interesting to note that although these techniques remain bulk analysis, Joo et al '3% were able
resolve signal fluctuations indicative of the assembly of individual RecA monomers with their

FRET set up.

1216 ]217

Adding additional precision to these measurements, Conover et a and Arata et al“’ utilised

magnetic tweezers to detect the known relaxation of the DNA helix in real time as a consequence

of RecA polymerisation. Interestingly, Conover et al?!¢

, noted that application of tension or
compression to the dSDNA strand severely hindered the ability of RecA to form a nucleoprotein
filament. This indicates that RecA interacts with DNA preferentially when it has access to its
full degrees of freedom, free in solution and that the appearance of condensates or supercoiling
hinders the monomeric interaction. As will be examined later, this is a theme found to be true

of the NPF:DNA interaction also. Moreover, using a new generation of magnetic tweezers that

were able to detect a twisting/rotation motion of less than 5°, Arata et a2’ described individual
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rotation steps of 60° due to the sequential monomeric association of the Rad51 protein. Although
it is noted that the under-winding of DNA by Rad51, a human homologue of RecA, occurs to a
lesser extent than that of its E.coli counterpart, with a NPF helical rise of 4.5 A compared to 5.1
A. Interestingly, where a torque was applied the polymerisation was slowed and they were able to

drive the dissociation of Rad51 causing the DNA to return to its B-DNA form.

Although these studies can provide information about the mechanics and kinetics of RecA
polymerisation, they are little substitute for a true microscopical characterisation of in situ events.
To that end the AFM has been utilised to characterise the assembly and disassembly of RecA
nucleoprotein filaments upon dsDNA in situ.?!8219213.185 These studies indicate the applicability
of following, in real time, the interaction of RecA and DNA, in support of static disassembly

evidence observed previously in the authors masters thesis. >

3.4.2 Nucleoprotein Filament Interactions with dsDNA

In contrast, when examining the dynamics of NPF and DNA associations, very few
direct observations have been attempted. The majority of understanding is derived from
fixed or static examinations of reaction intermediates and derived complexes, as discussed
above, 19-20.206,207.208,149,18 ' AJthough these observations have provided an insight and a useful
starting point for molecular modelling, many of the differences in observed structures tend to

suggest a degree of sample preparation artefacts.

As with the monomeric and polymerisation studies, efforts began through the use of cleverly
designed biochemical assays. '%!3 Of particular interest is the study conducted by Adzuma et al '3,
to identify or disprove the existence of a sliding motion occurring during the NPF search for
homology. Here, a plasmid template containing 4 identical sequentially repeated targets was used.
They hypothesised that if a sliding mechanism was the main method of homology search then
postsynaptic joints would form predominantly on the outer two targets. However, if the interaction
occurred through a random association, then there would be no preferential target binding and each
region of homology would have an equal likelihood of containing a postsynaptic joint. The main
conclusions drawn from this work was that sliding does not occur to any “significant extent”.
However, due to the design of the experimental template, a significant extent is defined as nearly
1 kbp. Although highlighting that facilitated diffusion along a DNA template over 1000’s of base
pairs is not energetically favourable, an observation that is supported by others !, it is not however

conclusive in ruling out a sliding motion as part of an overall, more complex mechanism.
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Elsewhere, specific attempts to observe the interaction of nucleoprotein filaments and dsDNA in
real time have been conducted successfully in bulk using fluorescently labelled NPFs. 22220411 One
such study by Van der Heijden et al ', utilised magnetic tweezers to study the kinetics of the NPF
invasion. Here the interaction of NPF to a tethered dsDNA template caused the characteristic local
relaxation at the region of homology, giving rise to a measurable increase in length and rotation
of a magnetic bead. Although this methodology could not elucidate the interaction mechanism, it
does begin to highlight the interaction kinetics, which scale roughly linearly with the NPF length.

Here, for example, a 250 nt NPF was found to take 100 seconds to interact.
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Figure 3.21: A dual molecule experiment for studying homology recognition during RecA homology
searching. (A) RecA filaments and DNA molecules are trapped in multiple orientations using optical and
magnetic tweezers. Movement of one relative to the other enables detection of various interaction forces,
Fmag and F opt. (B) Interaction forces between nucleoprotein filaments and DNA can be detected by
pushing the two molecules together and measuring the restoring forces as they are separated (red arrows

in traces C and D). Adapted from DeViaminck et al. /5

Moreover, work by Forget et al'!, utilised optical tweezers to manipulate the tension in a target
dsDNA to examine the impacts on RecA protein or NPF interactions. It is proposed that the
interaction with a dsDNA molecule requires access to the full three dimensional degrees of
freedom associated with DNA in solution. Where DNA condensation occurs, these interaction

processes are hindered either due to the introduction of compression or tension to the dsDNA
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helix. The work by Forget et al, supports this by allowing fluorescently labelled nucleoprotein
filaments to interact with a trapped dsDNA molecule when relaxed in solution. Note that here,
both ends of the dsDNA molecule were attached to different latex beads, which were manipulated
using optical tweezers, allowing tension to be induced in the DNA strand. Interestingly, this acts
to cap the ends of the DNA, ruling out the necessity for the nucleoprotein filament to associate
with a free termini or break in the DNA target. The authors proposed that the 3D degrees of
freedom of the DNA substrate are of key importance to the homology searching interaction and
further suggested that the occurrence of inter-segmental transfer between distal portions of a non-
contiguous DNA substrate go some-way to explaining the apparent searching efficiency within a

t.!! Both of these single molecule observations with optical!! and

complex genomic environmen
magnetic tweezers, !4 have demonstrated second order kinetics with rate constants on the order of

100’s of seconds for RecA homology searching.

More recently, FRET based techniques have been employed for studying the RecA mediated
interactions between short DNA molecules. !>%!7 In particular the work by Ragunathan et al has
provided evidence for the existence of a 1D facilitated diffusion along the contour of the dsSDNA
molecule, demonstrated here for short filaments ( 80 nt) which were shown to continually search
up to 300 bp regions of dsDNA before dissociating.!> As demonstrated by Adzuma et al, this
progressive motion was however ruled out for long-range slides (several kbp).!3 Nevertheless,
relatively stable synaptic association must be required to form for such a concurrent slide and

progressive search process.

Perhaps in vivo a combination of both 1D sliding and intersegmental transfers, along with the aid
from other proteins such as helicase, polymerase etc. to a degree explains the apparent efficiency
of the system.!”” In retrospect, synaptic joints formed with longer filaments with relatively
greater number of nucleotide interactions must stay and eventually accumulate on the scaffold
to circumvent energy required in dissociation and re-association with DNA, especially when ATP-
hydrolysis is not needed during the homology search.?°! But surprisingly in the study by Forget
et al synapses lasted only few seconds and only one such association was observed with A DNA

even for 168 nt long presynaptic filament. !

Although elegant, none of these methods offered direct observation of the intermediates formed
during the homology search, giving insight as to how presynaptic filaments in vivo might sample
genomic DNA confined in a crowded cellular environment. Despite being single molecule studies,

such indirect measurements only observed a one-to-one ’yes or no’ style interaction.?311-15
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A further advance was made by De Vlaminck et al, using dual magnetic and optical tweezers to
examine the interaction forces occurring between a single nucleoprotein filament and DNA. '8 In
this work, a variety of arrangements were explored, for example; the tethering of a DNA substrate
between two optically trapped beads, whilst a RecA nucleoprotein filament tethered between the

surface and a magnetically trapped bead is allowed to interact (figure 3.21).

This complicated setup enabled the authors to provide further evidence in support of the three
dimensional freedom of the interacting DNA, suggesting that induced torsional stress, associated
with the local under-winding and opening of the incoming dsDNA helix is critical to homology
probing. 811 Furthermore, this also implies that multiple contacts can be made simultaneously,
depending on the length of the nucleoprotein filament, as the incoming DNA does not require a

free termini to probe from.

However, crucially this work provides evidence for two distinct binding events; a transient binding
and a stable binding. Logically, this suggests the former relates to the initial residence of dSDNA
in site II binding pocket identified by Chen et al.'>® Thus it supports the idea that short regions

can be transiently probed, without the large energetic commitments. !¢

Interestingly, this work adds credence to recent work by Qi et al,'®

where transient binding is
a necessary requirement for their proposed reductionist approach to a genomic wide homology
search. Utilising a TIRF approach, they observed the residence times of dsDNA probes across
a specially designed Rad51 nucleoprotein surface tethered curtains. Their results suggest, that

homology searching occurs through the probing of 8 nt long homologous microdomains. %

This, the authors suggest, results in an efficiency increase as the entire genome does not require
searching only a reduced set of sequences. Despite raising an interesting discussion, this concept
is hard to reconcile in practice, as the nucleoprotein filament must still be required to sample a
large sequence space in order to locate these microdomains of homology, around which further
sequence homology is then probed for. However, that being said, there is plenty of evidence to

192,193,194

suggest that initial recognition occurs in short sequences and that this initial recognition

exists in a transient state. !88

Indeed, transient initial sequence probing is supported by molecular dynamics (MD)
modelling. 224221161160 Thig work has been made possible by the large resource of SAND, ET

and XRD data produced for various proposed reaction intermediates.

One of the primary conclusions of such studies, is that the RecA provides little more than a passive

supporting role in DNA strand exchange until the instigation of ATP hydrolysis at the end of

57



Chapter 3. Literature Review

the mechanism. Thus acting to confine the initiating sSDNA and the invading dsDNA species
proximally to allow base pair probing to occur through thermal fluctuations in a energetically

favourable environment, 224-221.160

Interestingly, this is in contrast to some of the earlier proposed mechanisms, which indicated RecA
as an ATP dependant motor protein, performing a direct catalytic function.” Although this may not
be a strictly redundant conclusion just yet, as ATP is shown to be crucial to full strand exchange,
suggested to provide the final enthalpic “kick” that stabilises the new base pairing and dislodges

the exiting DNA strand.?%*

3.4.3 High Speed AFM for Studying Biological Molecules

AFM offers many advantages for the observation of biological molecules which are observed
without staining or fixation within native physiological environments. With respect to dynamics,
time-resolved AFM investigations have been successfully carried out over the past two decades,
offering critical insight into many areas of biological study. To date, many model systems have
27

been observed in action, such as RNA polymerase,>2>?2¢ bacteriophage Lambda Cro protein, >

DNA photolyase, ?*® nucleosome wrapping??° and restriction enzymes>*° to name but a few.

Despite the success of these studies at revealing important information on the dynamics of
biological molecules, the limited temporal resolutions of traditional AFM have impeded true real
time observations. Biological reactions take place on the order of seconds and it is only recently

that AFM technology has developed far enough to enable studies at multiple frames per second.

With the development of high-speed AFM over the last decade the ability to follow biological
processes with sub-second resolution whilst maintaining single molecule spatial resolution is now
becoming possible. One of the most astounding examples, work by the Ando group, demonstrates
the observation of the hand-over-hand walking motion of the motor protein myosin V, confirming
the long postulated mode of motion (figure 3.22).23! Additional work by the same group has
demonstrated the direct observation of the response of Bacteriorhodopsin to light?*? and the

response of rotorless F1-ATPase to ATP.?33

Furthermore, the Sugiyama group have demonstrated an array of dynamic studies of DNA
structural transitions situated within DNA origami reference frames, including folding of G-

234,235,121

quadruplex and identifying its intermediate states, and the transition of B to Z form

DNA. 126 Moreover, they have utilised the same system to observe directly the action of Holliday
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127

junction resolving enzymes,!?® T7 RNA polymerase,'?’ and the site specific recombination

protein Cre, 3¢

As such, AFM is reasoned to be the perfect tool for directly interrogating the interaction of NPF

with dsDNA enabling direct insight into the homology searching mechanism.
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Figure 3.22: High speed AFM observation of Myosin V walking along actin. (a) A sequence of HS-AFM

images showing the progressive movement of Myosin V along an actin filament in the presence of 1 mM
ATP. The arrowhead indicates a molecule of streptavidin which forms part of the sample preparation. The
arrows indicate the coiled-coil tail of the Myosin V. The scale bar indicates 30 nm. (b) and (c) Schematic
diagrams depicting the structure of Myosin V and walking mechanism, respectively. (d) and (e) A sequence
of HS-AFM images depicting the hand-over-hand motion of Myosin V in I mM and 2 mM ATP, respectively.
The scale bars in (d) and (e) indicate 50 nm and 30 nm, respectively. The centre of mass is indicated in (a),

(d) and (e) with dashed lines and a plus denotes the positive end of the actin filament. The swinging lever

of the motor protein is indicated by a white line. Image re-produced from Kodera et al.?3!

3.5 Conclusions

This literature review has given a detailed examination of the extant developments in DNA
nanotechnology and the current understanding of RecA, including examples of its use in

bionanotechnology applications.

Since its inception, ! the field of DNA nanotechnology has gone through some major revolutions:

from the introduction of Motif structures;* the introduction of DNA origami;2 to the creation
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of wire-frame structures®® and development of nano-canvases.”® Despite their differences, these
approaches all principally harness the high fidelity and predictable sequence structure of DNA to
create novel nanoscale structures and arrange materials - both organic and inorganic - to develop
functional devices. Furthermore, work to integrate these DNA-based devices together and with

support surfaces has been highlighted.?

Interestingly, this section has only touched on a fraction of the rapidly expanding DNA
nanotechnology field, discussing the structures and developments relevant to this thesis. It is
important, therefore, to highlight that this text has not explored the associated developments in
functional nanodevices and robots; including DNA tweezers, walkers and nanoscale assembly
lines.?*’ Neither has it delved into the associated field of DNA computation,?*® both of which are

beyond the scope this thesis.

In light of this, it is becoming evident that as the field of DNA nanotechnology matures it is
beginning to look for practical outlets in order to remain relevant. Regarding inorganic devices,
the production and integration of nanoelectronic, nanophotonic devices or use as nanoscale masks
for conventional photolithographic processing have all been demonstrated.®® In contrast, DNA
organisation of biomolecules is an incredibly promising route to novel biosensing applications,
experimental platforms for the study of biomolecules and the targeted delivery of active agents in

medicinal applications.5%12°

With these applications in mind, this review further examined the recombination protein, RecA as
a potential component for the hierarchical assembly of nano-electronics on these DNA templates.
The current understanding of RecA structure and function was examined, with specific attention

paid to the methods of study.

From the work discussed above, we can see that a true single molecule approach is required to
confirm the proposed mechanisms adequately. Although many elegant studies have been carried
out to date, providing information regarding the kinetics or DNA mechanical dependencies of
these interactions, they fall short of providing clear experimental evidence in support of the

insights provided by molecular dynamics simulations.

With respect to this, the approach taken in this project, using high speed AFM to observe the
interaction in real time, has clear advantages over previous methods, not least in its potential
ability to provide direct and real time observations of the interacting species. In the next section,

the governing principles of the AFM and its applicability to the desired task are examined.
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A Technical Grounding to the Atomic

Force Microscope

In this chapter, the underpinning theory of the AFM is explored in justification of its use for the
observation of biological interactions and bionanotechnology devices. It is important to note that
the text in this chapter is derived from a book chapter on the topic of the application of AFM
to the study of bionanomaterials published by the author. For the original text please see Lee &

Wiilti. 20

This chapter begins with a brief history of the microscope, including the development of the
modes of operation. This is followed by a detailed description of the operational theory; including
an examination of the tip-sample interaction forces, beam mechanics and the inherent resolution

limits of the system, both spatial and temporal.

The chapter goes on to explore how these properties of the microscope enable the AFM to sense
and control the application of forces with nano-scale spatial precision. This is discussed in relation
to the extraction of nano-mechanical properties of soft-matter systems and how this exquisite force

control enables access to higher spatial resolutions than were previously attainable.
Finally, recent developments which have taken place to increase the temporal resolutions,

sufficient to follow the specific interactions of biological molecules are examined providing the

theoretical grounding for the observations carried out in this thesis.
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Figure 4.1: The first Atomic force microscope
designed by C. F. Quate, G. Binning, and C.
Gerber. The core components of the microscope can
be seen perched on top. All other the components,
including the stacked metal plates, are providing the
crucial vibration isolation of the instrument. The
whole instrument was suspended from each corner
using the attached cords for further isolation from

vibration. Image reprinted with permission from

Science Museum, Science & Society Picture Library,

London.

4.1 Brief Historical Perspective

The original AFM?'? as seen in figure 4.1, was based on the simple concept of moving a sharp tip
at the end of a cantilever across a sample surface while recording the deflection of the cantilever.
The cantilever was maintained in constant contact with the sample surface during imaging and this

mode of imaging is nowadays referred to as contact mode (figure 4.2B).210:240

The AFM can be broken down into a few basic constituents, a cantilever and probe, a system
for detecting motion of the cantilever and several piezoelectric elements arranged to coordinate
movement of either the tip or sample in X, Y and Z. These elements can occur in various

arrangements such as a sample scanning setup seen in figure 4.2 A.

In the original work, the deflections of the cantilever as a result of tracking the topology of
the surface were measured by the tunnelling current occurring between the cantilever and an
scanning tunnelling microscope (STM) tip positioned at a fixed location above.?!° The conceptual
simplicity and the stunning imaging resolution that was achieved by this concept — lateral and
vertical resolutions of 30 A and 1 A, respectively — led to a large variety of investigation being
published in rapid succession, imaging a multitude of objects in air, liquid and under vacuum.
The latter environments often resulted in significant enhancements to the spatial resolution due to
removal of the capillary forces present in ambient environments owing to the accumulated water
layers between the AFM tip and the surface.?*! This will be examined in more detail below. At this
stage, AFM imaging was restricted mostly to hard surfaces while the examination of biological
samples was limited because of the high lateral forces imposed by the tip during imaging, causing

deformation and disruption of the substrate.
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A first solution to this problem was introduced by Martin et al in 1987 in the form of a non-
contact imaging mode.?** Here, the cantilever was maintained within 1-10 nm from the surface
and oscillated at its resonance frequency. Perturbations in the oscillation amplitude were used to
form an image. In this imaging mode, the vertical and lateral forces imposed on the surface are
negligible, making the imaging of delicate biological samples a possibility. However, this came at

the price of significantly reduced spatial resolution (figure 4.2 D).

Modern AFM can be operated in a variety of different imaging modes, utilising different ways
of how the probe interacts with the sample, taking into account the specific requirements of the
surface to be imaged. In particular the introduction of dynamic imaging modes led to significant
advances in the imaging of soft and in particular biological samples. Here, instead of maintaining
a constant height as in non-contact mode and measuring the changes in amplitude as a result of the
topography of the sample, the vertical position of the cantilever is adjusted dynamically such that
a particular tip—sample interaction property, for example the amplitude of the resonant oscillations
of the cantilever, is maintained. This is achieved using a feedback loop, and the output of the

feedback loop is then used to form a topographical representation of the surface.

The most commonly used dynamic mode is an intermittent contact mode, commonly referred to

as “tapping mode” (figure 4.2 C).?*3

Again, the cantilever is excited at its resonance frequency
and is subsequently brought into proximity with the surface. In contrast to non-contact mode,
the cantilever tip lightly taps the surface at the extent of each oscillation, which leads to small
distortion in the oscillation. Instead of maintaining a constant height and measuring the changes
in amplitude as a result of topography, the amplitude is maintained and a feedback loop is used
to adjust the vertical position of the cantilever relative to the sample surface via the actuation
of a z piezo, to keep the distortion in oscillation constant. This method imposes higher vertical
forces to the sample surface compared to non-contact mode imaging, but lateral forces remain low.
Importantly, it provides greater spatial resolution over its true non-contact counterpart.’*! Shortly
after the first demonstration in ambient environments, Hansma et al demonstrated tapping mode
AFM in fluids in 1994,2%2%5 which is arguably one of the major breakthroughs that opened up
AFM techniques to the world of biological molecules. Additional enhancements to the spatial and
especially the temporal resolutions of dynamic AFM modes have occurred over the last decade,
increasing the applicability of the atomic force microscope in the study of biological molecules.
As this thesis is concerned with the AFM imaging of biologically templated materials, we will
focus mainly on dynamic imaging modes, although some of the theoretical aspects will also be

applicable for general AFM operation.
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Irrespective of the particular mode of imaging used, the accurate monitoring of the deflection
of the cantilever is of key importance. As mentioned above, in the original work by Binning et
al, the deflection of the cantilever was monitored by measuring the tunnelling current occurring
between the cantilever and an STM tip positioned above.?!? An alternative detection method
utilised piezoresistive layers applied directly to the top surface of the cantilever.?*® However, the
most widely adopted method of cantilever detection was established in 1988 by Meyer et al.?*
Here, a laser beam is focused on the back of the cantilever. The reflected beam is then directed
onto the centre of a four quadrant photodiode. For the non-deflected cantilever, half the laser beam
now hits the upper and the other half the lower photodiode (figure 4.2 A). Upon deflection of the
cantilever, this distribution is shifted and hence can be used to quantify the deflection. This optical
system enables convenient and high-precision measurements of deflection as the small changes
in deflection of the cantilever are amplified into large linear movements across the surface of the
optical beam detector (OBD), allowing for small height features on the surface to be registered,

according to:

AZ ~ Q%Az .1

where AZ is the change in position of the deflected laser beam on the OBD, Az the change in
z-position of the free end of the cantilever, D the cantilever—OBD distance, and L the cantilever

length.

4.2 Background Theory

Despite the wide adoption of AFM, a solid understanding of the tip—sample interaction and
cantilever dynamics has taken a long time to be established. Moreover, no single description
thus far accounts for all imaging conditions. It is this limitation in theoretical understanding
that has hampered rapid advancement in AFM techniques, especially with respect to minimising
interaction forces while maintaining spatial resolution. However, recent advances enabled the
development of advanced imaging regimes such as peak force tapping (PFT) which address
these challenges (see section 4.4.2). The following discussion examines the physical interactions

occurring between the tip and sample that underpin the formation of AFM images.
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Figure 4.2: Schematic diagram depicting a simplified AFM setup. (A) The main components of an
AFM are depicted in a sample scanner arrangement, with the X,Y and Z piezoelectric elements actuating
movement of the sample relative to the fixed position of the cantilever. Alternatively, a tip scanning
setup can be used with the piezoelectric elements actuating the movement of the cantilever relative to
the sample. A laser beam is reflected from the back of the cantilever to an optical beam detector. Minute
cantilever deflections are amplified as linear movements of the laser across the optical beam detector. The
conventional modes of cantilever actuation are depicted with associated image traces, (B) contact mode,
(C) tapping mode and (D) non contact mode. (E) A force—distance curve depicting the force experienced

by the cantilever upon approach to the surface. The imaging modes are indicated in their relevant region of

the interaction curve.
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4.2.1 Tip-Sample Interactions

When considering the formation of an AFM image, one must consider the combination of
attractive and repulsive forces that cumulatively act upon the tip to form the observable quantity
(figure 4.3). These interaction forces are, however, difficult to disentangle and understanding each
contribution in isolation is not trivial. The interaction between the tip of an AFM cantilever and a
substrate is mediated by an array of electromagnetic forces, examined in brief below. Other more

comprehensive reviews exist in the literature, for example by Garcia.>*!

First and foremost Van der Waals (VdW) forces must be considered, these are long-range attractive
interactions between atoms and/or molecules arising from electric dipole interactions. In the case
of tip—sample interaction, the sum of all the dipoles within both the sample and tip (figure 4.3 A)
is of critical importance. Surfaces are rarely flat on the nanometre scale and hence the surface is

approximated as an array of half-spheres. When considering the tip as a half-sphere a distance d

away from the surface, the VAW force is given by: >
H RR;
F R — 4.2
Vdw GPRLR.’ (4.2)

where R is the effective radius of the surface roughness, R the radius of the tip, and H the
Hamaker constant. As will be reviewed later, this view of a nanoscale surface defined by
interconnected half-spheres, in part, defines the limit in spatial resolution achievable when imaging

with another half-spherical object, i.e., the probe.

In addition, a range of repulsive forces, including those arising from Pauli exclusion and ionic
repulsion, must be considered. However, these interactions can be described sufficiently well
by phenomenological contact mechanics models, which take into account the load (applied
force) and the elastic properties of the materials involved (both tip and surface). Hertz first
described the contact and subsequent deformation of two spherical objects under an applied
force in 1881.2*° Subsequent revised models by Derjaguin, Muller and Toporov (DMT)?>" and
Johnson, Kendall and Roberts (JKR) elaborate on the relationships between deformation and load
by additionally considering an adhesion force. Upon first encounter, the JKR and DMT models
appear contradictory, however they describe opposing ends of the elastic modulus spectra. !
Thus, the DMT model is relevant for low adhesion forces and stiff contact moduli when applied

to small tip radii.?>! In contrast, the JKR model successfully describes large tip radii with a

contact that is of low stiffness and has high adhesive forces. It is important to note that the former
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Figure 4.3: A montage of schematic diagrams depicting tip—sample interactions. (A) A surface and
tip are represented as ensembles of halfspheres with permanent and induced dipoles with the relative
charges indicated. Van der Waals forces act between the dipoles of both the surface and the tip giving
rise to attractive interactions. (B) A tip is depicted with an associated capillary neck as a consequence

of an ambient water layer. (C) Interaction forces experienced between the tip and sample as a function of

distance.

considers adhesions forces acting outside of the contact area, whereas the latter does not. 241,251,252

In addition, these models also account for some non-conservative forces such as surface adhesion

hysteresis and viscoelasticity. >*!
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Operation Under Ambient Conditions

When operating the AFM under ambient conditions a water meniscus forms spontaneously
between the tip and the sample surface, owing to capillary condensation (figure 4.3 B). The two

principle radii of curvature of the meniscus, r; and r9, are linked to the vapour pressure P of the

liquid as follows: >33

L 1 _1_RT P
_ _——= — = (0] y
1 T2 Tk YLV & Py

(4.3)

where 7, is the Kelvin radius, I, the gas constant, 7" the temperature, P;,; the vapour pressure at
saturation, vz, the surface tension of the liquid, and V/,, the molar volume of the liquid. From this
equation it can be seen that a meniscus will form when the tip reaches a distance from the surface

equal to that of the Kelvin radius.

In general, analytical solutions of the tip—sample associated capillary force F',;, do not exist, but
Israelachvili provides a solution in the approximation where the tip is modelled as a half-sphere

and the surface is considered flat: 234

47 Ry, cos 6

F =
cap 1+d%)

4.4)

Here, d is the distance between tip and surface, R the tip radius, dj is the height of the meniscus,
and 6 the contact angle at the surface. It is worth noting that the force reaches a maximum when
the tip is in contact with the surface (d = 0). While the above equation is only valid for a specific
approximation, the general cases are not dissimilar. It has been shown both numerically and
experimentally that capillary force values can reach 100 nN, clearly becoming the dominating
force in any ambient imaging regime when compared to other typical tip—sample interaction forces

which range from high pN to low nN.

Under Liquid Medium

The prevalence of a dominating capillary force under ambient conditions can cause problems for
stability and resolution, in particular when imaging soft specimens. This force can be eliminated
altogether when the entire tip—sample interaction occurs within a liquid medium. However, other
forces such as solvation and electrostatic double layer forces come into play owing to the presence

of the solid—liquid interface at the tip surface.
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When submerged in polar solvents, solid surfaces become charged through the absorption of ions
or charged molecules, or by the ionisation of the surface atoms themselves. This excess charge
at the surface is compensated by an accumulation of an equal number of opposite charges in the
solution close to the surface. The thin layer of liquid containing the extra charges is generally
referred to as the electrostatic double layer (EDL), which can extend into the solution from 1 nm
to hundreds of nm, depending on the ionic strength of the solution. The EDL is highly dynamic,
in constant battle between the entropy of ions becoming diffuse throughout the solution and the

electrostatic attraction of the surface.

An EDL force is encountered when a second surface is introduced into the liquid and brought
into close enough proximity to the first surface such that their respective EDLs overlap and hence
interact. The EDL force is generally repulsive if both surfaces are either positively or negatively

charged upon immersion in the polar solvent.

When imaging under liquid, the EDL force and the VAW force are usually dominating.
These forces form the basis of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, and an
approximation of the resulting force in the case where the tip is modelled as a half-sphere and the
surface is considered flat, was given by Butt et al for the case of d >> A\p, the Debye-length, i.e.
the thickness of the EDL:2%

AmR A ex (;d)_@
eeo Ot0sAD €XP b 6d2

Fprvo = — 4.5

where ¢ and ¢ are the dielectric constants of the medium and the vacuum, and o; and o, are the
surface charge of the tip and the sample, respectively. It is important to note that the thickness of
the EDL varies strongly with the ionic strength of the medium, and hence the strength of the EDL
force can be tuned accordingly. In doing so, access to high spatial resolutions is achievable. %27
Furthermore, an appropriate balance between a stable imaging environment, a suitable sample

binding environment, and biological reaction conditions is required. 2>

In addition one must account for solvation and hydration forces that occur due to the confined

259.260 1t must also be considered

nature of liquid molecules between the tip and sample surface.
that there is a dependency upon the mechanical and chemical properties of the substrate itself and

its imaging environment.
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4.2.2 Cantilever Dynamics

So far this text has only considered the complex interactions between the surface and the tip.
However, one must be mindful of the role of the cantilever onto which the tip is mounted, in
particular for dynamic mode imaging which is the main methodology for imaging soft matter. The

cantilever can generally be modelled as a perturbed harmonic oscillator. >*!

The way in which a cantilever behaves when excited is defined by three characteristics: its resonant
frequencies f,,, its quality factor @, and its spring constant k. When considering a standard beam
cantilever with the dimensions w, h and [, and only considering the most commonly used mode

of oscillation, i.e. the transverse mode where the cantilever oscillates vertically, then the above

fn= 15, (4.6)

where F is the Young’s modulus and p the mass density of the cantilever material. The coefficients

characteristics are given by: 24!

Ap, are defined by cos )\, cosh \,, = —1, which leads to A\g = 1.875 and \; = 4.694 for the lowest

two resonances of the cantilever. The spring constant k is given by:

B Ewh?

k== %)

The Q-factor describes any damping that affects a resonating cantilever and therefore is largely
defined by the surrounding medium (air, liquid or vacuum). This dimensionless parameter can
range from a few thousand in vacuum to a few hundred in air, and even lower in liquid, and

effectively describes the “sharpness” of the principle resonance peak:

_fo

Q=17 (48)

where Af is the full width half maximum of the resonance peak. It is important to note that
these equations are valid in vacuum, and that both, resonance frequencies and Q-factor can change

considerably when the cantilever is oscillated in a medium.

4.2.3 Considerations in Fluid Environments

The desire to visualise biologically-templated materials, as well as eventually the actual assembly

processes at the nano-scale, requires imaging in aqueous buffers which mimic their native
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environments. 261262 This further complicates cantilever dynamics owing to the changes in
resonance frequencies as a result of the fluid environment (rather than vacuum) and viscous
damping forces. Furthermore, when a cantilever is oscillated in a fluid environment there are two
additional factors to consider. First, the interaction of the liquid with the cantilever, and second,
the interaction at the sample-liquid—tip interface, where long-range forces such as EDL forces
can become significant. However, it is important to remember that by imaging under liquid the

capillary force, which can be dominating in ambient environments, is removed. >#1:243

For simplicity, this text only considers the case of imaging in a water environment, as EDLs
formed by ions in aqueous buffers further complicate tip—sample interactions, and thus cantilever
dynamics, and hence must be tuned appropriately depending on the system that is investigated. As
mentioned above, in water there is a reduction in () and f,, of the cantilever. For example when
considering a beam cantilever, the primary resonance frequency is typically reduced by a factor of
3 — 5 when operated in water compared with air. This decrease is caused by fluid boundary layers
forming around the cantilever, which must be displaced during each oscillation cycle. Moreover,
the viscous properties of the medium imparts hydrodynamic damping to the cantilever, which is

responsible for the reduction of .263-264

As the oscillating cantilever is brought towards the surface, the fluid boundary layers form a greater
proportion of the cantilever—sample separation distance, thus increasing the fluid shear, which in
turn causes further damping. In most cases it is acceptable to neglect such shifts as these occur
between the tip and the sample only, whilst the prevailing hydrodynamic effects act upon the entire
cantilever body.?®> Additionally, higher harmonics can complicate the cantilever oscillations in

liquid owing to the significantly reduced @, while these were negligible in air. 2%

4.3 Spatial Resolution

Defining the spatial resolution of an AFM is different to that of conventional radiation-based
microscopes. The AFM forms images of surfaces in three dimensions and hence requires the
lateral (z and y) and vertical (z) resolution to be distinguishing separately from one and other.
The main contributors that determine vertical spatial resolution are the mechanical and electrical
noise in the feedback system, and thermal fluctuations of the cantilever. In contrast, factors such
as the tip radius and aspect ratio, distance over which the surface forces decay and the compliance
of the sample govern the lateral spatial resolution. Note that unlike with most radiation-based

microscopy techniques, the mechanical properties of the sample play a defining role in the spatial
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resolution obtainable, this is a factor which becomes important later (section 4.4).

4.3.1 Vertical Resolution Limits

The ability to distinguish small step heights is directly limited by the inherent noise of the imaging
signal, either amplitude or frequency.?®’ In the case of amplitude modulation, the most commonly
used method, the ratio of the noise in the amplitude signal, A, to the gradient of the amplitude

versus tip—surface-distance defines the vertical noise inherent to the image:

0A

O = gAdd]

4.9)

For soft samples such as biological molecules, the gradient is typically 0.2 — 0.5, and hence dh,,

is typically between 2 54 and 5 § A.%67

There are two major factors which contribute to noise in the cantilever signal, and these can be
considered independent of each other. First, the cantilever experiences thermal instabilities and
second, there is an inherent noise in the detector/feedback loop, dominated primarily by noise in
the optical detection of the deflected laser beam. The latter has been reduced significantly over
recent years through enhancements to the optical beam detector (OBD), improved laser sources,
and small cantilever systems. As a result, the thermal instabilities of the cantilever are now the
dominating noise-source of the cantilever in modern AFM systems. 2682592 The thermal vertical

noise of the deflection signal can be approximated by:2"°

Ohy, = W , 4.10)
7 fok

where kp is the Boltzmann constant, B the noise bandwidth, and all other quantities as defined
above. Provided that this is the dominating contribution and generally small in modern cantilevers,
systems can be built which are sensitive even to the short-range forces proximal to the surface
and therefore offer increased spatial resolution and force sensitivity, as the two are highly

intertwined. 2>

4.3.2 Lateral Resolution Limits

The lateral resolution is governed by the typical feature sizes of both the tip and the sample, and

the resulting AFM image is in fact a convolution of both shapes (figure 4.4). As a result, unless
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the tip radius R is significantly smaller than the typical feature sizes of the sample, the lateral
sizes of the imaged structures are generally overestimated by AFM. Furthermore, where typical
surface features are smaller than the apex of the tip we can argue that the resulting AFM image is
dominated by the tip apex rather than the sample surface. The lateral resolution, §l,, can now be
defined as the smallest distance at which adjacent features with a height difference of Ah on the

sample can be resolved, and is given by:?"!

8l = V2R(\/Shy + \/Shy + AR) , @.11)

where dh, is the vertical resolution. In the context of this text, it is justified to set dh, ~ dh,,. Itis
evident from the above equation that the lateral resolution does not only depend on the tip but also
on the vertical resolution of the system, as well as the height of the features. For illustration, if we
consider an AFM system with a typical vertical noise level of 0.1 nm and employing a tip with a
radius of 5 nm, the lateral resolution §/,, when resolving peaks of identical height on the surface is
2 nm, while §l,, =~ 4.3 nm when imaging features with a height difference of 1 nm. Any features
occurring closer than §/, will be subjected to tip convolution artefacts (or dilation), this effect is

represented clearly in figure 4.4.

In the above approximation, the tip apex is the only volume which is considered to interact with
the surface. However, this is not always true, in particular when imaging surfaces where the height
of the features is larger than the tip radius. In such cases, the side walls of the tip will also interact
with the surface. To address this problem, the use of single walled carbon nanotubes (SWCNT)
as AFM tips has been investigated owing to their excellent aspect ratio and tip radius.?’> However

difficulties in preparing such tips impedes their wide adoption.

The above discussion of lateral resolution assumes non-compliance of both the tip and sample,
i.e. neither sample nor tip deformation is taken into account. Although this is reasonable for solid
samples, the elastic deformation of soft samples under an applied tip load will significantly alter

both the vertical and lateral resolutions achievable.

When considered in relation to the Hertz model,2*°

where applied force, F, tip radius, R, and the
effective Young’s Modulus of the sample, E g, are taken into account, the lateral resolution is

found to be:

1
3RF \3
ol, =2 , 4.12

<4Eeﬁ> ( )
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N
N

Figure 4.4: Schematic diagram illustrating the resolution limits when imaging objects with a probe
of finite size. Sample features smaller than the diameter of the probe cannot be resolved resulting in

convolution artefacts, which represents a superimposition of the shape of the tip upon the sample.

where the effective Young’s modulus E.5 of the surface—tip interface is given by:

2 2
1—v: 11—y

E8+Et

Eoy = 4.13)

E; s and v; s are the Young’s modulus and the Poisson ratio of the tip and the sample, respectively.
This implies that forces below 1 nN and tip radii of around 1 nm are required to obtain sub-
nanometre resolutions. More importantly, it indicates that such high resolutions are substantially
easier to achieve on materials with high Young’s moduli.?*!?’! Interestingly, several groups have
reported AFM images with molecular resolution of biomolecules by increasing F.g by forming
rigid structures (e.g. protein crystals).?>273 In contrast alternative instrumental developments to
circumnavigate the above challenges have been developed to control and reduce actively (peak
force tapping, see section 4.4) and passively (torsional tapping>’+273-276) interaction forces giving

rise to higher resolutions.

4.4 Sensing and Controlling Forces
AFM employs a physical probe which interacts directly with the sample to gain the required

information to form an image. This characteristic feature of AFM is, however, not limited to

image formation. The typical forces experienced during imaging are of the order of pN to nN, and
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therefore AFM lends itself to direct sensing of local interaction forces with high spatial and force
resolutions. AFM probes can be utilised as nano-scale force sensors to investigate an external force
acting upon it, and mechanical characteristics of a sample can be derived through the application
of force. Properties such as deformation, energy dissipation, adhesion and moduli can be mapped

with the same spatial resolution as available to topographical imaging.

Furthermore, by functionalising the AFM tip to introduce specific enhanced affinity for certain
parts of the sample, AFM can be applied to the study of inter- and intra-molecular forces, including
affinity mapping,?’” calculation of binding energies>’® and examination of the internal mechanics

of proteins.?’®

4.4.1 Force Spectroscopy

The mechanical stability of biological systems is often critically linked with their biological
activity, and thus being able to map nano-scale biological mechanics is of great importance in
understanding how form and function are linked, and in this endeavour AFM is undoubtedly

unsurpassed.

Considering the AFM cantilever as a Hookian spring, the interaction force between the AFM tip

and a sample can be given as:

F=—kAz, (4.14)

where k and Az are the cantilever spring constant and deflection, respectively.

Mechanical properties can be extracted by driving the cantilever along the z-axis from a position
far away into the sample surface (and back) while monitoring the cantilever deflection signal.
This is typically referred to as a force-distance curve, however, not the tip—sample distance but
only the position of the z-piezo (Z) is known, which represents the rest-position of the cantilever.
The tip—sample separation distance d is affected by the deflection of the cantilever and the elastic

properties of the sample. Therefore, d is given by:

d=7 — (Az+3,), (4.15)

where §; is the sample deformation. Hence, the recorded curve contains elastic contributions

from the cantilever and the sample, as well as contributions from the tip—sample interactions, 28"
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including both long-range attractive and short-range repulsive (mechanical contact) forces.

Because of the elastic nature of the cantilever — and in many cases, the sample itself —
discontinuities between the approach and the retract parts of the curve occur when considering
the attractive interactions. The hysteresis mainly results from the snap-to-contact dominated by
the formation of a capillary neck in ambient conditions, but also includes VAW and hydrophobic
contributions. In general, more detailed information on the attractive part of the tip—sample

interaction can be obtained upon retraction.

When considering the repulsive contributions, the spring constant of the cantilever plays a major
part. Mechanical deformation of the sample occurs as the cantilever is lowered and the tip starts
to interact with the sample surface until the cantilever begins to deflect due to the resistive force of
the surface. Therefore, it is important to match the compliance of the cantilever and the sample to
avoid damage to the sample and optimise force sensitivity, and this is of particular concern where
biological samples are investigated. In addition, the tip geometry must also be taken into account,
for example when investigating biological membranes to image living cells, a sharp, high aspect
ratio tip will lead to high loading forces across a small surface area, and hence can lead to the

rupturing of the membranes.

4.4.2 Mapping Mechanical Properties

Force curves are not limited to single points, and can in fact be collected across an entire surface
analogous to, for example, imaging in tapping mode where height information is collected for
each point across a surface. This process of mapping the mechanical properties across an entire
surface is known as force-volume mapping. Traditional AFM instruments can collect force curves
at arate of up to 10 Hz, and typically each curve is treated independent of the previous one, which

can lead to overshooting and increased sample load.

This approach of measuring force at each point across the sample-surface has recently been
adapted and developed further to enable ultra-high resolution imaging. In this approach, generally
referred rapid force-curve-based imaging (figure 4.5), the applied force is continuously analysed
and the z-position of the cantilever is adjusted via a fast feedback loop such that the maximum
force applied to the sample remains constant. Note that this effectively decouples the resonance of
the cantilever from its response by oscillating at a set low frequency, typically fixed at 2 kHz. 281282
Furthermore, the z piezo is actuated with a sinusoidal waveform, contrary to traditional force-

distance curves which are derived using linear ramps. This results in the tip velocity approaching
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Figure 4.5:

time profile of a Rapid force-curve-based imaging method. As the tip—sample distance is decreased,
the cantilever goes from being at rest (point 1) to sensing long-range attractive forces (point 2). Upon
further reduction of the separation, the cantilever experience mechanical loading until a set threshold is
reached (point 3). An adhesion force is experienced by the cantilever upon retraction (point 4), and when
overcome by the restoring force of the cantilever, the system returns to its rest (point 5). An associated
force—distance profile is depicted (B) showing both the approach (blue line) and retract (red line) curves.
Some characteristic quantities that can be derived from the interaction are indicated. The sensitivity of this

method has applications in recognition mapping (C) and nano-mechanical mapping (D).

zero at the point of contact, enabling a more controlled interaction. 282283

Owing to the increased speed of modern controller electronics, the system is able to modulate the
peak-force applied to the sample surface per oscillation cycle to a self-adjusting set-point at which
sample deformation begins. In practice, the probe is able to interact with the sample with forces of
tens of pN for merely 100 s, with the system deriving multiple force-distance curves per pixel at
a typical rate of 200 Hz. In addition, the signal-to-noise is drastically increased by algorithmically

removing any parasitic components from the deflection signal at each surface contact.?8?

This approach of direct force control enables imaging at very low interaction forces and hence
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leads to increased spatial resolution compared to traditional modes, in particular for soft polymer

and biological samples. In addition, rapid force-curve-based imaging avoids excessive sample

284,285 2

deformation, minimises tip wear,?®3 and maintains stable imaging as the set-points are not
susceptible to drift, which is a particular benefit when imaging in fluid. A further important benefit
of this mode is the fact that the mechanical properties are extracted at each pixel which enables

qualitative analysis of the samples local characteristics (figure 4.5 C).281:284

Other variations of force mapping of biological samples includes the direct investigations of
ligand-receptor interactions.?®® An early example of this method is discussed by Gaub et
al, measuring the interaction forces of individual biotin-avidin complexes?®7-?%% and DNA
hybridisation.?®” When coupled with force-volume or PFT, this method can be used to examine
the spatial distribution of specific receptors, typically across a biologically active surface (figure

4.5 D).277’278

As discussed, the application of small forces gives access to superior spatial resolutions
upon fragile samples, in particular those of biological nature. It is now possible to image
bionanomaterials with sufficient resolution to probe their internal structures and identify
perturbations as a consequence of hierarchical interactions such as the work of Pyne et al
demonstrating variations of the helical pitch of DNA. This high spatial resolution offers insight
into the exact role each biological component plays in a particular assembly, crucial information

when attempting to manipulate their interaction to form bionanomaterials.

4.5 Temporal Resolution

4.5.1 Theoretical limits

It can be argued that one of the great limitations of AFM for the study of biological systems until
very recently was its lack of ability to image at sufficient speed to monitor biological processes in
real time. However, in the last few years, a number of instruments have become available which
make this possible. Before these recent advances are reviewed, this section briefly considers the

theoretical aspects governing temporal resolution of dynamic AFM under fluid.

The highest possible imaging rate is fundamentally defined by the feedback bandwidth of the
control loop that maintains the tapping force during a scan, with further limitations implied by the

sample itself. 262,289,290,291,292,293,294
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The image acquisition rate, 7,4, is given by:

Ut
= 4.16
"o = 54y (4.16)
where v, is the velocity of the tip (x axis), A the scan area, and n the density of scan lines (y axis).

If we consider a sample whose typical features are distributed along the x axis with a periodicity

7, the bandwidth vp of the z axis feedback loop must be sufficient to trace the sample surface, i.e.:

szﬂ:M7 (4.17)
n n

and hence

vp”n

ar < . 4.18
Fag = 2An ( )

Provided that the feedback loop acquires a phase delay of 7 at the bandwidth frequency, the time

domain delay resulting from the feedback loop is at least AT = ﬁ. Most AFM systems operate
in closed-loop feedback configuration, and it is reasonable to assume that the total time delay

doubles as a result of the closed loop,262 i.e. Aty ~ 2AT, and hence

1

vg < ———— 4.19)
b 16AT¢o101

where ATy, is the total time delay in the feedback which is equal or bigger than A7.;. Hence,

the maximum acquisition rate is given by:

max 77
= 4.20
Taq 32An0m1An ( )
For illustration, in order to achieve an acquisition rate of 5 frames per second at a scan line density
of 10 nm~"! for a sample of 50 nm x 50 nm with a typical feature periodicity of 1 nm, the total

time delay in the feedback loop must not exceed 0.25 us, and a minimum feedback bandwidth of

250 kHz must be achieved.
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4.5.2 Instrumentation Perspective

Early efforts to increase the imaging speed of conventional AFM focused on contact mode
techniques. It was identified that the mechanical response of the microscope is limited by the
time delay in the piezo tube that actuates displacements in x, y and z. In order to increase the
bandwidth limitations of these piezo stacks, feedback actuation was attempted by the deposition
of piezoelectric films directly on the cantilevers.?®> Subsequent developments saw the attempted

use of these integrated piezoelectric films in dynamic modes. 2627

Through these methods it was possible to increase the imaging speed by an order of magnitude,
although it was limited by complicated signals that arose from integrating the piezoelectric films
into the full length of the cantilever itself.?*? Furthermore, limitations in fabrication sizes of
such cantilevers resulted in high spring constants and poor resonance frequencies,?*$>%° which
were further compounded in liquid. 3% Efforts to develop large arrays of individually addressable

cantilevers were simultaneously attempted.

Further progress in fast-scan AFM was achieved by Miles et al**'%2 by developing novel
approaches of constant height modes. In their method, a tuning fork, resonating at 100 kHz,
was employed as the = scanner, enabling frame rates of up to 14 frames per second in ambient

conditions when imaging semi-crystalline polymer samples.

Ando’s and Hansma’s groups simultaneously reported attempts to increase the feedback
bandwidth of dynamic modes. A flurry of inventions followed, including small cantilevers with

dimensions of less than 10 pm and corresponding optical detection systems to utilise these small

245,303,304,305 306,307

cantilevers , active damping z scanners, dynamic PID controllers,3%® and fast

data acquisition systems, 309310311

4.6 Conclusions

Since its invention, the AFM has proven to be an extremely powerful tool for the characterisation
of materials at the nano-scale. The exceptional versatility of this form of microscopy has made
it a key tool for the interrogation of biological molecules. Although the operating principles of
most if not all aspects of AFM are conceptually straight-forward, the theoretical foundations for
understanding the various different interactions involved have proven to be much more demanding
to establish. In this chapter, the basic underlying theory of dynamic AFM modes has been

examined.
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The interrogation of a surface by a sharp tip in mechanical contact with that surface means that the
spatial resolution is directly governed by the physical properties of both the tip and the sample, as
well as being a function of the force applied. As a result achieving sub-molecular resolutions is
challenging when imaging soft samples such as biological molecules and biologically templated
materials, which have a tendency to deform under applied loads. Recent developments in rapid-
force-curve have enabled exquisite control over the applied interaction forces enabling access to

spatial resolutions previously unobtainable on biological molecules in isolation.

Furthermore, as AFM collect data in a serial fashion, the temporal resolution is governed
principally by the response time of the mechanical and electrical components of the instrument’s
feedback loop. A number of key advancements to the temporal resolutions have been highlighted
in this chapter, indicating substantial developments in AFM instrumentation. These recent
development in HS-AFM is beginning to allow the interrogation of biological mechanisms over

relevant time scales, which forms the basis of the work presented in this thesis.

Given theses advances in the principles resolutions of the the AFM it is justified as the preferential
tool for interrogating the intricate structure and direct real time observations of the RecA mediated
homology searching mechanism. The next chapter details the materials and methods used in this

thesis in order to study the mechanism in question.
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Chapter 5

Methods and Techniques

This chapter describes the core materials and techniques utilised throughout the thesis. This
section aims to provide the base protocol, deviations from which are described where relevant

in the thesis.

5.1 Materials

5.1.1 Protein and Chemicals

RecA protein (E. coli) was purchased from New England Biolabs (NEB), Inc. (Ipswich,
MA, USA) at a concentration of 2 mg/ml in 20 mM Tris(hydroxymethyl)aminomethane
- Hydrochloride (Tris-HCl) (pH 7.5), 1 mM Dithiothreitol (DTT), 0.1 mM
Ethylenediaminetetraacetic acid (EDTA), and 50% glycerol and was utilised without further

purification.

Adenosine 50-[-thio]triphosphate tetralithium (ATP~S) salt, which was made up to a final
concentration of 5 mM in deionized water; Magnesium Acetate (MgAc), that was made up to
200 mM and Tris-Acetate (Tris-Ac), that was made up to 300 mM, pH 7.4 were all purchased
from Sigma Aldrich (St. Louis, MO, USA).

5.1.2 DNA Fragments

All DNA oligonucleotides utilised in this thesis - including; PCR primers, patterning

oligonucleotides and origami staples - were synthesised by Integrated DNA Technologies
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(IDT) (Coralville, IA, USA) and purified by desalting. The nucleotide sequences for all the

oligonucleotides used in this thesis are given in appendix B.

All the dsDNA templates were amplified using PCR from either a modified pGEM-T plasmid
vector,3!2 in the case of the 890 bp fragment or A bacteriophage DNA, in the case of the 3.5 kbp

fragment.

5.1.3 Buffers

Tris-Mg buffer

Concentration | Constituent Description
10 mM Tris-Acetate, pH 7.4 | HS-AFM buffer containing minimum
10 mM Mg-Acetate Mg? T concentration for RecA reactions.

5.2 Methods

5.2.1 Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) is a technique in molecular biology used to amplify the

concentration of a particular DNA sequence over several orders of magnitude.

PCR utilises thermostable DNA polymerase enzymes, which catalyse the formation of phoso-
di-ester bonds between adjacent nucleotides according to an ssDNA template. PCR proceeds
as a one-pot reaction through a thermocycle to “melt” the dsDNA template, anneal short
oligonucleotide primers flanking the target sequence and enzymatically — using the polymerase

enzyme — extend the daughter sequences.

A typical PCR reaction consists of three-stages usually cycled up to 30 times. The product
concentration increases in accordance with: ma2"~!, where m is the original template
concentration and n the number of cycles. The different stages of the PCR cycle are described

below (figure 5.1):

Denaturation: The reaction is cycled to 95°C for 30 s to denature the dSDNA generating a ssDNA
templates. It is important to note, a longer initial denaturation stage is typically carried to ensure

all the DNA is in the form of ssDNA and is available for primer annealing.

Annealing: The reaction is cooled to 5°C' below the T}, of the pair of primers, typically 50 -

65°C for 20 - 40 s. This stage allows the individual primers to hybridise at the complementary 5’
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Polymerase Chain Reaction (PCR)
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Figure 5.1: A schematic diagram depicting the
-~ N
~ _ / Polymerase Chain Reaction (PCR). A typical PCR
e reaction is cycled between; denaturation (1.), primer
- N\ annealing (2.) and polymerase extension (3.). The
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target product dsDNA is amplified exponentially

through successive cycles. The templates are

indicated in red and the upper and lower primers

in blue and purple, respectively. The predominant

dsDNA

Exponential Growth products are highlighted (encircled in an orange

dotted box).

termini of the target sequence on the ssDNA template.

Extension: The reaction is heated to 68 - 72°C' , depending upon the working temperature of the
polymerase used, allowing the extension of the daughter strand from the bound primer in the 5° -
3’ direction, creating a new dsDNA molecule. The duration of this step depends upon the length
of the target sequence being produced, with a typical rate of a 1 kbp min~!. A final extension

stage after the final cycle ensures all products are dsDNA.

In this thesis, PCR amplification was used to produce the 890 bp and 3.5 kbp dsDNA templates.
A typical reaction consisted of; 1 ul of template DNA (10 ng/ul), 1l each of the upper and lower
primers (10 uM), 10l of Long Amp Taq polymerase buffer (5X), 4 il of mixed dNTPs (10 mM)
and 1 pl of Long Amp Taq polymerase. The total reaction volume was adjusted to 25 pl with
dHO.
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5.2.2 Trailing End PCR

An adaptation on the standard PCR discussed above enables the inclusion of new terminal

sequences into the product dsDNA compared to the original dsDNA template (figure 5.2).

This requires primers with distinct domains and an associated phasing of the PCR cycle to
accommodate changes in annealing temperatures. The new sequence is included as a 5’ flanking
region (figure 5.2, green). The 3’ portion of the primer contains sequence complementary to the

template - as with standard PCR.

In the first phase the annealing temperature is optimised for the initial complementary region of
the primer (figure 5.2, blue) - typically 10°C' lower than the full primer. Extension of the primer
results in the inclusion of the 5’ flanking sequence, which is not annealed to the original ssDNA
(figure 5.2 phase 1). This phase occurs over 5 cycles, resulting in a linear amplification of a new

heterogeneous ssDNA sequence.

In the second phase, the annealing temperature is optimised for the full primer sequence including
the newly incorporated 5° flanking sequence. This is conducted for 25 cycles and is equivalent to
standard PCR, amplifying the intended product exponentially. Reactions were setup as described

above.

5.2.3 DNA Purification and Quantification

All DNA products were purified to remove residual reaction components, including enzymes,
Deoxynucleotide Triphosphates (ANTPs) and to exchange into a storage buffer. Purification was
conducted using spin columns from either Roche (Roche Diagnostic Ltd, West Sussex, UK)
or Qiagen (Manchester, UK); High Pure PCR Product Purification Kit or a QAlquick PCR
purification kit, respectively. These systems make use of DNA binding to silica surfaces in
the presence of chaotrophic agents and high ionic buffers. Despite differences in proprietary

chemistries both provide comparable efficiencies and were thus utilised interchangeably.

Briefly, dsDNA samples were bound, washed and eluted from the columns utilising the
provided buffers, as per the respective protocols. All spin steps were carried out in a tabletop
microcentrifuge (Eppendorf) at 13,000 rpm at room temperature. All products were eluted in
a typical volume of 30 ul of respective elution buffer, containing Tris-EDTA. Typically, for
higher product yields, two PCR samples were concentrated in same column, processed and eluted

together.
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Subsequent  species quantification = was
carried out using a Nanodrop 2000 UV
(Thermo

Wilmington, DE, USA). The pedestal was

spectrophotometer scientific,

rinsed with dH2O prior to use and blanked
against the respective elution buffer. 1 ul
of sample was utilised to quantify the DNA
yield. Finally the samples are pooled and the

concentration averaged for the final stock.

5.2.4 Analytical Gel Electrophoresis

Gel electrophoresis is a common method
in biology for separation and isolation of
populations of biomolecules based upon their
molecular mass, charge and conformation.
This method separates biomolecules such
as DNA, RNA and proteins by sieving
through a porous gel matrix under an applied

electromotive force.

The gel matrix is submerged in a running
buffer - either Tris-Acetate-EDTA (TAE) or
Tris-Borate-EDTA (TBE) - between a cathode
and an anode, such that electrical connection
is made through the gel. An applied electric
field, typically a constant voltage, imparts

an electromotive force upon the charged

Primer
\ 3
Old 1”Ch0r _/ New anchor
N v
— ~\

Y st T
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ii fgn:::::::::::: ----- -—/
\ :
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Figure 5.2: A schematic diagram depicting the
trailing end PCR. Primers containing separate
sequence domains are utilised. The 3’ region is
complementary to the original template (blue). The
5’ region contains a news sequence (green). The
PCR is phased to optimise annealing temperatures
to the binding of the 3’ region only initially and the
full primer later. The sequence being replaced is

highlighted in red and the new sequence in green.

Complementary regions are shown in the same colour.

biomolecules causing them to migrate through the sieving matrix towards the cathode or anode

depending upon the net charge it holds.

A molecules electrophoretic mobility, y, is the velocity per unit of field strength, as given by:

pw=v/E=d/Et

G.D
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where d is distance (cm), ¢ is time (s), v is the migration velocity and F is the field strength.

Therefore, electrophoretic mobility is expressed as cm?V ~1s~1.

There are two common types of gel matrices utilised in electropheretic systems: polyacrylamide
and agarose. Typically, agarose gels are found to offer a greater range of separation due to its large
pore size, able to separate DNA molecules from 50 Base pair (bp) to 20 Kilobase pair (Kbp) in
size.>!3 In contrast, polyacrylamide typically has a much greater resolving power due to its smaller
pore sizes and as a consequence are utilised to separate DNA molecules that differ in several tens

of bp or less.

A typical analytical gel electrophoresis process consists several distinct steps;

e Casting the gel matrix;
e Loading samples (in a glycerol loading dye);
e Separation at a constant Voltage;

e Visualisation of the migration pattern.

It is important to note that visualisation is conducted by staining the DNA with intercalating dyes -
such as ethidium bromide or the SYBR family of dyes - which are excited at 302 Nanometre (nm)
UV-light. These are sensitive down to picogram DNA concentrations. Note that agarose gels are

typically impregnated with the dye while polyacrylamide gels are post-stained.>!3

In this thesis, all PCR products - i.e.,890 bp and 3.5 kbp - were assessed with agarose gels,
typically 1%. Typically 100 ng of product was loaded and run along side a mixture of DNA

fragments of defined lengths — commonly referred to as a ladder — for verification.

All other gels presented in this thesis were polyacrylamide, where the percentages are noted at the
relevant place in the text or figure caption. Typically, 10 ng of sample was loaded alongside a 10
or 100 bp ladder, noted where relevant. Separation was typically conducted at 80 V for 90 - 240

minutes.

5.2.5 Generation of Single Stranded Overhangs by Nicking and Competing

This method was used to generate sSSDNA overhangs on dsDNA templates, such as those required
for inclusion into the DF2L origami frame. The generation of these ends was mediated in

two steps; nicking of the dsDNA backbone and the removal of the unwanted ssDNA region
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by denaturing the template DNA. The short ssDNA region was sequestered with an excess of

complementary oligonucleotide during re-annealing of the DNA template.

Nicking

Recognition sites for the nicking enzyme nt.Bst.NBI were designed into the templates at the
relevant places in the opposing termini. A typical reaction consisted of 10 ul of dsDNA template
(@ 50 - 100 ng/pl), 5 pl nt.Bst NBI (@ 10 Units/ul), 5 ! NEB Buffer 3.1 (@ 10 x) made up to a
total volume of 50 pl with dH2O. This was incubated for 5 hours at 55°C' .

Competing

Competing oligonucleotides were introduced to 5 pl of nicked templates at a 100 fold excess. The
reaction mixture was made upto 50 u! including NEB buffer 3.1 (@ 10 x) and dH20. The mixtures
were denatured at 80°C for 20 minutes and allowed to cool to room temperature in a controlled

gradient of -1°C' min~—'. The final products were purified as described in section 5.2.3.

5.2.6 RecA Patterning Reaction

RecA patterning complexes were formed as established in Sharma et al>%, with minor deviations
described where relevant. The RecA mediated patterning reaction is orchestrated in two phases;
the formation of a NPF on ssDNA (figure 5.3 I) and the interaction of an NPF to form a region of
triple stranded DNA (figure 5.3 II).

RecA Nucleoprotein Filament Formation

The amount of RecA (Ry/) required to polymerise on a given oligonucleotide is a function of its

length (Op), its concentration (O¢) and the fact that RecA binds 3 nt per monomer. Hence;

Ry = w (5.2)
R¢

where, R is the concentration of the RecA stock.
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A typical reaction for a 30 nt oligo consisted
of 1 ul ssDNA (@ 10 pl), 3.8 ul RecA (52.3
pmol/ul), 1 ul ATPyS (5 mM), 1 pl Tris-
Acetate (200 mM, pH 7.4) and 1 ul Mg-

o
w
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Nucleoprotein

Acetate (20 mM). The final reaction volume filament
was made up to 10 pl with dH20 and incubated = =
at 37°C for 15 minutes. @ Restriction

enzyme
=Y S
I <5 =

Synaptic Joint Formation with dsDNA z Proteinase K

Freshly formed NPFs were introduced IV LOACHON

/

to the relevant template dsDNA in a

specific ratio and further incubated at
37°C' for up to 60 minutes (figure 5.3
II). Both the ratios and incubation times Figure 5.3: A schematic diagram depicting RecA

vary depending on the experiment and mediated patterning and restriction assay. I) RecA
monomers polymerise on ssDNA in the presence

of ATP~S and Mg**to form a NPF. II) The NPF

are discussed where relevant in the text.
Typically, where a 3:1 (NPF:dsDNA) is
. is patterned across a restriction Ssite preventing
utilised; 1 pul NPF (@ 1 pmol/ul) was
its cleavage (III). IV) The NPF is removed using
added to 1 pul dsDNA template (@ 0.346 proteinase K for assessment by gel electrophoresis
pmol/ul), 1 ul Tris-Ac (200 mM, pH 7.4) w).
and 1 pul Mg-Ac (@ 200 mM). The final

reaction volume was made up to 10 wul with

dH»0.

5.2.7 Nucleoprotein Filament Patterning Restriction Assay

In order to quantify the patterning efficiency an enzymatic assay was utilised, in accordance with
Sharma et al.3!>6 Here, NPFs were patterned over unique restriction sites within the template
dsDNA. The assembly of the NPF blocks the binding site, preventing the restriction enzyme from

cutting the DNA template into shorter fragments (figure 5.3 III).

Removal of excess RecA; This process requires an additional step in the RecA patterning

mechanism described above to ensure removal of excess monomeric RecA following the formation
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of NPFs (section 5.2.6). Here, a 30 nt oligo containing only T’s (d(T)30) is introduced at excess -

typicaly 1 pl (@ 100 pM) - and the reaction mixture is further incubated for 15 minutes at 37°C' .

Restriction digest; Following synaptic joint formation (section 5.2.6) 2.5 pl restriction enzyme
buffer (@ 10 x) and 1 pl restriction enzyme (@ 20 Units/ul) were added and the reaction volume
made up to 25 pl with dH30. The reaction mixture is incubated at 37°C for 30 minutes (figure 5.3

IIT). Note that the relevant restriction enzymes are specified in the text.

Removal of NPF; Finally all the protein - primarily the RecA - was removed from the reaction
mixture prior to analysis via gel electrophoresis (section 5.2.4) (figure 5.3 IV). This was achieved
through the addition of 5 ul of Proteinase K (@ 800 counts) accompanied by an incubation of 30

minutes at 37°C'.

5.2.8 Atomic Force Microscopy

In this thesis, the AFM was the primary interrogation tool and as such, a detailed examination of
the working principles of the instrument was given previously in chapter 4. This section provides
an overview of the sample preparation and operational parameters utilised in the work presented

in the following chapters.

Sample Preparation

Sample preparation varied depending on the experiment. Broadly speaking there are three
approaches utilised in this work; deposition for imaging in air; transient binding for imaging
dynamics in liquid; and strong surface adsorption for high spatial resolutions in liquid. These are
detailed individually below and variations from these protocols are specified where relevant in the

text. Note that all sample incubations were conducted in a humidity controlled chamber.

Sample preparation for imaging in air; This approach is primarily utilised for the work
demonstrated in chapter 6. Samples were appropriately diluted in either dH2O or TE buffer (@ 1
x) to give a total deposition yield of 10 - 15 ng of DNA in a 20 ul volume. Muscovite Mica was
freshly cleaved and incubated with 20 pl of 10 mM NiCls for 2 minutes. Subsequently samples
were deposited, incubated for 5 minutes, rinsed with a dH2O (approximately 500 wl) and dried
with Na.

Transient surface binding for imaging in liquid; The development of this approach is detailed

in chapter 7. Muscovite Mica was freshly cleaved and pre-incubated with NiCly (20 pl) at
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concentrations ranging from 1 mM to 15 mM for 1 minute. Excess NiCly solution was removed
and DNA solution (20 ul) was immediately applied to the mica surface and incubated for 5
minutes. Subsequently the surface was partially de-wetted. All DNA samples were prepared
using 10 mM Tris-acetate (pH 7.4) and 10 mM Magnesium-acetate and 3.5 kbp DNA (10 ng).
Mica samples were re-immersed in Tris-Mg buffer (200 w!l) for imaging, with a small volume
(50 pl) applied directly to the AFM cantilever. Where proteins or nucleoprotein complexes were
introduced, they were appropriately diluted in Tris-Mg buffer and introduced directly into the
imaging buffer column with a pipette, once stable imaging of the surface bound DNA substrate

was established.

Strong surface binding for imaging in liquid; This approach is primarily used for the work
detailed in chapter 9. Samples were diluted in 10 mM Tris-acetate (pH 7.4) and 20 mM NiCl, to
give a total deposition yield of 10 ng of DNA - or equivalent NPF - in a 50 pl volume. Samples
were deposited on freshly cleaved Mica and incubated for up to 90 minutes. Following this,
the buffer volume was increased to 200 pl with 10 mM Tris-acetate (pH 7.5), to give a final

Ni%*concentration of 5 mM throughout imaging.

Where DNA origami was deposited, Ni2*was found to cause detrimental effects when used for
pre-incubation. Mg?*was sufficient to enable equilibration between the tile and the surface to take
place. 10 ng of DNA Origami tiles were deposited upon freshly cleaved Mica for 60 minutes in
10 mM Tris-acetate (pH 7.4) and 10 mM Mg-Acetate (20 ul). Where appropriate the introduction

of 5 - 10 mM Ni%*was found beneficial, post deposition.

AFM Operation

Operation in Air; All samples were imaged using either a Multimode Nanoscope IIlla AFM
(Veeco, Santa Barbara, CA, USA) or a Dimension 3100, Nanoscope IV AFM (Veeco, Santa
Barbara, CA, USA) in tapping mode in air. Images were acquired with an average scan rate of 1
Hz (512 x 512 pixels). All images were captured using OTESPA probes (Bruker, Santa Barbara,
CA, USA) (Nominal values; L = 160 um, W = 50 um, K =42 N/m, fy =300 kHz in air, tip radius

=7 nm)

High speed AFM in aqueous buffer; All samples were imaged using a Dimension Fastscan
(Bruker, Santa Barbara, CA, USA) in tapping mode in aqueous buffer. Images were acquired
with typical scan rates between 38 and 60 Hz (256 x 256 pixels). All images were captured using
Fastscan D probes (Bruker, Santa Barbara, CA, USA) (Nominal values; L = 16 ym, W =4 ym, K
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=0.25 N/m, fo = 110 kHz in liquid, tip radius = 8 nm).

Rapid force-curve-based imaging in aqueous buffer; All samples were imaged using Peakforce
tapping on a Dimension Fastscan (Bruker, Santa Barbara, CA, USA) using Fastscan D probes
(Bruker, Santa Barbara, CA, USA) (values as above). The deflection sensitivity of each probe was
calibrated using a 100 nm linear ramp on a mica substrate. Individual K values were established
with a thermal calibration. Probes were engaged to the substrate with an engage setpoint of 0.1 V
(approximately 1 nN) and a peakforce amplitude of 10 nm. Images were captured with a scan rate
of 1 -2 Hz (512 x 512 pixels) using a 5 nm peakforce amplitude, 2 kHz Peakforce frequency and

al pym Zrange.

5.2.9 Design and Formation of DNA Origami

DNA origami structures were designed using the Cadnano software package.’!* The design
process consists of; specifying the number of DNA duplexes across a square lattice (figure 5.4
A); routing the scaffold strand (figure 5.4 B); introducing staples (figure 5.4 C); populating the
design with a DNA sequence (figure 5.4 D); and exporting the calculated staple sequences to be

synthesised.

- 1)‘
4 3
(4)
5 ~—
(5)
A
1 C
D i
rrrrrrrrrrrrrrr
h .............. R
>
1r i
[
D 4 L [ <

Figure 5.4: A overview of the design of DNA origami using cadnano A) The number of dsDNA duplexes
is specified on a square lattice. B) The scaffold (blue) is rastered through each duplex to create the two
dimensional shape. C) The design is populated with staple strands (various colours). D) Finally, the

nucleotide sequence of the scaffold strand is populated, from which the staple sequences are derived.
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Folding

The origami structures were generated using M13mp18 ssDNA (New England Biolabs, MA, USA)
scaffold with an average of 220 staple oligonucleotides (IDT, IA, USA), each typically 32 nt long.
Staple mixtures were produced to a final concentration of 100 nM (final concentration of each
oligonucleotide) in 10 mM Tris-HCI or Tris-Acetate (pH 7.4), 1 mM EDTA and 10 mM MgCls or
Mg-Ac. A typical folding reaction consisted of 2 i/ M13mp18 ssDNA (@ 100 nM), 10 ! Staple
mix (@ 100 nM), 1 pl Tris-Ac (pH 7.4) (@ 200 mM), 2 ul EDTA (@ 10 mM) and 2 pl Mg-Ac (100
mM) made up to 20 pl with dH20. Note, DNA origami was also found to fold perfectly without
EDTA. Reactions were heated to 95°C' for 5 minutes and cooled using a controlled gradient of

-1°C min~! to room temperature.

Inclusion of Central Strand

Regarding the DNA origami frame structures, the central dSDNA strands were incorporated in
excess following initial folding of the frame. Incorporation was usually carried out at between 2 -
5: 1 (central strand : frame) ratios. A typical reaction consisted of; 20 ul DNA origami frame (@
10 nM), 2 ul dsDNA central strand(s) (@ 200 - 500 nM), 1 pl Tris-Ac (@ 200 mM), 2 ul EDTA
(@ 10 mM) and 2 pl Mg-Ac (@ 100 mM) made up to 40 pl with dH2O. Reactions were heated to
40 - 50°C - depending on the T}, of the anchor sequences - and cooled using a controlled gradient

of -0.5°C min~! to room temperature.

Purification

All origami structures were purified using Illustra MicroSpin columns (GE Healthcare, UK)
containing a Sephacryl size exclusion chromatography matrix (figure 5.5). Note that, different
size exclusion limits were required for the different origami frames, typically Sepahcryl S-400
was utilised. This technique separates molecules based on their Molecular weight (MW). Larger
molecules - in this case the DNA origami - pass through the column in the excluded volume (figure
5.5, green). In comparison, small molecules are able to enter the pores of the Sephacryl matrix and
thus have a larger interaction volume to diffuse through. These molecules are fractioned based on

their relative MW where the largest elute first (figure 5.5, yellow and red).

Prior to use, the storage buffer was removed from the matrix by centrifugation for 1 minute. Each

column was equilibrated with 200 pl Tris-Mg buffer three times prior to the introduction of any
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Amount of Molecule

AD .

Elution volume

Figure 5.5: A schematic diagram depicting size
exclusion purification columns. The column is
packed with a sephacryl based porous gel matrix.
A population of molecules of different molecular
weights is separated due to their differential access
to the pore volume of the matrix. Molecules too
large to fit into the pores (green) are eluted first in
the exclusion volume. The remaining molecules are
fractioned based on their dwell time within the matrix

volume. A representative elution profile is given.

sample. This buffer was applied to the top of the column - with care taken not to disrupt the matrix

- and centrifuged for 1 minute, with the elutant being discarded. Samples were applied to matrix in

the same manner and the elutant collected in a 1.7 ml eppendorf tube following centrifugation for

30 seconds - 1 minute. All spin steps were carried out in a tabletop microcentrifuge (eppendorf)

at 750 rcf (relative centrifugal force) at room temperature. Typically samples were pooled for

purification and 20 pl aliquots were frozen for later use.
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Chapter 6

Examining the Interaction Landscape

of RecA Nucleoprotein Filaments

6.1 Introduction

As highlighted in chapter 3, the mechanism by which RecA NPFs search for homologous sequence
amongst vast heterology continues to remain unclear. This discrepancy in understanding is a
consequence of the indirect single molecule investigation methodologies employed to date, which
are insensitive to the presence of any intermediate states (section 3.4.2). So far, three states have
been characterised from averaged structural studies, including; pre-synaptic, synaptic and post-

synaptic complexes (section 3.2.3).

With respect to the homology searching mechanism, the synaptic state is proposed to represent a
transient interaction between heterologous sequence pairings. This integral state is characterised
as the central “homology search” process which transitions to a post-synaptic state upon full

homologous sequence pairing (section 3.2.3).

In this chapter, the prevalence of the synaptic and post-synaptic intermediate states is statistically
assessed across a typical patterning reaction window of 60 minutes (see methods 5.2.6), which is
temporally dissected into “snap shots”. Such snap shots are crucial in reconciling the constituent
intermediate states that characterise the RecA homology searching mechanism and will inform

any later dynamic observations made with HS-AFM.

As described previously (section 3.3.1), the Bioelectronics group has been developing

methodologies to harness the RecA mediated homologous recombination mechanism in order to
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spatially address synthetic DNA structures for bottom-up assembly of nano-devices and functional

materials.

As such, there are several well established protocols within the group for the formation of RecA
NPFs and the patterning of dsDNA templates. To date, the main assessment of which has been
carried out utilising a restriction enzyme based biochemical assay (see methods 5.2.7), enabling
quantitative analysis of terminal patterning efficiencies.?'>® These studies, have been further

complimented with AFM observations in air to confirm the terminal reaction state.

These approaches rely on solution based interactions with high component concentrations and
stoichiometries to enable the high efficiencies described to date.?'>¢ Although perfectly suited
to the intended construction approach, these reaction conditions pose severe complications — in
particular surface fouling — where direct single molecule observations are intended, such as in the

latter parts of this thesis.

In contrast, in this chapter low stoichiometric NPF:dsDNA interactions are first characterised with
the established restriction assay (see methods 5.2.7). These conditions are subsequently applied
to reaction snap shots — from 5 - 60 minutes — assessed with the AFM in air. Furthermore, in line
with the intended HS-AFM observations — and subsequent bionanotechnological applications —
the affect of temperature, NPF size and the presence of a solid-liquid interface on the reaction
landscape are all investigated. These experiments aim to establish a base set of interaction
intermediates from which all subsequent HS-AFM observations can be compared — taking into

account system constrains, such as the presence of a solid-liquid interface.

6.2 Experimental

6.2.1 DNA Substrate Design and Generation

In order to investigate the interaction landscape a simple linear dSDNA template was required,
sufficiently long to be easily and unambiguously identifiable by AFM and yet short enough to be
well resolved in a gel electrophoresis setup. Previous work by others in the Bioelectronics group
had utilised a 890 bp template for these purposes, which was deemed suitable for this preliminary
work. This dsDNA template was easily identifiable by AFM at 302 nm in length, and contained
a unique Banl restriction site 350 bp from the 5’ termini of the leading strand. The asymmetrical
design was argued to enable less ambiguous distinction between the synaptic and the postsynaptic

joints as the site of homology was kept 85 bp away from the center (shown in figure 6.1).
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Figure 6.1: A schematic diagram depicting the layout of the 890 bp template. The locations of the Banl
restriction site and relative fragment sizes is indicated. The region of homology covers the restriction site,
protecting it from enzyme access. The relative positions of the 90, 60 and 30 nt homologous nucleoprotein

filaments is shown, top - bottom, respectively.

A set of 30, 60 and 90 nt ssDNA oligonucleotides were generated to pattern the 890 bp template,
sharing sequence homology with the upper strand. These regions of homology were designed
to pattern across the denoted restriction site, thus protecting it from enzymatic cleavage, in
accordance with the protocol described in methods 5.2.7. NPFs formed from ssDNA of this length

6315 and remain consistent with

have been shown to be highly efficient at forming synaptic joints
those used in previous FRET based studies. '® Furthermore, at 15 nm in length and 10 nm in width,
30 nt NPFs were considered the smallest feature that could be resolved unambiguously in the Sum

x Spm (512 x 512 pixels) images used in these experiments.

6.2.2 Assessing the RecA Nucleoprotein Filament Homology Search by Enzymatic
Assay

First and foremost, all components were tested to ensure correct patterning at the low
stoichiometries required by the AFM experiments that follow. In accordance with previous work
by Sharma et al*> high patterning efficiencies are achieved using a typical stoichiometry of 40:1
(NPF:dsDNA), with excess RecA bound to an additional heterologous 30 nt oligonucleotide prior
to the introduction of a dsDNA substrate. However, this approach would not be appropriate for
single molecule observations, leading to large background contamination. As such, the patterning

efficiency of a more practical 3:1, stoichiometry was explored.

NPFs were formed on the 30, 60 and 90 nt oligonucleotides in the presence of ATP~S and 2 mM
Mg?tin accordance with methods 5.2.7. The resultant NPFs were subsequently introduced to 890
bp dsDNA at a 3:1 ratio and incubated for 1 hour (methods 5.2.6). Subsequently, all DNA species
were digested with Banl for 30 minutes and followed by complete protein removal by Proteinase

K incubation (methods 5.2.7).

From figure 6.2, clear protection of the 890 bp template is observed as a result of the NPFs

presence, with efficiency varying with respect to length. Where various components of the NPF
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Figure 6.2: RecA restriction digest gel of 890 bp. A 5% polyacrylamide gel depicting the restriction assay
of 890 bp patterned with 30, 60 and 90 b NPFs at a 3 to 1 ratio. Respective estimated patterning efficiencies

are given as densitometry analysis of the relevant lanes. L = 1 kbp ladder.

are omitted (figure 6.2 lanes references: No NPF, 1 & 2) then no protection from the restriction
enzyme is afforded and the 890 bp DNA is cleaved into two fragments; 540 bp and 350 bp (figure
6.2).

Interestingly, over the course of 60 minutes the 60 nt NPF patterns with 24 % efficiency at the 3:1
ratio used here, compared to 95% at a 40:1 ratio.>!'>* This yield is reasoned to be sufficient for
identifying interaction intermediates at the single molecule level, with a quarter of all observed
molecules under the AFM expected to display a successful interaction. In contrast, the 30 nt NPF
is found to yield a reduced efficiency of only 14 %. This difference from that of the 60 nt is
notable, where one may postulate that patterning efficiency decreases with NPF size - indeed this
was the case noted in the earlier work of Sharma et al,® where filaments were scaled down to 6
nt. However, this argument is partially undermined by the apparent similar efficiency of the 90 nt
NPF. Nonetheless, all patterning efficiencies were deemed to be of sufficient yield for subsequent

investigations with the AFM.

6.2.3 Observing the RecA Nucleoprotein Filament Intermediates by AFM

In order to interrogate the nature of intermediates formed during the search for homologous
sequences, a 60 minute interaction time course was temporally dissected to statistically sample the
reaction intermediates. 60 nt NPFs were formed as previous and incubated with 890 bp dsDNA at

37°C (methods 5.2.6).
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The reactions were terminated by quenching the reaction mixture to 4°C' at regular time intervals,
starting from 5 minutes and going up to 60 minutes. This temperature was found to be sufficient
for ceasing any interactions between the NPFs and the dsDNA scaffold (Figure 6.3 B), with only
6.4 % of the surface bound DNA population indicated the formation of a synaptic — and no post-
synaptic — complexes at 60 minutes compared to approximately 40 % at 37°C' . From figure 6.3 B
it can be seen that the majority of the NPFs are present within the background when incubated at
4°C', indicating limited - if any - activity. Given this, samples were quenched and diluted by the

addition of dH5O at 4°C'.

Typically, a total of 10 ng of dsDNA was deposited upon Ni?*pre-incubated mica for 5 minutes,
prior to rinsing with dH2O and drying with Ny (section 5.2.8). Following this samples were
visualised with AFM, using tapping mode in air (methods 5.2.8) - for any intermediates formed

between the NPF and dsDNA.

Figure 6.3: A comparison of patterning efficiencies at 37°C' and 4°C . 60 nt NPF (orange arrows) are
shown to interact with 890 bp at 37°C (A) but to an extremely limited degree at 4°C' (B), where the majority

of NPFs are observed in the background. Scale bars = 250 nm. Z scale = 8 nm.

Substrates were imaged at random locations, in order to ensure a large and unbiased population
of DNA molecules were sampled, typically n = 1000 DNA molecules per sample. Only DNA
molecules who’s termini could be unambiguously discerned, that fell entirely within the imaging
area and that did not overlap with one another were included in the population count. Great care
was taken to keep consistent concentrations of each molecule throughout the reaction time series

to ensure repeatable mono-dispersions of reaction intermediates for microscopic observation.
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The resultant population of dsDNA observed were categorized as a function of the observed
interaction state of the NPF with the 890 bp DNA, i.e. those which; a) did not interact with
the DNA; b) perhaps formed a synaptic joint with the scaffold; c¢) had already resolved into
postsynaptic complex at the correct homologous site — based upon position on the asymmetric

DNA scaffold.

A representative set of AFM images is shown in figure 6.4 B - E, where in panel B a successful
postsynaptic complex can be seen on 890 bp DNA. Other panels, (C - E) represents 890 bp DNA

with multiple NPFs associated at heterologous locations.

A ion of
Sk

890 bp

Figure 6.4: A montage of AFM images depicting parallel RecA homology searching. A) a schematic
diagram depicting the region of 60 nt homology on a 890 bp template. B - E shows the variation of reaction
intermediates, with; B) a successfully formed synaptic joint at the point of sequence homology; C) free
filaments and DNA alongside terminally bound DNA template; and D) & E) demonstrate multiple pre-
synaptic joints formed along their length. Nucleoprotein filaments are highlighted with orange arrows. All

Scale bars = 60 nm. All Z scales = 8 nm.

From the observations made here, it can be seen that NPFs interact with dsDNA in a largely parallel
process. This is in stark contrast to previous studies which are insensitive to these additional and

intermediate interactions (see section 3.4).

The parallel nature of the homology searching mechanism results in a multi-phase mechanism,
which is evidenced across the full 60 minute time course. From figure 6.5 A, two phases
are clearly observed: a rapid first phase characterised by the parallel formation of synaptic

joints — referred to here as the ’association’ phase; and a slower second phase characterised by
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the dissociation of weakly bound heterologous synaptic joints and an increasing population of

postsynaptic complexes — referred to as the ‘resolution’ phase.

Rapid Association Phase

For a reaction carried out at 37 °C, it was found that within 10 minutes the percentage of the 890
bp DNA population displaying an association of some nature with a 60 nt NPF rapidly saturated to
91.6 = 1%. Of this only a small population 4.4 + 1% had postsynaptic joints formed at the correct
homologous location, while the remaining 87.2 £ 1% had one or more synaptic joints formed at
heterologous locations. This is shown in the histogram of figure 6.5 A, green bars. Interestingly
the vast majority of DNA molecules were observed to have multiple interactions simultaneously
(figure 6.4). On average, 3 synaptic joints per 890 bp DNA were observed, with up to 7 seen on a
few of the templates. Interestingly, the latter equates to approximately half the available template

base pairs being probed concurrently.

From these observations it becomes immediately apparent that the homology search begins in a
largely parallel fashion. In contrast, previous studies are only able to report findings based on
the interactions between a single NPF and dsDNA due to indirect reporting methods (see section
3.4). It is not hard to see how the multiplexing of the homology search effort would increase
the efficiency of the process, especially across a large sequence space such as a genomic DNA.
Indeed, it could be argued that it is a logical component of any searching mechanism that is
entirely thermally driven. Whilst this mechanism does not save on energy expenditure, it would
decrease the searching time by a factor of 7, for example, where seven synaptic joints are formed
concurrently and allowed to undertake short regions of sliding. As expected the chances of
filaments to find the region of homology at the first encounter is extremely low even for short

templates such as the 890 bp DNA used here.

A similar saturation profile was observed by 20 minutes for samples incubated at 22°C' . Of these,
54.5 £ 3% of the population demonstrated a reaction intermediate, of which only 3.6 + 1% was
found to be a postsynaptic joint (Figure 6.5 A, blue). This further supports the previous suggestion
of a thermally driven searching mechanism, although whether this is as a direct consequence
of reduced diffusion of either the NPF, the dsDNA into the complex or a reduction in local
DNA breathing — partial separation of the DNA strands due to thermal fluctuations — is unclear,
perhaps a combination is likely. !’ The nature of parallel interactions observed within this system

raises some interesting questions. What happens when one of the multiple synaptic joints finds
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a region of homology? How do the other synaptic joints resolve and is this even necessary?
Can unresolved joints lead to irregular and detrimental recombination events between mostly

heterologous partners?
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Figure 6.5: The multi phase interaction landscape of RecA NPF homologous recombination. A set of
histogram plots comparing the interaction landscapes of 60 nt homologous (A) and heterologous (B) NPFs.
A) depicts the bi-phasic reaction landscape at 37 °C (green bars) and 22 °C (blue bars) revealing a largely
parallel pre-synaptic joint formation phase and a synaptic joint resolution phase (green & blue lines) with

a strong dependence upon the thermodynamics of the environment.

Resolution Phase

Interestingly, following the saturation of dsDNA-NPF intermediates a second phase becomes
evident from 10 to 60 minutes in which the population of dsSDNA demonstrating a reaction
intermediate rapidly decreased to 43% =+ 0.51% (Figure 6.5 A). Simultaneously, this is associated
with an increase in the percentage of the postsynaptic population, which steadily increases across

60 minutes reaching 36% + 0.58%. This is attributed to formation of a stable three-stranded
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postsynaptic joint when one of the synaptic intermediates successfully locates the homologous

site, while the relatively weak heterologous synapses dissociate from the DNA duplex.

Similar behaviour was observed for a heterologous 60 nt NPFs, where roughly the same number of
synaptic joints was seen to form during the early stages of interaction. Further, these were found
to drop off drastically during the resolution phase, without the associated postsynaptic transitions
(Figure 6.5 B). Moreover, when samples were imaged after an overnight incubation, only bare

890 bp DNA were observed (figure 6.6) due to the disassembly of the NPFs following ATP~S

—1 316

hydrolysis — which proceeds at 0.01 min

Figure 6.6: Disassembly of 60 nt NPF patterned on 890 bp following incubation at 37°C for 24 hours.

Scale bar = 250 nm. Z scale = 8 nm.

It has previously been proposed that the NPF construct interacts non-specifically with the dSDNA
template through the exterior of the filament and that it is the DNA which wraps in to the helical
groove of the complex - where the ssDNA nucleotides are exposed - through thermal fluctuations

160

alone. "*” If a partial match is achieved the complex becomes stable and facilitates further base

probing, progressing at a theoretically exponential rate. However, if no homology is present the
complex remains unstable, with the dsDNA free to unwrap from the NPFs helical groove. 161:22!
The mobility of the dsDNA to come into and out of the helical groove of the NPF is therefore
dependent upon the thermodynamics of the system requiring more energy to leave the complex

than to enter it, which explains the formation and rapid disassembly of transiently bound synaptic

joints during the early phase of homology search in these results.

Hence, it can be postulated that in the beginning of the homology search, irrespective of the
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sequence, the nucleoprotein filament docks on the dsDNA to form a synaptic joint. Association
is however short lived unless homology - at least in part - is located and a full transition to a

post-synaptic joint occurs.

6.2.4 Nucleoprotein Filament Size and Homology Search

Previously as few as 6-8 nt short filament were found to confer stable postsynaptic joints, but
with reduced efficiency when compared to longer filaments.%!94193 It could be argued that this is
related to the increased stabilisation offered by the larger surface areas of longer filaments through
which a greater number of non-specific interactions with the duplex DNA can occur. Having said
that, this does not necessarily translate to an increase in postsynaptic joint formation efficiency,
where an increase in transient joint stability could be counteracted by an increase in the MW of
the NPF, and hence a reduction in the rate of diffusion. Hence, in order to further investigate the
effect of the filament length on the nature of intermediates formed during the homology search, a
set of experiments utilising 30 nt and 90 nt long NPFs homologous to the same region of 890 bp

DNA were conducted. The results are shown in Figure 6.7.
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Figure 6.7: The size dependence of NPF homology searching. 30 (red), 60 (blue) and 90 nt (green) NPF
demonstrate differential rates of pre-synaptic and synaptic joint formation. This is attributed to two factors,
increase in molecular mass resulting in a decrease in diffusion and a reduction in the pre-synaptic joint
stability as the NPF complex size diminishes. These effects combined result in a greater dynamic turnover
of pre-synaptic complexes with reduced filament size. Larger filaments are theorised to be stable for longer

on dsDNA through non-specific contact. Scale bars = 60 nm. Z scales = § nm.

During the association phase, the number of synaptic joints formed by the shorter 30 nt NPF was
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seen to peak even after 5 minutes of incubation (80.6 £ 2%), compared to 10 — 20 minutes seen
for 60 nt and 90 nt filaments (Figure 6.7). This was associated with a very rapid second phase,
resolving to approximately consistent 50% of the DNA population representing a nucleoprotein
interaction after 20 minutes (Figure 6.7, red bars). A similar plateau was observed after 40 minutes
for 60 nt and 90 nt NPFs, suggesting that synaptic joints formed with longer filaments were far

more stable.

It is important to note that for 30 nt ssSDNA only 10 RecA monomers are needed to form a NPF
which consists of only 1.6 helical turns; compared to 20 and 30 RecA monomers required for
60 and 90 nt long ssDNA respectively. This is shown in Figure 6.7, along with the 3.3 and 4.9
helical turns of a 60 and 90 nt NPFs, respectively. Hence, it is not surprising that a 30 nt NPF is
considerably less stable than its 60 nt or 90 nt equivalent, therefore, able to form multiple nascent
synaptic joints with very short lifespans. This is in-line with earlier reports which suggest an
increase in the lifespan of synaptic intermediates for either long filaments. !>!7 As a consequence

short NPFs are able to undergo a more rapid resolution phase.

When the percentage of 890 bp DNA with postsynaptic complexes from each population is
considered, a remarkable reduction in the yield of successful postsynaptic joints was observed.
For the 30 nt NPFs, only 15.4 + 1.2% of the population had postsynaptic joints formed at the
correct location, found to be in line with the efficiency reported by the previous restriction assay
(section 6.2.2). This represents less than half the efficiency of the 60 nt NPFs at 36% =+ 0.58%
(Figure 6.7). Further, the efficiency of 90 nt NPF postsynaptic joint formation after an hour was
found to be only 10.66% + 3.6%. Interestingly, this was similar to the yields reported for 60 nt
NPFs at 22°C (Figure 6.5 A, blue). This fits well, given that a 90 nt NPF represents 1.5 times the
MW of a 60 nt NPF, compared to the a 22°C' system which represents % the thermal energy of the
optimal interaction energy (at 37°C'). Interestingly it is noted that, despite a large difference in the
over all interaction intermediates between 30 and 90 nt NPFs, a similar proportion of postsynaptic

joints were transitioned by 60 minutes (Figure 6.7).

This observation at first maybe misconstrued as resulting from the same effect. However, it has
previously been demonstrated that there are no conformational changes or turnover of chemical
energy products within the homology searching mechanism.?'72%* One must therefore consider
that unsuccessful synaptic complexes are not spent, but may be able to undergo further interactions
immediately. Therefore, a rapid turnover of shorter, less stable NPFs would suggest a system
where for the same thermal energy more interactions can be achieved in the same temporal frame.

Thus, the interacting population resolves to a roughly steady state population of synaptic joints,
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with a small proportion of successful postsynaptic complexes represented in the case of 30 nt
NPFs. In contrast, 90 nt NPFs represent the opposing end of this process, where an increase in
the size negatively impacts the overall efficiency, due to the decreased diffusion and subsequent
turnover rates. The net result of these processes can be considered to give broadly the same results,

as observed in figure 6.7.

6.2.5 Homology Searching in the Context of Persistent Confinement at a Solid -
Liquid Interface

With regards to exploring the underlying biological mechanism, one must consider the RecA
mediated homology search in the context of a crowded cellular environment, where the persistent
confinement of genomic DNA exists in tandem with a plethora of other nucleoprotein interactions

(Figure 6.8 A).318

Interestingly, knowledge of reactions states under such consistent confinement is also critical when
attempting to orchestrate RecA mediated patterning within complex DNA topologies, typically at

a solid-liquid interface or during dynamic studies with the HS-AFM (figure 6.8 B).
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Figure 6.8: NPF homology searching within the context of persistent template confinement. A) homology
probing within the context of a cellular environment and B) a mimicked confinement regime. The histogram
in (C) depicts a break down in the bi-phasic reaction landscape as a result of stabilised pre-synaptic

filaments in a confined regime (green).

To this end, 60 nt filaments were introduced to 890 bp DNA which had been pre-immobilised on

a mica surface - pre-incubated with 10 mM Ni?*- and allowed to interact at 37°C . Under these
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conditions the dsDNA is bound to mica at various points through association with the Ni>*cations
(figure 6.8 B), this is examined in detail in the next chapter .3'%32% In this way, the surface confined
DNA to a certain extent is considered to mimic the structural confinement of genomic DNA or
complex DNA topologies (figure 6.8 A). These samples were observed, as previous, with the

AFM in air following drying at the designated time point. The results are shown in Figure 6.8 C.

RecA NPFs were found to interact successfully with partially immobilised DNA at a solid-
liquid interface. Of these surface bound populations, the saturation of synaptic joints at 79.2%
+ 1.4% was observed only after 40 minutes (figure 6.8 C, green bars). Unsurprisingly, this
represents a reduction in the interaction rate compared to the identical case in a solution-based
system, suggesting that DNA accessibility is limiting, in-line with previous discussions (section
3.2.3). However, one must also consider that NPFs may become immobilised upon the surface

themselves, hence lowering the interaction stoichiometry.
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Figure 6.9: The observation of bunched RecA NPFs on 890 bp.A & B) A set of AFM images depicting
characteristic large complexes (orange lines) that dominant reaction intermediates within a confinement
regime. These are revealed to be “bunches” of 60 nt NPFs (E, orange arrows). F) Proposed 60 nt NPF

“bunches” shown schematically. Scale bars = 60 nm. Z scales = 8 nm.

From Figure 6.8 C, a single-phase saturation event is evident, in contrast to the multi-phasic trends
seen in solution-based experiments. This demonstrates a departure from the resolution phase
suggesting a stabilisation of the synaptic joints formed on dsDNA due to the spatial confinement

of the solid-liquid interface. As a result the synaptic joints were observed to be “trapped” on
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surface-bound DNA templates, as the individual NPFs are unable to dissociate. This can clearly
be seen from the AFM images in figure 6.9 A & B (orange lines), where characteristic “bunches”
of synaptic joints are observed on 890 bp DNA. Furthermore, individual 60 nt NPF can be easily
resolved in these bunched complexes (Figure 6.9 C, orange arrows). Hence, this trapping of NPFs
on the DNA template resulted in the decline of observed postsynaptic joints to approximately 1%

of the population; despite an early increase (Figure 6.8, green line).

It is suggested that these “bunches” NPF complexes represent the stabilisation of the otherwise
weak synaptic joints, which are unable to resolve as a consequence. It is postulated that the surface
confined dsDNA is further stabilised by the non-specific interactions within the helical groove of
the bound NPFs. As a consequence of the reduced degrees of freedom, the DNA is unable to
diffuse out to unwrap from the NPF. This situation, is expected to be further compounded as the
number of NPFs associated increases, further stabilising the DNA within the growing complex
(Figure 6.9 D). These direct single molecule observations are in support of the previous work
suggesting that for RecA nucleoprotein filaments to interact with DNA, the three dimensional

degrees of freedom of the latter molecule are of critical importance. '

These observations further demonstrate the parallel nature of the RecA NPF homology searching
interaction, such that multiple synaptic complexes are simultaneously found to be probing the
template DNA sequence. Importantly, previous work has suggested that the homology searching
rate is independent of template length or topology,>?! a point which is corroborated by this work

given the scalable nature of a parallel searching mechanism.

6.2.6 RecA as a Pack Hunter

Surprisingly, throughout the above experiments significant evidence for the existence of NPF
occurring in clusters has been noted. These observations are intriguing, as the appearance of tightly
clustered NPFs — seen to interact with the 890 bp DNA templates — can be directly reconciled
with the parallel multi-phase interaction profiles described in this chapter. This can clearly be
seen in figure 6.10 for 60 nt NPFs where the majority of NPFs are observed to exist in highly
concentrated arrangements, suggesting that RecA has some distinct association behaviour. These
clusters of NPFs are contrary to the expected random dispersion of NPFs, and are prominently

distinguishable from the RecA background.

When taken together with the work presented in the previous sections, it is evident that the

observed parallel nature of the RecA homology searching mechanism is orchestrated - at least
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in part - by the occurrence of these cluster formations. One may consider that these clusters act
to locally enhance the NPF concentration in the vicinity of the DNA, facilitating simultaneous
NPF interactions. Interestingly, NPFs have previously been shown by others to associate with one
and other - in some cases, forming bundles and aggregates.3?> Furthermore, these bundles have
been shown to form in vivo in bacteria where it is suggested that they accelerate homology pairing
between distant loci. > These studies, therefore, would largely support that the clusters observed

in this work arise from a similar phenomena.

Still, a key difference in the results presented here, is that the NPFs are observed to be loosely
associated, appearing to be cooperatively interacting within the same local focal point. This
is in contrast to previous work, which suggest higher order bundle structures arise from direct
contact between neighbouring NPFs - primarily through the protruding C terminal (section 3.2.2).
Hence, the two processes must be considered separate and may have unique roles in the process

of homologous recombination.

Figure 6.10: A Parallel homology search orchestrated by cooperative NPF clustering. A representative
AFM image depicting the observation of 60 nt NPF clusters gathered in the vicinity of 890 bp dsDNA. Scale

bars = 125 nm. Z scales = 8 nm.

6.3 Conclusions

The work in this chapter has directly interrogated the RecA homology searching mechanism at
a single molecule level, using the AFM to statistically assess the nature of intermediates formed

throughout a 60-minute reaction window.
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From this work it has been revealed that the interaction landscape is considerably more complex
than demonstrated to date, where previous methodologies were limited either by the spatial
resolution or the flexibility to distinguish multiple events. In this chapter it has been shown that the
RecA mediated homology search occurs in multiple phases, necessitated by the massively parallel

interaction regime.

As such, NPFs are shown to interact with a dsDNA in a cooperative manner resulting in a
rapid ’association’ phase where multiple synaptic joints are formed per DNA molecule. This
association, is however, short-lived if the complexes are not stabilised by the location of
homologous sequence. This is most profound for shorter NPFs. At this point the second
‘resolution’ phase becomes prevalent as synaptic joints, transiently bound at regions of heterology,

dissociate.

The number of postsynaptic complexes was typically found to increase over the course of the
reaction, as heterologous joints were resolved (see figure 6.5). Finally, all complexes - including
the postsynaptic joints - disassemble after the nucleoside cofactor - in this case ATP~S - is
hydrolysed (see figure 6.6). Indeed it has been shown by others, to take between 1.5 - 2 hours

for all NPFs produced with ATP~S to disassemble from a population. '33

Therefore, NPFs produced with ATP~S are considered stable able to form multiple synaptic joints

— which are suggested to last approximately 5 minutes for a 60 nt NPF!7 — concurrently.

However, the population of synaptic joints is actually observed to decrease throughout 60 minutes
in these experiments. Given the discussed disassembly rate, it is possible that a large proportion

of the NPF population begins to disassemble between 30 - 60 minutes.

This would explain a overall reduction to approximately 50% of the DNA population indicating
an ongoing nucleoprotein interaction. It is important to note that the proportions of synaptic and

postsynaptic complexes within this population is seen to vary as a consequence of NPF MW.

However, such loses due to the turnover of ATP~S would be expected to be a function of
temperature, yet similar NPF populations are observed at 22°C and 37°C' , which cannot be

explained here.

Moreover, the occurrence of parallel synaptic joint formations is reconciled by the observation
of NPF clusters. These are resolved throughout the studies in this thesis suggesting that the
cooperation between NPFs acts to increase the local concentration in the vicinity of the DNA

template, thus facilitating a more efficient interaction through the confinement of reactive species.
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As such, it may be proposed that this cooperative search reduces the time required to probe the
available sequence space in this study by a typical factor of 3 - where an average of three synaptic

joints were observed on a 890 bp DNA at any one time.

In reality any efficiency saving will directly relate to the DNA template length, complexity and
crucially; degrees of freedom. Nonetheless, it is seen that up to half of the available sequence space
can be simultaneously occupied and in some cases directly juxtaposed joints can exist on the 890
bp templates used here. This would suggest that in theory the entire template could be occupied,

as there appears to be little resistance to synaptic complexes existing shoulder-to-shoulder.

Interestingly, it is possible that the accumulation of NPF clusters may sequester the interacting
NPF population over time resulting in a net reduction in the observed DNA population undergoing
a nucleoprotein interaction. This may account for the discrepancy in temperature dependence
of the diminishing NPF population, where cluster formation would be expected to be favoured
with reduced temperature, in contrast to ATP~S turnover. Further work would be required to

experimentally verify if the occurrence of NPF clusters increases consistently over time.
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Chapter 7

Tuning the Translational Freedom of

DNA for High Speed AFM

7.1 Introduction

To date, interrogation and application of the RecA mediating homology search has been conducted
primarily through solution based biochemistries. Such approaches provide an environment that
closely mimics native physiology, yet limit the resolution of applied interrogation methodologies.
Such an approach was demonstrated in the previous chapter, where the interaction was conducted

in solution, but analysed dried on a surface with the AFM.

In contrast, the work in this thesis aims to apply the high spatial and temporal resolutions of HS-
AFM to directly interrogate the interaction of NPFs with dsDNA. As, HS-AFM utilises a physical
probe, such interactions must take place at a solid-liquid interface in order to be observed (see

section 4.2).

However, the confinement of interaction species in a two dimensional plane may irrecoverably
perturb the interaction of interest, where the degrees of freedom of the subject dSDNA molecule
have been shown to be of critical importance.'! This was further evidenced by work in the previous
chapter (section 6.2.5) by the break down of the resolution phase of the reaction during surface

experiments.

With respect to this, it is important to mediate a transient absorption of dSDNA substrates upon
a surface such that a pseudo three dimensional interaction may be orchestrated. The work in this

chapter investigates sample preparations to tune the surface association — and therefore degrees

115



Chapter 7. Tuning the Translational Freedom of DNA for High Speed AFM

of freedom — of dsDNA, applicable to conducting NPF homology searching interactions at a
solid-liquid interface. Moreover, such control over the surface association and molecule freedom
are likely to be of critical importance in interfacing DNA—organised devices with macroscale

components in the future.

7.1.1 Mediating the Surface Interaction of DNA

The sample preparation procedure and its impact on the experiment is a key concern in all forms
of microscopy. Here, AFM has distinct advantages over radiative based alternatives as it does not
require the labelling or modification of delicate biological structures. It does, however, employ
a physical probe (section 4.1) and therefore requires the deposition of the sample on a solid
support surface.>!? Muscovite mica surfaces are typically used as a substrate owing to their perfect
cleavage along a < 001 > plane, yielding large atomically flat areas. Mica consists of layers of an
aluminium phyllosilicate lattice ionically bonded through interstitial K*ions. It is well established
that upon cleavage these KT ions are highly mobile and are readily exchanged with divalent cation
species at the solid-liquid interface.’?* This exchange results in a positive overcharging of the
mica surface, which enables the deposition of molecules that hold a net negative charge, such as

DNA.3%

However, the 2D confinement of the molecules inherently perturbs any biological interaction
of interest, as highlighted in the previous chapter (section 6.2.5). It is therefore necessary to
mediate a surface absorption which allows the retention of sufficient translational and rotational
freedom whilst securely adhering the molecules against the instantaneous lateral forces imposed
by the scanning probe. Additionally, it is necessary to maintain a suitable reduced physiological

environment for biological activity to be retained.

326

Previous studies employing methods to modify the mica surface chemically,’*® and the use of

327,328 and cyclic buffer exchanges,32%33%-331 have attempted to mitigate

cyclic dielectric fields
confinement effects by cycling the surface between a loose association - allowing reactions to
proceed freely - and a tight association to enable high-resolution imaging. It has also been shown
that modulation of surface voltage can be used to control adhesion forces,?3? but this requires
the use of metal electrodes as substrates which typically confer poor surface roughness. These
alternative methods either put significant constraints on the experimental setup or do not provide

the required functionality, and therefore pre-incubation of mica with divalent cations remains the

common practice for biological samples.
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It is well established that upon cleavage of mica layers the interstitial K*ions are split between the
two cleavage faces and tend to cluster on the resultant surface.3* The resulting vacant sites are
easily filled upon exposure to divalent cations. Transition metal cations, such as Ni?>*, Co?*and
Zn?*bind irreversibly to mica, and have also been demonstrated to displace residual K*ions.

They interact with the recessed hydroxyl group of the mica3>>-333

cooperatively, leading to phase
separated domains of positive surface charge.?!® Where transition metal cations are utilised, a
strong adhesion between DNA and mica is achieved due to directional bonding of the d-orbitals of
the divalent cation. Such deposited DNA molecules adopt a kinetically trapped form,>!° sufficient

for high-resolution imaging in aqueous buffer.

In contrast, Mg?*cannot form directional bonds, continually exchanging with residual K*and
HTions on the mica surface and in the imaging buffer. As a consequence, Mg?*only mediates a
relatively weak and diffuse adhesion between DNA and the mica surface, allowing DNA molecules
to adopt an equilibrated form.323-319-334:335 Thig complex spatial distribution has been rationalised

by others, 319,335

where the phase separated domains of ionic species are represented as an idealised
polka dot pattern - an ionic patchwork of evenly distributed positively charged Ni%*clusters
interspersed across a mica surface undergoing dynamic exchanges between K™, H"and potentially

other cations such as Mg?*.

Previous work by Pastre et al, has taken advantage of this difference in binding capacities by
adjusting the ratio between different monovalent ion and monovalent to divalent ion concentrations
in the deposition buffer to adjust the surface adhesion of DNA in air.?30336:337 Interestingly,
Mg?tis the primary co-factor for the majority of enzymes that manipulate all biological
polyphosphates including ATP, DNA and RNA. 338 Thus, the transient nature of Mg?*association
allows it to be utilised, in equilibrium, as both surface binding agent and enzymatic co-factor.
Typically, cellular Mg?*ranges from 5 — 20 mM, where 95% is chelated with proteins and
nucleic acids, primarily ATP.33® However, a concentration below 10 mM is sufficient for most
nucleoprotein interactions. In contrast, Ni?Texhibits little to no physiological role in higher

organisms, enabling its use as a strong surface binding agent.

Building on the work by Pastre et al33’, this chapter explores the use of monovalent and divalent
cations to mediate the continual surface attachment of dsDNA templates throughout HS-AFM
imaging. Initially, a re-examination of the critical transition region between strong and weak

absorption - demonstrated in the original study 33’

- is undertaken. This is subsequently extended
to imaging DNA dynamics in aqueous buffer. Further, development examines the modulation

of divalent — divalent cation ratios to tune the surface translational freedom of DNA molecules,
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implemented alongside a novel methodology for quantifying the DNA mobility.3?° It is important
to acknowledge the contribution of Dr Mike Szymonik to the coding of this algorithm. Finally,
the method is demonstrated to enable real time observation of protein — DNA interactions with the
HS-AFM. It is important to note that this text is derived from work published by the author. For

the original text please see Lee et al3°

7.2 Experimental

7.2.1 Re-visiting Pastre’s Transition Zone

Initial work to mediate a transient interaction between dsDNA and the mica substrate, began by
re-visiting the work conducted by Pastre et al.3*’ Here, by manipulating the ratio of Na* and
Mg?*in the deposition buffer, Pastre et al demonstrated it was possible to increase or decrease the

deposition of dsSDNA on mica.

From this work a transition zone between surface adsorption and non-adsorption (figure 7.1 A,
grey area) was identified, where the prevalence of one state was defined by the presence of over

50% of the DNA molecules. 337

As the aim of this chapter is to mediate a transient adsorption of DNA, this transition zone was
reasoned as the perfect place to start. A total of 15 ng of 890 bp dsDNA was deposited on freshly
cleaved mica in a range of 10 mM Tris-HCI (pH 7.5) buffers (methods 5.1.3). Six buffers were
examined, containing ratios of mono and divalent cations ranging from 5 to 15 mM Mg?*and from
50 to 150 mM Na™ - these are identified in figure 7.1 A (orange arrows). DNA molecules were
deposited for 5 minutes prior to rinsing with a volume of the same buffer and drying (methods
5.2.8). Substrates were imaged at random locations and the representative distribution of DNA

molecules was counted.

Figure 7.1 shows representative images from the above experiments. From these, it is clear that
where the concentration of Mg2+is modulated from 15 - 5 mM (figure 7.1 C - E) - relative to a
constant 100 mM Na™ - the number of surface bound DNA molecules drops off rapidly, from 84
+ 3 to only 2 + 2 per 6.25 um?, respectively. This is interesting, as this represents a decrease in
the estimated surface coverage from 1 ng to 24 pg of the original 15 ng of dsDNA deposited, far

from the 50% suggested by Pastre et al.

In contrast, moving from 50 to 150 mM Na™ (figure 7.1 F - H) - relative to a constant 10 mM
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Figure 7.1: The re-investigation of a binding transition zone as originally investigated by Pastre et al®%’.

AFM images taken in air of the resultant DNA surface population when deposited in buffer containing the
ratio of Mg?* :Na'* indicated by the plot in (A). B) 10 mM Mg>* control. C) 5 mM:100 mM, D) 10 mM:100
mM, E) 15 mM:100 mM, F) 10 mM:100 mM, G) 10 mM:50 mM and H) 10 mM:150 mM. Z scale = 3 nm,
Scale bar = 500 nm. How the cation ratios studied here correspond to the transition zone identified in
Pastre’s work (shown in grey) is indicated by the orange arrows on plot (A). The plot in (A) is adapted from

Pastre et al.??

119



Chapter 7. Tuning the Translational Freedom of DNA for High Speed AFM

Mg?*- was found to have little effect on dsDNA deposition, contrary to that suggested by Pastre
(figure 7.1 A), with a typical surface coverage of 88 4= 4 DNA molecules per 6.25 pm?. This
does, however, represent a departure from the control deposited in 10 mM Mg?*only, where 113
+ 9 DNA molecules per 6.25 jzm? were observed. This difference is reasoned to be due to the
formation of a electrostatic double layer at the mica surface by the Na™, causing a neutralisation

of the surface charge and a consequential reduction in Mg?+association.

From these experiments it becomes evident that the transition zone is slightly shifted from that
previously identified. This is critical as, due to the linear nature of the nucleic acid polyelectrolyte,
its charge density scales with length. Hence, one would expect the transition zone to scale with

respect to the length of the DNA molecule utilised.

Here the transition is noted from 10 mM Mg?*decreasing through to almost complete non-
adsorption at 5 mM Mg?* (figure 7.1). When it is considered that 10 mM Mg?*is also a known
requirement of the RecA:dsDNA interaction then it was argued that this stipulates an optimal

Mg?* concentration for any future experiments.

Figure 7.2: The effect of screening charge on 890 bp observations. (A - C) Representative AFM images
taken in aqueous buffer consisting of 10mM Mg+ and 100 mM Na*. 890 bp DNA is faintly resolved due
to net repulsion of the tip from the extensive electrostatic double layer formed by condensation of Na+ to
the mica surface is seen to obscure the spatial resolution. (D) A schematic diagram depicting the partial
binding of 890 bp DNA leading to the resolution of incomplete molecules as indicated in (E). The suggested

molecule conformation is superimposed in F. Z scale = 8 nm, scale bar = 250 nm.

As such, a buffer consisting of 10 mM Mg?*and 100 mM Na™ was utilised in an attempt to
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orchestrate a transient surface binding of DNA during dynamic observations. 890 bp DNA
was deposited as previous without drying and imaged continuously within the same buffer.
Representative images are depicted in figure 7.2, from which it can clearly be seen that 890 bp
DNA molecules are poorly resolved. This is a result of the significant tip repulsion caused by the
large amounts of Na™ that concentrates at the surface of the mica and around the AFM probe.
This causes an electrostatic double layer (EDL) (see section 4.2.1) that extends far away from the
mica surface, repelling the probe as it pushes through at the extend of each cantilever osculation,

representing a much larger energy dissipation.

Nonetheless, the DNA molecules appear to be highly mobile under these conditions. Interestingly,
most of these molecules were measured to be considerably shorter than the 302 nm expected.
This can clearly be seen in figure 7.2 A - C, with reference to the scale bar. Although it is
possible that the DNA has been truncated in some way, it is more likely that the appearance of
short species is evidence of partially bound regions of the constituent molecules as depicted in
figure 7.2 D - F. When taken together, these observations suggest that the DNA molecules are very
loosely associated with the surface, largely in equilibrium between being solvated in the buffer

and transiently present at the surface.

7.2.2 Divalent-Divalent Cation Ratios

The severe reduction in spatial resolution was considered an insurmountable compromise and
hence the utilisation of monovalent cations concluded to be inappropriate for this work. In
contrast, previous work by the author and others has explored the binding capacity of Ni%*,

demonstrating this transition metal cation’s ability to mediate a strong surface adsorption.3!°

Here, employing the previously discussed, idealised polka dot representation (section 7.1.1), it
was argued that by pre-incubating the mica surface with different concentrations of Ni%*, it
would be possible to tune the extent of strong localised surface-DNA association in line with
the Ni?*concentration, where DNA molecules are deposited in Mg?*containing buffer. Here,
Ni%*was reasoned to restrain the translational freedom through a few specific anchor points whilst
Mg?*+should mediate a more global and distributed, but weak association.32>-319-334.335 Thys the
mobility of a DNA molecule maybe considered a function of the number of Ni?*interactions -

controllable by the Ni%>*concentration and exposure time during surface pre-incubation.

Initial experiments indicated this to be a valid approach, with highly mobile 890 bp dsDNA

observed across 5 - 15 mM Ni?*incubated mica substrates, when deposited in a 10 mM Tris-
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Mg?*buffer (methods 5.1.3). However, the DNA molecules were found to be too mobile, observed
to undergo large “worm-like” movements across the entire imaging area, even at the higher

Ni%*concentrations. This can clearly be seen in figure 7.3 & movie 7.1 for 10 mM Ni%*,

Figure 7.3: Surface translational mobility of 890 bp DNA molecules. 890 bp DNA molecules are observed
to undergo global translational movements around the imaging window when immobilised on a 10 mM

Ni**pre-incubated mica substrate. Scale bar = 250 nm. Z scale = 3 nm.

This is an important point to consider, as it is necessary to continuously image individual
molecules over the time course of the RecA:DNA reaction. If the surface association is too weak,
the DNA molecule may be able to undergo global translational movement out of the imaging
frame causing key events to be missed. Optimal binding conditions therefore, need to present
weak surface association without large global translational movements of the DNA across the mica
surface, while at the same time allowing local translation. As already stated, the charge density of
DNA is a function of length, therefore, the mobility decreases in-line with the increasing molecule
length under any given surface preparation. With respect to this, 3.5 kbp dsDNA was found
to confer local but limited global translational movements from image to image when observed
under the same conditions as the previous 890 bp. It was concluded that utilisation of a larger DNA
molecule was a preferably alternative to drastically increasing the Ni?*— beyond 15 mM — which
typically resulted in detrimental surface crystallisation. Moreover, in light of the DNA molecules
observed degrees of freedom it was concluded that a methodology for quantifying the surface

translational movements was necessary in order to identify preferential surface associations.

7.2.3 Quantifying the Mobility of DNA Molecules

In order to establish a methodology for quantifying the mobility of surface-immobilised DNA

molecules, mica substrates were pre-incubated with 15 mM Ni%*. Subsequently, 3.5 kbp DNA
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Figure 7.4: A schematic diagram depicting the chain

fitting and evolution processing from the raw AFM

images. (a) Sequential AFM images following a

single DNA molecule. (b) Derived chain vectors. (c)

Mapping of chain vectors into equidistant points. (d)
Point mapping is indicated across a short section of

the molecule; the relevant section of the molecule is

\

indicated by the boxes in (c). The scale bar is 100 nm.

molecules were deposited in Tris-Mg?*buffer (methods 5.1.3) and then imaged by AFM. 15 mM
Ni%*was expected to provide a strong surface adhesion, allowing contrasting small regions of
chain mobility to be easily identified. 1 jm? areas of the sample were continuously imaged in
solution to observe the motion of the DNA molecules. For each sequence of AFM images, several
representative DNA molecules were selected and processed using a chain fitting algorithm, derived
from the open source Jfilament ImageJ plug-in. >3 A chain of co-ordinates was fitted to the height
peaks in the AFM image, generating a vector representation of the molecule’s conformation (figure
7.4 (a) & (b)). This method eliminates the noise and image artefacts that arise during HS-AFM
imaging in liquid. Each selected DNA molecule was tracked sequentially through an image series,
where fitting was repeated for sections of chain that deviated from the previous image, allowing
their motion to be quantified. Each chain was then divided into 100 equidistant points and a
minimisation algorithm was used to map corresponding points between successive frames in a
time series, mitigating errors in imaging and fitting around the chain ends. The amount of motion
for each pair of points could then be calculated, averaged and normalised to yield movement
velocities for individual DNA chains or sections of a chain (figure 7.4 (¢) & (d)). An overview of

this methodology is given in movie 7.2.

To quantify the lateral motion of each DNA molecule over time, the movements of individual
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Figure 7.5: Sequential chain mapping and
movement of two representative DNA molecules.

(a) Sequential HS-AFM images of two representative

3.5 kbp DNA molecules over long time scales
at surface pre-incubation Ni*tconcentrations of
15 mM. The time evolution of the DNA chain is

represented by a colour scale, with the lightest blue

line representing the initial state, and the darkest red

line the final state. Under these binding conditions E - & 44000
o, X

DNA molecules have little mobility indicated by the qf_,g B fﬁ*\g xﬂ*% -3000
=] X

tight overlap through subsequent frames. Panel (b) b E% i 12000

=]
shows the chain movement per 100 bp for both DNA E Er -{ 1000
molecules, from which an average chain mobility of © 0 ‘1 |2 |3 0 |1 é '3 0

17 nm100bp~—1s~! can be calculated. Time (minutes)

molecules were analysed. Figure 7.5 (a) shows the time-course of two representative DNA
molecules over the course of an image sequence. The time evolution is represented by a colour
scale, with the darkest red line representing the final state, and the lightest blue line the initial
state. The total distance travelled by the DNA chain, normalised by its length, was determined as
the sum of all the distances travelled by the equidistant points on the chain. The results for the two
representative DNA molecules are shown as a function of time in figure 7.5 (b). The movements
were found to be linear in time and hence, from the plots in panel (b), a velocity per unit of DNA

1

in nanometres per 100 base pairs length per second (nm 100 bp~! s~!) was then derived as the

characteristic quantity to measure lateral mobility.

Analysing the motion of DNA molecules is not a novel concept. Previous work has attempted

340 ortoa

the direct superposition of sequential images aligned to immobile parts of the molecule
reference elsewhere in the image. 3! Deriving additional detail by analysis of vectorised molecules
has also been undertaken through hand-tracing methods3*? to examine quantities such as elastic
bending energies3** and the influence of the AFM probe.>** However, such studies lack detail
due to the crude alignment and vector derivation methodologies, yielding mobility analysis based
upon single point mapping of centre-of-mass or chain termini only. Consequently, these analyses

lack the power to provide the understanding necessary to tune the translational freedom of DNA

to enable relevant nucleoprotein interactions to take place.
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7.2.4 Tuning DNA Surface Mobility With Ni’>*Pre-incubation

To investigate whether the DNA mobility can be tuned as a function of surface-immobilised
Ni%*ion density, the above approach was applied across a range of Ni?*concentrations from 1 mM
to 15 mM (figure 7.6). Varying the ion concentration was chosen over incubation time, which may
lead to unwanted crystallisation of Ni-salts for longer exposure times. A lower Ni2*concentration
is expected to lead to a lower density of positively charged sites on the surface, providing fewer

pinning points for a DNA molecule and allowing it more translational freedom.
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Figure 7.6: DNA molecule translational mobility (nm100bp~—'s~') as a function of Ni**surface pre-

-1

incubation concentration. (a) DNA molecule translational mobility (nm100bp~—'s~1) as a function of

Ni?*tsurface pre-incubation concentration. (a) A distinct decrease in mobility is associated with an
increasing Ni*>t concentration. Error bars indicate the standard deviation for each data point. Example
chain vector evolution profiles for (b) 2 mM, (c) 3.5 mM, (d) 5 mM, (e) 10 mM, and (f) 15 mM Ni** surface

pre-incubation concentrations.

Figure 7.6 (a) shows the chain mobility as a function of Ni?*concentration (also see movie 7.3).
Each point on the plot represents an average taken across a number of DNA molecules and the
error bars represent the standard deviation. It can be seen that the DNA translational mobility
increases significantly with decreasing Ni?*concentration. Where the surface concentration of

Ni%*is at the highest level investigated here, large regions of the chain remain stationary through
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many consecutive images in a series, indicating very tight surface association (see figure 7.6 (f)

for an example).

In contrast, below 5 mM the surface Ni2*tbecomes sufficiently sparse that large stretches of the
DNA chain show considerable movement across the time frame of the experiment (figure 7.6 (d)).
This is also reflected in the chain mobility, which was calculated to be 38 + 4.5 nm 100 bp~* s—!
at 5 mM Ni?*, with even larger degrees of freedom found for 3.5 mM and 2 mM Ni?*(70 + 8 nm
100 bp~* s~ and 171 4 15 nm 100 bp~! s~!, respectively). For the lowest Ni?>*concentration
investigated (1 mM), a high velocity of motion was observed (see movie 7.3) which meant that a

meaningful quantification of the mobility was not possible, so this concentration is not represented

in the plot.

From figure 7.6 it can be concluded that for the 3.5 kbp DNA molecules used in this study, optimal
conditions are achieved at around 5 mM - 10 mM Ni?*, producing optimal spatial resolution and
chain flexibility, with a mobility of 38 + 4.5 - 28 + 2.4 nm 100 bp~—! s~!. This is proposed to
be sufficient for imaging enzymatic interaction with minimal hindrance from the mica support

surface, whilst the DNA molecules remain relatively immobile within a 1 um? imaging area.

It is important to note that, as discussed previously (section 7.2.2), the values quoted here are
normalised with respect to the length of the DNA molecule. Therefore, while a surface preparation
can be tuned to produce the desired degree of nucleic acid association, it is necessary to adjust

conditions to account for the length and charge of the particular molecules of study.

7.2.5 Influence of the HS-AFM Probe

When imaging biological systems, the tip radius of the AFM probe is generally of the same
order of magnitude as the surface-immobilised molecules, and hence it can be expected that the
interaction between the two is significant. Furthermore, in the investigation reported here, the
DNA molecules are deliberately only weakly associated with the surface, leading to increased
impact from the tip — molecule interactions. The vectorisation of chain motion employed here
enables the behavioural analysis of individual segments of each DNA molecule, and hence allows

for the tip — DNA interaction to be analysed.

As the direction of movement for each DNA chain segment is known, a polar histogram of the
magnitude of each movement versus the direction can be plotted for the whole dataset across
all Ni%*concentrations (figure 7.7 (a)). A distinct preference for movements along a particular

direction can be observed, where an anisotropy of 1.4 was obtained by fitting an ellipsoid to the
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Figure 7.7:  Polar histograms indicating the
magnitude and directionality of chain movements.
(a) including all Ni*tconcentrations, (b) including

only high Ni**concentrations (10 mM and 15 mM),

c LAY “AY and (c) including only low Ni**concentration (2
mM and 3.5 mM). The movements of all segments
are binned according to the direction and weighted
by the magnitude of the movement. The grey scale
delineates the contributions of different DNA chains.
The degree of the anisotropy of each histogram is

indicated by the elliptical fit to the data (indicated by

the red ellipsoid).

data. Random thermal motion of the DNA molecule is not expected to lead to any directional
preference. In contrast, the AFM tip is scanned back and forth very fast along one axis (the fast
scan axis), and relatively slowly along the other axis. Therefore, the tip - molecule interactions
are expected to predominate in the direction of the fast scan axis, and hence would lead to an

anisotropic histogram.

When examined more closely, it can be seen that the anisotropy arises predominately from highly
mobile DNA molecules that appear on low Ni**sample preparations. Figure 7.7 (b) shows
a polar histogram of the magnitude of the movement versus the direction but with only the
Ni%*concentrations of 10 mM and 15 mM included. From the fit of the ellipsoid to the data,
an anisotropy of only 1.2 is obtained. In contrast, when considering only the very weakly bound
DNA molecules, which show significant lateral mobility (2 mM and 3.5 mM Ni%*, figure 7.7 (c)),
the anisotropy is found to be more pronounced than in panel (a) (anisotropy of 1.5), demonstrating

that the anisotropy increases with increasing lateral mobility.
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Notably, the skew seen in the magnitude data is found to be in line with the image acquisition
direction, suggesting that the AFM probe contributes significantly but not overwhelmingly to
the observed motion of loosely bound DNA molecules. Conversely, higher Ni?*preparations
are characterised by smaller magnitude motions and are largely isotropic in nature. This would
be consistent with molecules undergoing small conformational changes as a result of thermal

fluctuations, notably constrained against large translational probe-induced motions.

As observed, the lateral forces imparted by the AFM probe are likely to perturb the sample of
interest and may even influence any nucleoprotein interactions. However, the ability to extract
detailed information regarding the behaviour of these molecules during the imaging process may

enable the deconvolution of these contributions from observed biological interactions in the future.
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7.2.6 Identification of Discrete Surface Anchor Points

To consider the role of Ni?*Twithin this system, the idealised polka dot surface model discussed by
others was adopted. 31333334 Tn this work it was reasoned that the density of surface-associated
Ni%tions increases with increasing Ni?*concentration during incubation. It has previously

43 and

been demonstrated that the distribution of Ni?Ton the surface is highly non-uniform?
lacks homogeneity.*3* Indeed this is represented in the increased mobility variation observed
for lower Ni?tconcentrations. However, it may be possible to gain further insight into the
Ni?*t/Mg?* governed surface interactions by identifying regions of specific surface association

through examination of the motion of DNA molecules.

Plotting the cumulative movement for each segment along individual DNA molecules (figure 7.8),
a series of minima can be observed (indicated by arrows). Figure 7.8 (a) shows the results for
a representative DNA molecule immobilised on a 15 mM Ni?*pre-incubated surface, and four
distinct minima can be identified. The right hand panel shows the time evolution of the DNA
molecule, from which particular regions of the chain appear pinned to the surface while other
regions move large distances. The pinned, stationary positions coincide with the observed minima

in movement, and are again indicated by arrows.

The number of such minima, and hence the number of stationary points, decreases with decreasing
Ni%*concentration (figure 7.8 (b)-(d)). It should be noted that all of the molecules imaged on
surfaces pre-incubated with 10 mM Ni%*and in excess of half of the molecules imaged on 5 mM
Ni%*surfaces show distinct pinning at one or more locations. Interestingly, in some cases minima
disappear over the course of the imaging sequence, with others appearing in subsequent frames,
suggesting that specific surface interactions break and re-form continuously; this behaviour is
more prominent with molecules imaged at 5 mM or lower Ni?*concentration. Although a direct
correlation with surface distributions of Ni>*would be purely speculative without further in depth
studies, the results together with previous findings on the distribution of the Ni?Tions 333343319
suggest that positively charged Ni>*domains act as anchor points for the negatively charged DNA
chains - with the interstitial regions governed by weak Mg?tassociations - allowing the desired

mobility. 320

7.2.7 In Situ Digestion of DNA by EcoRI

In order to demonstrate the utility of this approach for the observation of nucleoprotein

interactions, EcoRI was chosen as a proof-of-principle for in sifu enzymatic action. A restriction
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enzyme offers an elegant demonstration of protein function, yielding the clearly discernible and
unambiguous result of generating a short DNA fragment cut from the original 3.5 kbp DNA

molecule.

3.5 kbp DNA was immobilised on 5 mM and 15 mM Ni?* pre-incubated mica surfaces and imaged
in Tris-Mg buffer (methods 5.1.3) as discussed in section (7.2.4). Stable imaging was established
prior to the introduction of 0.5 units of EcoRI. The reaction was allowed to proceed at room

temperature for 1 hour whilst continually imaging throughout.

Final statistics taken after 1 hour of incubation indicate that EcoRI is able to digest up to 43%
of the DNA molecules present on a 5 mM Ni?Tsurface, compared to only 6% on a equivalent 15
mM Ni%*substrate (figure 7.9). When taken together with observations of the respective surface
translational mobility (figure 7.6), this suggests that tightly bound molecules inhibit the ability to

observe DNA protein interactions in situ with the HS-AFM.

15mM Ni®*

5mM Ni#*

Figure 7.9: HS-AFM observations of EcoRI restriction digestion of 3.5 kbp DNA immobilised on 5 and
15 mM Ni**mica surfaces. On the 15 mM Ni**treated mica surface the DNA molecules are seen to be
tightly bound, adopting a kinetically trapped configuration. In contrast the DNA molecules are observed to
have significant mobility on the 5 mM Ni*¥ treated mica surface, resulting in successful restriction digestion.
Digestion fragments are circled in white, and EcoRI proteins are indicated by white arrows. Scale bars are

125 nm. Z scales are 5 nm.

Moreover, the digestion of DNA molecules can be observed directly at the single molecule level,

clearly discerning the excision of a short DNA fragment on a 5 mM Ni?¥surface (figure 7.10
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and movie 7.4). Due to the relatively small size of the EcoRI enzyme (31 kDa) it is difficult to
discern individual proteins arriving alongside the mobile DNA molecule. However, the action
of the EcoRI restriction enzyme is clearly evident, as the DNA is separated into two molecules
(figure 7.10 12s). The observation of these newly generated separate molecules (indicated by a
star) unambiguously indicates the successful nature of the interaction. In contrast, no restriction

events were directly observed on 15 mM Ni?*surfaces throughout the duration of the study.

Figure 7.10: Sequential HS-AFM images depicting the successful restriction of a DNA molecule
immobilised on a 5 mM Ni**mica surface. The DNA is cleaved (between 6 s and 12 s) and a short
DNA fragment (indicated by a white star) is seen moving towards the edge of the observed area. The two
resultant DNA molecules are seen to move independent of one another indicating a complete cut. Scale bar

is 200 nm. Z scale is 6 nm.

7.2.8 Application to the Observation of RecA Polymerisation on Double Stranded
DNA

Having proven the sample preparation methodology on an exemplary system with great success,
attentions turned back to the RecA system which is the core of this project. In the first instance,
attempts were made to observe the pre-synaptic phase of the RecA homologous recombination —
the formation of a NPF (see section 3.2.3). It must be noted that this is a considerably challenging
event to attempt to orchestrate in a surface confined regime, when the structure of the final RecA

polymer is considered (section 3.2.2).

Where 3.5 kbp DNA is immobilised on a 10 mM Ni?*- mica substrate and RecA monomers are
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slowly introduced, evidence of nucleation becomes evident (figure 7.11, white arrow & movie
7.5). Note that RecA is pre-incubated with ATP~S, and diluted in the imaging buffer prior to
addition. A variety of RecA ratios were explored, from 0.1:1 - 10:1 (RecA:DNA), with a 1:1 ratio
found to confer the best results. Ratios below 1:1 were found to lack the concentrations necessary
to nucleate on the surface bound DNA, typically no interactions were observed over the course of
2 hours — after which surface crystallisation fouled the experiment. In contrast, ratios above this
primarily resulted in the accumulation of RecA monomers on the substrate, making the distinction

of specific interactions impossible.

Figure 7.11: HS-AFM observation of RecA nucleation. A series of HS-AFM images depicting the
nucleation of RecA monomers on 3.5 kbp dsDNA. RecA monomers are seen to cluster around a loop in

the DNA template (white arrow) indicative of nucleation. Scale bar = 250 nm. Z scale = 8 nm.

As such, these experiments were highly susceptible to protein fouling as a consequence of the large
excess of protein required to provide the critical nucleation concentration. This nucleation phase is

known to be rate limiting (section 3.2.3) and hence is the critical to observing full polymerisation.

Evidence for the formation of nucleation clusters at specific points on the bound DNA molecules

can clearly be seen in (figure 7.11 & movie 7.5). However, throughout the experiments, there
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was no suggestions of an extension phase observed. This could be a consequence of the degrees
of freedom of the DNA molecule still remaining limiting, where nucleation clusters are seen to
form at the most flexible regions. Alternatively, it is likely that under the concentrations where
nucleation events were observed, the critical mass is not reached for extension to proceed. It
maybe considered that the higher concentrations explored may have circumvented this, however

due to surface fouling any events occurring remained unresolved.

Despite being important for an understanding of the overall homologous recombination
mechanism, such experiments of the pre-synaptic phase may be considered peripheral to the scope
of this thesis. With this in mind and given the evident difficulty of these experiments, it was
concluded that they would be better pursued in future investigations once solid investigations
of the RecA homology searching mechanism had been concluded. Nonetheless, these initial
investigations suggest that RecA proteins are able to undertake interactions with dsDNA sufficient

to give confidence in this experimental approach.

7.2.9 RecA Nucleoprotein Filament Searching Behaviours Observed

The observation of RecA NPF interactions offers several advantages over the previous experiments
of RecA polymerisation. Primarily, the concentrations required are drastically lower and the stable

NPF complex is less susceptible to fouling the surface.

In the first instance, the surface diffusion of 60 nt NPFs was assessed. NPFs were formed at a
concentration of 1 pM as previously described (methods 5.2.6) and deposited in Tris - Mg buffer
(methods 5.1.3) on 10 mM Ni?*- mica and imaged without further incubation. From movie 7.6
NPFs can clearly be seen to diffuse freely across the surface at 22°C' and was considered sufficient

for the intended experiments.

The DNA:NPF dynamic experiments were setup as discussed for the previous observations with
EcoRI and monomeric RecA. 3.5 kbp was deposited on 5 and 10 mM Ni?*- mica, as discussed
previously and stable imaging established prior to the introduction of 60 nt NPFs. Again a variety
of interaction ratios were explored from 3:1 - 0.1:1 (NPF:DNA), with typically ratios of 0.1:1 and

0.5:1 offering the best results and higher ratios characterised by surface fouling.

Interestingly, a host of observations began to shed light on NPF homology searching interactions,
with multiple different events occurring on a single DNA molecule throughout a 10 minute
observation window. Figure 7.12 (& movie 7.7) depicts the interaction of a single NPF (white

arrow) and a loop of the 3.5 kbp DNA template. Additional NPFs can clearly been seen
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Figure 7.12: HS-AFM observation of the homology searching interactions of RecA NPF with dsDNA A

60 nt RecA NPF (white arrows) is observed to interact with a loop in the 3.5 kbp DNA template through a
combination of random interaction (green time line) and facilitated diffusion (purple time line) over a short

distance. Shown as a series of HS-AFM images and vector plots. Scale bar = 25 nm. Z scale = 8 nm.

surrounding the template DNA. For clarity, all the molecules observed were converted to vector
representations (see section 7.2.3) and plotted such that their relative motions could be tracked

(figure 7.12 & movie 7.7).

From these observations NPFs are seen to diffuse across the surface, or appear directly from
solution (see figure 7.13 & movie 7.8), forming random initial contacts with the partially
immobilised DNA. Interestingly, these contacts are observed to be transient in some cases,
“hopping” to an additional site further down the template (figure 7.12, green timeline) which

is suggested to be the primary mechanism of interaction (section 3.2.3). 192:193.194,188

However, in the work presented here clear evidence is seen for the existence of a one dimensional
facilitated diffusion (sliding) of NPFs along dsDNA (figure 7.12, purple timeline & movie 7.7)

— albeit covering only short sequence distances of up to approximately 50 bp. This is found to
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fall short of the work by Ragunathan et al'> (see section 3.2.3) which suggested slides of up
to 300 bp in length - approximately six times the distances estimated here. This discrepancy is
likely a result of the experimental setup, where confinement at a solid-liquid interface in this work
inevitably retards the interaction. Nonetheless, the findings presented here still provide direct
evidence supporting the existence of facilitated diffusion within the RecA homology searching

mechanism.

Interestingly, as was noted in the previous chapter (section 6.2.6), RecA NPFs are seen to form
clusters in the vicinity of the DNA molecule. It could be argued that, this is merely an effect
of all the NPFs individually targeting the same DNA molecule and hence local concentration
enhancement is a result of the presence of the nucleic acid itself. However, from figure 7.13
(and movie 7.8) a cluster of NPFs are clearly observed to arrive simultaneously from solution
suggesting a previous cooperation in the absence of the DNA molecule. The instantaneous
appearance of this cluster and the subsequent diffusion of individual NPFs away from the cluster,
is strikingly similar in its appearance to those observed in the static experiments of the previous
chapter (section 6.2.6). Furthermore, from these observations it is evident that these clusters are
formed from weak associations of NPFs and are not indicative of detrimental aggregation (figure
7.13). As such, this data further supports the existence of a massively parallel homology search

orchestrated by cooperation between individual RecA nucleoprotein filaments.

Figure 7.13: Real time observation of nucleoprotein filament clustering A series of HS-AFM depicting the

appearance and interaction of a cluster of NPF molecules with 3.5 kbp DNA. Scale bar = 100 nm. Z scale

=8 nm.
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7.3 Conclusions

When attempting to observe biological processes in vitro with the HS-AFM, it is essential to ensure
that the measurement only minimally perturbs the processes and interactions of interest. For the
investigation of nucleoprotein interactions, the subject DNA molecules must be associated with
the surface strongly enough to enable stable imaging over relevant time-scales, while at the same
time providing enough translational freedom to allow the proteins to interact with the DNA in a
way that is as undisturbed as possible. A number of different approaches have been reported in the
literature to control the surface association of DNA molecules. 326-327:328,329.330.331 However, none
of the existing methods offer the ability to tune the surface interaction and thus the translational
freedom of the DNA appropriately to enable a large range of diverse investigations within the

additional constraints of maintaining suitable reduced physiological conditions.

The work in this chapter has demonstrated a novel approach to tune the surface interaction of DNA
which fulfils these requirements. Both stable imaging and reaction conditions are orchestrated
simultaneously without the need to perturb the system throughout the reaction time-course,

through cyclic buffer exchanges or electric potentials.

In order to do this, an analytical method for quantifying the mobility of DNA under different
surface association conditions was developed, enabling the interaction of the DNA with the mica
surface to be tuned from a tight surface-association to highly mobile one. This approach, therefore,
provided a highly flexible method to establish conditions which enable the investigation of a large
range of nucleoprotein interactions, as demonstrated here on EcoRI and RecA. Further to this,
the presented analytical approach enables the analysis of the impact of various conditions to the
subject molecules, including the interaction of the AFM tip and the existence of specific surface

pinning points.

These approaches were successfully applied to the observation of RecA dynamics, in particular
the homology searching behaviours of NPFs on dsDNA. These direct observations, provide strong
evidence for the existence of a facilitated diffusion along the DNA template, the existence of which
is debated by others. 192193194188 Moreover, the prevalence of cooperative action is demonstrated
through the observation of NPF clusters, providing further evidence in support of the observations

made in the previous chapter (section 6.2.6).

However, despite these successes, due to the inherent mobility of both molecules (DNA and NPF)

orchestrated by this sample preparation method, it remains difficult to reconcile specific quantities
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of the interactions. In particular, it is difficult to infer any directionality, without the additional
inclusion of a polarity marker to the DNA template. Furthermore, quantifying the distance and
hence velocities of NPF sliding is complicated by the lack of fixed references from which to

measure.

In order to overcome these limitations, the next chapter explores the use of DNA origami as a
nano-scale experimental platform to both anchor and provide positional references for the template

DNA molecule, enabling the above quantities to be examined.
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Chapter 8

Observations of RecA Interactions
within DNA Origami Support

Structures

8.1 Introduction

The experiments conducted in the previous chapter directly observed a host of RecA interactions
with DNA. These observations provided direct evidence for the occurrence of NPF facilitated
diffusion along dsDNA as well as clustering behaviour. However, despite these successes,
the extraction of detailed quantities regarding the interaction between NPFs and DNA species

remained difficult with the methods applied therein.

Consider the demonstrated example of the in situ DNA restriction by EcoRI. Here, successful
interactions are evidenced by a large scale manipulation of the DNA, in this case its division

into two fragments, an unambiguous state change. In contrast, quantifying processive

127 d 345
2

movements, structural re-arrangement of nucleic aci mechanical dependencies of

346,122 23

nucleoprotein interactions, or discrete stages of motor activities of enzymes?3! requires
detection of subtle changes. As discussed, this insight is crucial in understanding the
operational constraints of these nucleoprotein interactions when considering harnessing them for

bionanotechnological application.

The sample preparation methodology discussed in the previous chapter provided sufficient

translational mobility for both nucleic acid and protein species simultaneously in an attempt
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Figure 8.1: An overview of the DNA origami frame method. The structure and various functions of a
DNA origami frame are depicted. The frame acts as a measurement standard (M) and an orientational
reference (P), whilst simultaneously anchoring the reaction to the substrate (A). Reactions can be observed
on internally incorporated DNA strands (R) alongside simultaneous controls (C). The dimensions of the

frame used in this study are given.

to emulate the 3D interaction environment within a confined 2D plane. However, it became
evident that in a regime where both interacting species are able to move freely about one another,

quantifying the motion of one relative to the other is very difficult.

Hence, the spatial position of the DNA must ideally remain consistent and yet accessible to the
NPFs. This again presents a juxtaposition of requirements within the experimental design. One
might consider that a way to meet these requirements would be to tether the DNA termini at fixed
distances from one another, such that the DNA molecule lies in a predictable manner between two

loci.

Over the years, several approaches for tethering DNA to surfaces have been demonstrated -
typically for the formation of ssDNA arrays for sequencing applications. 3’ However, the substrate
roughness or chemistries of these approaches are found to be unsuitable for application in this
work. Further, these methods result in the random deposition of molecules making the spacing of

two defined loci impossible to achieve reliably.

Alternatively, an elegant solution demonstrated by Sugiyama and Endo et al 12823¢ is to use DNA
origami (section 3.1.3) to define the spatial separation of the termini of a linear dsDNA strand.
Here, M13 viral ssDNA is woven to create a frame structure containing a central window within
which reactions can be hosted (figure 8.1), such as site specific recombination of DNA by Cre
recombinase.?3® Due to the increased surface area, the origami structure stably binds to mica

through the interstitial Mg?*interactions - utilised in the previous chapters - without the need
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for the coordinated bonding of Ni?T. This enables the central dsDNA strand to remain free
for interaction yet presented across a predictable location (figure 8.1). Furthermore, the highly
structured architecture of DNA origami can be utilised as a measurement standard against which

the position and orientation of the NPF can be quantified (figure 8.1).

In this chapter, the DNA origami frame methodology is adopted to circumnavigate the limitations
in quantifying position and orientation of the subject molecules in previous experimental system
(chapter 7). Here, the NPF homology search is conducted using DNA origami as a measurement
standard in an attempt to quantify the interaction orientation and rate. In the first instance, a design
was re-created from the literature in order to conduct initial investigations. Later adaptation of this
frame design to increase the size of the resident dSDNA molecules to enable further homology
search observations and potentially provide a platform for direct observation of full RecA mediated
strand exchange was undertaken in collaboration with Masayuki Endo (Sugiymama Group, Kyoto

University, Japan).

8.2 Experimental

8.2.1 Generating the Requisite DNA Origami Frame

For the purpose of observing the NPF homology searching mechanism a DNA frame that could
host two dsDNA within its central window was required, such that an entirely heterologous
sequence may be included as a control throughout the observations. A suitable design was re-
created from Yamaoto et al 28122 which is referred to as DF2S throughout this text. This design
included a central window of 40 x 40 nm and a clear polarity marker enabling the orientation of

the frame and its hosted molecules to be determined (figure 8.1).

From the published schematic diagram, the rough layout of the scaffold and staple components
were known along with the structural dimensions. '?> The design was recreated in cadnano (section
5.2.9),3"* using standard origami design rules on a square lattice in 8 bp sequence fractals. This
resulted in the standard placing of staple crossovers 16 b apart - or every one and a half helical
turns. Following the specified dimensions of 100 nm by 90 nm, the design was produced from a
weave of M13mp18 ssDNA with 224 oligonucleotide staples, resulting in a width of 288 bp and
a height of 32 duplexes (figure 8.1). The cadnano schematic can be seen in the appendix (figure

Al

The 40 x 40 nm central window was created through the omission of 128 bp by 16 duplexes at
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the heart of the design (figure 8.1). Furthermore, 16 nt ssDNA anchor points were included to
enable insertion of two dsDNA in parallel within the window (figure 8.1). These anchor points
projected into the window by 16 nt and were therefore 32 nt long in total (see appendix, figure
A.1). From the published design, the sequence of these ssSDNA anchor regions was known and
hence was used as a reference to populate the sequence throughout the whole origami using a

M13mp18 bacteriophage ssDNA template.

8.2.2 Preparation of the DNA Origami Frame

Initial preparation of the DNA origami frame
was conducted at a variety of staple:scaffold

ratios to establish the appropriate folding

conditions for high product yield. Staple 3 kbp

mixes were formed by pooling the 224 staple  » ¢ ¢ 4
oligonucleotides and introducing them to  B.10fold
M13mp18 in Tris-Mg buffer (methods 5.1.3)  C 15fold
at a variety of excesses to assess the formation

of the DF2S frames. The mixtures were heated

Figure 8.2: Assessment of DF2S DNA origami
to 95°C' and folded by steadily cooling back

Jframe folding. A 1% agarose gel demonstrating the
successful folding of the DF2S DNA origami frame

. -1
reducing the temperature by 1°C min™". witha 5 (A), 10 (B) and 15 (C) fold excess of staples.

to room temperature using a thermocycler,

The folding efficiency is found to be saturated already

The successfully folded DNA origami frame is
at 5 fold. L = 1 kbp ladder.

distinctly resolved at the top of each lane when

separated in a 0.5% agarose gel (figure 8.2,

lanes A - C). As the folded product is considerably more rigid and structured than its constituents,
it is severely retarded by the gel matrix. As a consequence, the folded origami structure is seen
to be distinct from the constituent M13mp18 ssDNA template run as a control in the last lane.
Interestingly, the DNA origami is represented by two bands which could indicate the formation of
additional structures, such as dimerisation or rolling of the 2D sheets into filamentous geometries.
Evidence for both of these states were observed in subsequent AFM experiments. Regardless, the
DNA frame was found to fold with an estimated 66% efficiency across all three staple mixtures
examined. Further, it was evident that the folding reaction already had a saturated product yield

with a 5 fold excess of staples, more than sufficient for the subsequent work.
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Unpurified
DF2S M13
Fractions

Figure 8.3: Removal of excess staples from the
DF2S DNA origami frame. A 1% Agarose gel
depicting fractions of DF2S purified with S400

size exclusion columns. The staples are efficiently

removed yielding the majority of pure product in the
first minute. Each fraction is produced by spinning

the column at 750 rcf for 30 s in a microcentrifuge. L

Staples = 1 kbp ladder.

Furthermore, the excess staples are clearly visible at the bottom of the gel in figure 8.2 (lanes A -
C), increasing in intensity with excess concentration. As these would contaminate any subsequent
experiments with RecA, they were removed with high efficiency using a sephacryl S400 size
exclusion chromatography matrix (methods 5.2.9), utilised here in a spin column format due to the
small quantities of product utilised in these studies. Here, the highly structured DNA origami is too
large to diffuse through the porous matrix and is hence excluded to the reduced volume between
the gel beads and as such, is eluted first (see methods 5.2.9). The excess staple oligonucleotides —
with an average length of 32 nt — interact with the pores of the matrix and hence diffuse through a
larger volume. Figure 8.3 shows the efficient removal of excess oligonucleotide staples from the
folded DNA origami frame, with the product eluted primarily in the first 2 fractions — where each
fraction constitutes centrifugation at 750 rcf for 1 minute intervals. The staples remained within
the column through a subsequent 10 fractions. It is important to note that this purification approach
was not sufficient to separate the partially folded M13mp18 from the product due to the similarity

in MW. Nonetheless, this method was found to be sufficient for all downstream experiments.

8.2.3 Design of the Internal dsDNA Strands

In order to conduct NPF homology searching observations, two pairs of dsSDNA central strands
were designed to be incorporated within the DNA origami frame. Each pair contained a reaction
and a control strand (figure 8.1), where the latter was completely heterologous to the NPF used in
the experiment. The reaction strand was always inserted closest to the polarity marker in the DNA

frame for unambiguous reference.

Within the 128 bp wide central window, a 64 bp dsDNA — representing 6 full helical turns of

B-form DNA — could be accommodated between each the pair of 32 nt anchor points (figure 8.4).
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Figure 8.4: The design and formation of the DF2S central strands. A) A schematic diagram depicting
functional layout of the central reaction dsDNA strand, including anchor regions, patterning region and
the location of a restriction site. B) A schematic diagram depicting the composition and binding scheme
of the central strands, within the context of the DF2S binding loops. C) The formation of the 64 bp
and 74 bp versions of the central strands is shown in a 15% polyacrylamide gel. The individual ssDNA
components and the final annealed products are shown demonstrating high yields. The inclusion of the
anchor sequences results in the multiple bands when annealed due to the presence of secondary structure

in the ssDNA overhangs. L = 10 bp ladder.

I"a second

As degrees of freedom of the DNA substrate is shown to be critical to the interaction, !
version was produced where the flexibility of the dSDNA was increased with an additional helical

turn, giving a total length of 74 bp.

The central dsDNA strands were designed to contain terminal ssDNA overhangs complimentary
to the origami frame anchor points. 30 nt NPFs were generated from ssDNA homologous to the
centre of the upper strand within the dsDNA region, across a EcoRI restriction site (figure 8.4 A).
The central strands were formed from two complimentary oligonucleotides, one of which included
16 nt ssDNA overhangs at either termini which were complimentary to the origami frame anchor
sequences (figure 8.4). Hence, the 64 bp central dsDNA was formed by annealing 64 nt and 96 nt
ssDNA. Arbitrary sequences were extracted from \ bacteriophage DNA and modified to include a
central EcoRlI restriction site (figure 8.4 A). Figure 8.4 C, shows the high yield formation of both

central strand length variants when annealed in 10 mM Mg?* containing buffer (Tris-Mg buffer,

144



Chapter 8. Observations of RecA Interactions within DNA Origami Support Structures

100 bp
~
70 bp.

L
o L‘
30bp -

Figure 8.5: Restriction assay assessment of DF2S central strand patterning. A 15% polyacrylamide gel

g

A. Central strand
B. Restriction Digest
C. NPF Res Digest

demonstrating successful patterning and protection of the 74 bp and 64 bp templates by homologous 30 nt
NPFs. Note due to the similar size of the patterning oligonucleotide and restriction fragments the resolution

is diminished. L = 10 bp Ladder.

methods 5.1.3). It is important to note, that the central strands resolve higher in the gel — with
respect to the 10 bp ladder — than expected and give rise to multiple bands, due to the presence of
ssDNA overhangs which are capable of forming a variety of secondary structures (figure 8.4 C,

lanes 4 & 8).

8.2.4 Central Strand NPF Patterning Restriction Assay

Prior to incorporation of the central strands into the DNA origami frame, the patterning efficiency
was established as previous, using a restriction assay (see methods 5.2.7). From figure 8.5,
protection of both the 74 bp and 64 bp central strands from restriction by EcoRI is afforded at
a 10:1 (NPF:DNA) patterning ratio (lanes C). In contrast full digestion of the dsDNA substrates
is seen in the absence of NPF (figure 8.5, lanes B). It is important to note that due to the short
restriction fragment lengths and their comparable size to that of the NPF oligonucleotide — and the
further oligonucleotide included to bind excess RecA — which are included at excess, that accurate
densitometry assessment is difficult. That being said, the interaction efficiency was estimated to

be approximately 30% which was considered sufficient for the requirements of this chapter.

8.2.5 Incorporation of the Central dsDNA into the DNA Frame

Incorporation of the central reaction strands was conducted post-formation with the central
strands provided in excess, where a 2:1 ratio (central:frame) was found sufficient. Incorporation
was conducted by heating the reaction mixture to 40°C' and cooling at -0.5°C' min~! to room
temperature in a thermocycler. Figure 8.6 depicts the removal of excess central strands and staple

oligonucleotides in the same step, as described previously (section 8.2.2). Where purification is
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undertaken at 750 rcf (relative centrifugal force) with fractions of 30 second spin intervals, the
central strands are seen to already appear in the second fraction. No appreciable improvements
were gained by reducing the spin speed to 500 x g and hence these losses were considered
tolerable. It is important to note that in this spin column format, the fraction limits are considered
relative and improvements could be made by undertaking a more rigorous fast protein liquid
chromatography (FPLC) setup. However, this would require considerably larger amounts of

product for purification and was deemed unnecessary.

8.2.6 AFM Assessment of DNA Frames

As there is no way to identify the inclusion

of the central strands from gel electrophoresis,

AFM was used to characterise the purified
DNA frames. Typically, 15 ng was deposited
on mica and imaged in the folding buffer -

which contained 10 mM Mg?™, sufficient for | Central

binding of the origami (see methods 5.2.8).

Figure 8.7 B and C, shows representative

. Fi 8.6: Removal of excess central strands from
images of DNA frames before and after gure f h

) ) the DF2S frame following incorporation. A 1%
incorporation of the central dsDNA strands,
agarose gel depicting fractions of DF2S following

respectively. From these images the inclusion . . ;
P y & incorporation of the central strands, purified with

of the central dsDNA strands was estimated S$400 size exclusion columns. The central strands are

to be approximately 90% efficient at the 2:1  removed in the first fraction, with a low but sufficient
ratio used here. This was found to be in Yyield of DF2S. Each fraction is produced by spinning
good agreement with the original published the column at 750 rcf for 30 s in a microcentrifuge. L

literature, 128:122 = 1 kbp ladder.

Interestingly, defects in the frames are clearly

evident, including missing staples or partial tears in the weave (figure 8.7 D). Where staples appear
to be missing, this is likely a consequence of the folding pathway and does not appear to be harmful
to the overall structure, indicating a degree of redundancy. However, the appearance of tears -
typically observed running parallel to the helical axis of the constituent DNA - are more likely
evidence of detrimental interaction with the HS-AFM probe. This highlights that, despite being
reasonably robust structures, DNA origami frames are susceptible to damage during HS-AFM

imaging, which was critical to consider in later experiments.
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Figure 8.7: AFM assessment of DF2S and incorporated strands. A) A schematic representation of the
DF?2S frame including central strands. B) A representative AFM image depicting empty DF2S frames. C &
D) A set of representative images depicting DF2S frames including central strands. Scale bars = 40 nm. Z

scale = 3 nm.

Interestingly, the majority of DNA frames were observed as dimers or longer chains, contrary to
the mono-dispersion expected. This is found to be a consequence of base—stacking interactions
between the termini of the helices in neighbouring DNA origami frames and as a result the frames
form polymers along this axis.>*® This phenomena can be rectified through the inclusion of poly
T regions on the terminal staple sequences which extend out into solution.3*® However, a redesign
to include this was deemed unnecessary as despite being unexpected, the appearance of these
chains helped to group the frames together in a systematic way, enabling multiple to be observed

simultaneously.

8.2.7 Assessment of the Mg?* Dependence of the DNA Origami Frames

In order to further assess the utility of the DNA origami frames for observing RecA interactions
with DNA, their stability in low Mg?tconditions was examined. This is important as
Mg+ concentration is the key to controlling RecA specificity. In particular, concentrations below
2 mM enable targeting of ssDNA, whereas concentrations above this allow dsDNA binding to
be specified. DNA frames were folded and the central strands incorporated using Tris-Mg buffer
(methods 5.1.3) — containing 10 mM Mg?*, as discussed. These DNA frames were subsequently
exchanged into Tris-Mg buffers containing a variety of Mg?* concentrations — from 0 — 10 mM —
during the purification step by pre-equilibrating the size exclusion matrix prior to introduction of

the sample.

In figure 8.8, the effect of reducing Mg?*concentrations on the stability of the DNA frames is
demonstrated. The DNA origami structure is found to progressively lose structural integrity with

decreasing Mg?*concentration, associated with a reducing resistance to interaction with the HS-
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Figure 8.8: Assessment of the stability of DF2S frames under different Mg?*concentrations.
Representative AFM images of DF2S frames formed at 10 mM Mg**and exchanged into a variety of
Mg?* concentrations. Frames are seen to be completely stable down to 250 u M. Scale bars, top = 40

nm, bottom = 250 nm. Z scales = 4 nm.

AFM probe (figure 8.8). DNA frames are found to remain reasonably stable down to 250 pM
Mg?™, sufficient for consistent imaging over 30 minutes. However, note the increased appearance
of multiple defects at concentrations of 2 mM Mg?*. Below 250 M Mg?*, it became difficult
to reliably observe any structure for more than a few consecutive images. This was found to be
particularly acute where Mg?*was removed entirely, as the DNA origami was seen to unfold at
the surface (figure 8.8, no Mg) - characterised by the inability to resolve the DNA as it is moved
around by the HS-AFM probe. As such, the DNA frames are found to be robust to a variety of
Mg?* concentrations above 250 pM — and certainly below the 2 mM threshold desired — enabling

experimental versatility.

8.2.8 Nucleoprotein Filament Homology Searching within DF2S

Having established the protocols for producing DNA frames at sufficient yield - despite
appreciable losses through purification - experiments to observe NPF homology searching were
conducted. 30 nt NPFs formed as described previously (section 5.2.6) were introduced to DNA
frames on a mica surface at the same ratios as utilised in the previous chapter (see section 7.2.9),

typically a ratio of 0.1:1 (NPF:DNA) was used.
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Figure 8.9: Interactions of NPFs within DF2S conducted on mica without continuous HS-AFM imaging.
Representative AFM images depicting the non-observed patterning of 30 nt NPFs inside the DF2S frame. A
& B) Clustering behaviours are difficult to overcome even at low concentrations. C) Observation of correct
patterning of singular NPF. Arrows indicated the position of the polarity marker. Scale bars = 40 nm. Z

scale = 6 nm.

Figure 8.9 shows representative images of samples incubated for 30 minutes at 22°C' on a mica
surface without continuous observation. NPFs were seen to cluster within the DNA frame central
window — even at these low stochiometries — in-line with the cooperative interactions noted in the
previous chapters (see sections 6.2.6 & 7.2.9). Where these NPF clusters are observed, these DNA

frames are ignored as it is impossible to discern any useful information (figure 8.9 A & B).

Interestingly, singularly interacting NPFs were typically found on the periphery of these larger
clusters, suggesting a degree of sacrificial DNA frames must be tolerated to overcome the NPF
cooperative behaviours. Figure 8.9 C depicts a representative HS-AFM image of a completed
homology search. The NPF can clearly be seen bound to the central region of homology on the

reaction strand (for reference see figure 8.1), with respect to the polarity marker (white arrow).

These observations further validate that NPFs do not require a free DNA termini to mediate an
interaction. However, one must consider that as the central strands are bound into the frame using
only ssDNA overhangs, that a backbone nick exists at either termini. Hence, one can not rule out
that the interaction of NPFs may be enhanced at these lesions. This is important where future
intentions are to pattern NPFs within complex DNA structures — hence the inclusion of nicks may

be necessary to enable this to occur.

Where these interactions are observed in real-time with HS-AFM, clear evidence of NPF
homology searching behaviours are evidenced. NPFs are seen to move freely within the central
cavity of the DNA frame, tracking back and forth along the DNA strands therein (figure 8.10 &
movie 8.1). This is found to be consistent with the sliding behaviours evidenced in the previous

chapter (section 7.2.9).
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Moreover, these motions are apparently irrespective of the orientation of the frame with respect
to the scanning probe and hence can be considered largely distinct from its influence. This can
clearly be seen in figure 8.10 A, where two DNA frames are shown set at 90° from one another,
being broadly perpendicular and parallel with the fast scan (X) axis, left and right, respectively.
Where the centre of mass of the NPFs is plotted with respect to the trajectory of the DNA strand
— throughout successive images, similar motions are observed for both orientations (figure 8.10
B). Note that for clarity, only the DNA strand upon which the NPFs are conducting a homology
search is included in the plot and that as it is the centre of mass that is being tracked here, the data

points plotted appear to be distinct from the DNA, which may be misleading.

8.2.9 Distinction of Two NPF-DNA Interactions

Interestingly, as described in section 8.1, the DNA frame can be used as a positional reference.
Hence the trajectory of NPF along the subject DNA molecule can be tracked with respect to the
distance from the polarity marker. This allows the identification of discrete steps in the homology
searching interaction to be discerned, a representative example is given in figure 8.10 C. Here,
existence of two distinct motions can be discerned, characterised as “hops” - where the NPF
jumps from one location to another in a random fashion - and “slides” - where a progressive

uni-directional movement is observed across short distances.

Figure 8.10 suggests that the NPF generally hops from one location to another, typically covering
distances of 38 bp, presumably undertaking transient homology probing. However, short regions
of progressive sliding are clearly observed, with a maximum of 25 bp seen here. On average,
slides are observed over distances of 10 bp — which is in-line with the short distances observed in
the previous chapter on linear templates (see section 7.2.9). Examples of these distinct steps can
clearly be extracted from the raw HS-AFM data, such as the representative events in figure 8.10 D

and E, depicting sliding and hopping, respectively.

These observations are found to be in-line with previous discussions of a two stage homology
probing process. This is interesting, as recent simulations have suggested that the existence
of metastable probing complexes - existing as an intermediate between the pre-synaptic and
stable synaptic phases - could account for the speed and stability paradox of the RecA homology
search, 100:349:350.351 Thege studies suggest that continually transient probing, where the incoming

1

DNA primarily exists in the binding site II, could result in a search of up to 100 bp s at

37°C 160,349,350,351
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Figure 8.10: Observation of NPF homology searching dynamics within DF2S using HS-AFM. A) The
dynamics of 30 nt NPFs are observed in several orientations, perpendicular to and parallel to the scan
axis (black arrows). B) Tracking the centre of mass of the NPFs with respect to the DNA strand reveals
similar motions irrespective of the scan direction. C) A representative plot showing the NPF distance along
the DNA from the polarity through successive images. The NPFs are observed to jump back and forth,
suggestive of a random sampling mechanism. Short regions demonstrate progressive “slides” along the
DNA (red arrows), representative of one dimensional facilitated diffusion. The distinction of these events
can clearly be seen in the HS-AFM images demonstrating facilitated diffusion (sliding) (D) and random
sampling (hoping) (E). Scale bars (A) = 40 nm. Z scale = 6 nm.
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Figure 8.11: Observations of correct patterning in dynamic experiments with the HS-AFM.A) A 30 nt

NPF is seen to arrive from solution and slide quickly to stall at the region of homology. B) Another NPF
(white arrows) is observed to consistently move with the DNA through consecutive images whilst centrally
positioned at the region of homology. This is depicted clearly in the vector plot in (C). The centre of mass
of the NPF (red sphere) in (B) is plotted in relation to the DNA strand (grey lines) over time (Z axis). Image
size = 40 nm. Z scales, (A) = 6 nm, (B) = 5 nm.

From the observations made here, an overall search rate of 3.26 bp s~! + 0.53 bp is calculated
under the conditions conducted in these experiments. Interestingly, this is made up of a
combination of 5.73 bp s~ £ 0.47 bp for hops and 1.1 bp s™! + 0.18 bp for slides. The
discrepancy between the proposed and the observed rates, is nearly a 30 fold difference and
is largely attributed to the experimental setup, where interactions are conducted at 22°C' , and
samples are partially immobilised at a solid—liquid interface. Hence this difference is considered a
function of the severely reduced rates of NPF diffusion at the surface — as seen previously in section
7.2.9 — and in solution. Furthermore, the imaging rate of these experiments must be factored in,
typically 3 seconds per image in these experiments. Although far in excess of standard AFM
frame rates, this is still limiting with respect to observing protein dynamics and is obviously not
“real-time”, hence one must consider that only a fraction of the interaction information is captured

which may lead to slides being misleadingly observed as hops, for example.
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Figure 8.12: NPF homology searching over non-contiguous regions of DNA. A) The position of a 30

nt NPF (white arrow) is shown relative to the two central strands within a DF2S frame. B) A series of
HS-AFM depicting the NPF sliding along the top DNA strand and transitioning to slide along the bottom
DNA strand. These events are shown clearly in the vector plot in (C). The NPFs centre of mass is plotted
(red sphere) in relation to the DNA strands (grey and black) over time (Z axis). Scale bar = 40 nm. Z scale

= 6 nm.

8.2.10 Observation of Homology Location

Although searching behaviours are regularly observed throughout these experiments, successful
location of homology - and hence transition from synaptic to postsynaptic joint - has been difficult
to capture. One may consider that despite clever experimental design, the HS-AFM is only able
to observe a fraction of the sample substrate at any given time. Hence, catching interactions at the
right time remains difficult, particularly given the low concentration of interaction species used

here.

Nonetheless, evidence for these can be seen in figure 8.11 A, where a NPF appears directly
from solution, slides along the dsDNA and stalls at the region of homology. Furthermore,
other observations are suggestive of the existence of post-synaptic complexes where NPFs are
consistently located at the same point on the DNA through successive images (figure 8.11 B &
movie 8.2). This is demonstrated in figure 8.11 C, where the NPFs centre of mass is tracked
relative to the DNA over time (Z axis). From this, the central location and stable nature of
these complexes is suggestive of a transition to a postsynaptic complex at the region of sequence

homology.
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8.2.11 Searching of Non-contiguous DNA Sequences

Interestingly, NPFs were seen to search both the reaction and control dsDNA strands with no
discernible differences, suggesting continuous homology probing of all available sequences. Note
that although possible, no evidence of NPF interaction with portions of the DNA frame — folded
or partially folded — were observed. Moreover in rare cases, NPFs were observed to search non-
contiguous regions of DNA, in this instance swapping between the two central strands (figure 8.12
& movie 8.3). This is interesting as it can be considered that such swapping between separate

regions may support the involvement of inter-segmental transfer, as suggested by others. !!

Such behaviour has previously been proposed for RecA NPFs, where by distal portions of a
long NPF are able to sample separate regions of the same DNA simultaneously. As such, it
has been proposed that inter-segmental transfer may result in faster template searching or the
ability to circumnavigate regions of persistent confinement or complex topology.'! In the case
of this work, the NPFs utilised here are considered too short to undergo true inter-segmental
transfer, representing only 1.5 turns of the nucleoprotein helix. Nonetheless these observations
are interesting with regards to understanding the possible involvement of this mechanism in the

RecA mediated homology search.

8.2.12 A Specifically Orientated Interaction

As could be seen from the images in figure 8.10 A, it appears that it is the termini of the NPFs
that is interacting with the DNA strand in a specific orientation. Intriguingly, as the geometry of
the DF2S frame is precisely known, it can be used to estimate the angle of this interaction, where
the NPF is assumed to lay within the surface plane. This is not an erroneous assumption, given
the presence of Mg?*species within the imaging environment which are capable of mediating a
transient binding between two negative planes (see section 7.1.1) — In this case the mica and the
negatively charged C - Terminus of the RecA (see section 3.2.2). The plot in figure 8.13 A depicts
the distribution measured angles of orientated NPF interactions. This is calculated by measuring
the angle between the long axis of the NPF with respect to the direction it is travelling along the

dsDNA (figure 8.13 B).

From this, a characteristic interaction angle of 111° 4 2.7° between the NPF and dsDNA is found.
This orientated interaction is highly suggestive of the dsDNA travelling aligned within the NPF

helical groove, shown schematically in figure 8.13 C.
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Figure 8.13: NPFs are observed to undertake an orientated slide along DNA. A) A histogram plot
depicting the angle of interaction of the NPFs as measured in (B). C) The observed interaction of the NPFs
is shown schematically. D & E) These observations are found to be in-line with the orientated interaction
regimes proposed by the molecular dynamic simulations conducted by Yang et al."®" D) The incoming
dsDNA aligns into the helical groove of the NPF through interactions with the C terminal domains (red).
E) The encapsulated ssDNA is shown in orange, with the interacting dsDNA shown in purple and blue. The
residues responsible for DNA interactions are highlighted for the C terminal domain (green), binding site

11 (red) and L2 binding loop (yellow). Figures (D) & (E) are adapted from Yang et al. '’
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Figure 8.14: Observation of long distance NPF slide in broken DF2S frame. A series of sequential HS-
AFM images depicting the long distance slide of a 30 nt NPF (white arrows) within a broken DF2S frame.

A second NPF is seen to arrive and briefly interact (36 s). Scale bar = 40 nm. Z scale = 6 nm.
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This fits well with the interaction geometries proposed by Yang et al, through molecular dynamics
simulations (figure 8.13 D & E), appearing remarkably similar. ' Here, the dsDNA interacts with
the favourably charged C terminal domains (red in D and green residues in E). This is proposed to
align the incoming dsDNA enabling it to be transiently bound into binding site II (red residues in
E). Note the proposed long axis of the NPF — observed as the encapsulated ssDNA in (E) — with
respect to the incoming dsDNA in figure 8.13 D & E. From here, the incoming dsDNA is probed
for sequence homology where the residues of the L2 binding loop (yellow in E) intercalate and

locally open the DNA (see section 3.2.3).

Although the observations made in this study do not have sufficient spatial resolution to infer
the exact geometry of DNA species within this complex, it remains the first direct experimental
evidence in support of a transient alignment of dsDNA within the NPF helical groove during

homology searching.

8.2.13 Expansion of the Frame - the Development of DF2L

Despite these detailed insights into the RecA homology searching mechanism they are hard to
reconcile within the context of a genome wide search, due to the restrictive geometry of the DNA
frame - where the 30 nt NPF represents roughly 1/4 of the available sequence space available. As
discussed previously (section 6.2.1) it is not practical to reduce the dimensions of the NPF in these

experiments any further and hence the only option is to increase the size of the DNA frame.

In further support of this, observations made in partially unfolded or mechanically broken DNA
frames - for example in figure 8.14 - reveal longer distance sliding behaviours than suggested in
the previously described data. In this example, part of the scaffold is loosely strung between two
remaining folded regions of the DNA frame (figure 8.14). Here, a NPF (white arrow) is observed
to slide the length of the strand prior to interacting with a second incoming NPF (see figure 8.14
& movie 8.4). With respect to this, it was concluded that an expansion of the DNA frame was
required for more biologically relevant homology searching observations to be made. This would
enable the characterisation of much longer sliding mechanisms, possible template looping — where
the DNA was made flexible enough — and the future ability to conduct a full strand exchange

reaction within the DNA frame window.

In order to increase the DNA frame efficiently, a collaboration with Masayuki Endo (Sugiyama
Group, Kyoto University) was undertaken in order to draw on the groups’ depth of expertise in this

area. It is important to note that the frame design was jointly developed between Prof. Endo and
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Figure 8.15: A schematic diagram comparing the DF2S and DF2L frames. The DF2L frame enables
nearly twice the sequence to be hosted within the central cavity for conducting RecA homology searching

experiments.

the author, from a base design taken from previous work in the Sugiyama group. Once the design
was finalised, the frame was folded in the Sugiyama group and shipped to the Bioelectronics

group, where the central strands were developed and incorporated.

Within the Sugiyama group, a larger frame already existed which provided a suitable base for
re-development for this work. At this stage, the frame was modified through several iterations to
introduce two parallel sets of anchor points - as utilised in the previous smaller design. It was
concluded that the frame could be expanded to harbour 2 DNA strands with a maximum sequence
length of 192 bp. This was achieved by recessing the anchor loops into the frame walls (see the

schematic in appendix, figures A.2). This larger frame is referred to as DF2L.

However, this solution was quickly found to be problematic, where steric hindrance from the frame
walls prevented successful incorporation of the central dSDNA strands in the initial trials. As such,
the frame was re-designed to marginally increase the cavity further in order to reveal the binding
loops, adding bracing to the internal corners to achieve this. In addition, this increased the length
of the central strands to 224 bp. The design iterations of this frame can be seen schematically in
the appendix (figures A.3 and A.4) and a scaled comparison of small and large DNA frames is

given in figure 8.15, indicating the significant size increase.

8.2.14 Generation of the DF2L Central Strands

During the initial development of DF2L, the central strands were designed. These sequences
largely followed the format of those used in DF2S, including two different length versions,
at 224 bp and 234 bp. Due to their size, it was not possible to simply anneal these from
two oligonucleotides and hence the sequences were synthesised into a plasmid, allowing their

amplification by PCR (see methods 5.2.1). However, due to subsequent changes in the frame
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design, a trailing PCR method was applied to introduce the new anchor sequences during

amplification (this is detailed in methods 5.2.2).

This approach was successfully applied to re-generate 3 of the 4 central dsDNA sequences with
high yields, referred to as A224, A234 and B224 (figure 8.16). The designation A or B refers to
the pair of anchor points in the DF2L frame to which they bind, top and bottom (with respect to the
polarity marker), respectively. The reason for the apparent failure of B234 is unknown. However,
as the 224 bp sequences were to be utilised in the first instance and the 224 and 234 bp sequences
only differ by 10 bp added evenly before the anchors, no efforts were made to rectify the PCR

reaction at this point.

Prior to further processing of the central strands, both sets of central sequences — A and B — were
subjected to a restriction assay to check the patterning efficiency, as described previously for DF2S
(section 8.2.4). A224 and B224 were patterned using respective 30 nt NPFs, where successful
patterning at a 3:1 (NPF:DNA) ratio (figure 8.17) was concluded to be sufficient for use in the
DNA frame. Note that the sequence A224 and A234, differ only in 10 bp added evenly to either
termini — following the anchor sequences — and hence the restriction site and region of homology
remain identical. As such, the patterning efficiency of A224 was assumed to be indicative of A234

also.

Following the successful generation and characterisation of dsDNA, 16 nt ssDNA overhangs were
generated in order to incorporate the central strands into the origami frame. These ssDNA regions
were generated at the termini by nicking the template dSDNA with the enzyme nt.bst. NBI and

competing away the redundant ssDNA. For details of this process please refer to the methods
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Figure 8.17: Restriction assay assessment of DF2L central strand patterning. A 10% polyacrylamide
gel demonstrating successful patterning and protection of the central strand sequences A224 and B224

templates by respective homologous 30 nt NPFs.

(methods 5.2.5). This was found to be 100% successful for A234 and B224, but interestingly,
only 50% efficient for A224. Again as with the trailing PCR reaction, discrepancies between the
reaction yields was evident — considering here that the nicking site and anchor sequences for A224
and A234 are identical, this difference is curious — but was nonetheless tolerable for the subsequent

incorporation into the DNA frame.

8.2.15 Incorporation of DF2L Central Strands

Subsequent incorporation of the central strands was undertaken, as described for DF2S. Here,
all three central strand variants were incorporated individually following the procedure discussed
previously (see section 8.2.5), conducted here at a 5:1 (central:frame) ratio with an average yield
of 60%. Despite the re-designed DF2L containing exposed binding loops, a consistently higher

incorporation yield was not achieved despite increasing the ratio to 10:1.

Figure 8.18 shows representative AFM images of DF2L frames with singularly incorporated
central strands, A224 (A & B) and A234 (C). It is important to note the large degree of flexibility
that these central strands are afforded within these frames, particularly when considered with
respect to those observed in DF2S. This is most prominently observed for the incorporated
sequence A234 (figure 8.18 C), where the central strand is found to be difficult to track. This

became a prominent issue when NPF interactions were observed in this DNA frame.
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Figure 8.18: A montage of AFM images depicting the preparation of DF2L and the incorporated strands.
The frames are observed to be well formed and the flexibility of the incorporate strands is evidenced by the

difficulty in tracking them. Scale bar = 70 nm. Z scale = 3 nm.

8.2.16 Nucleoprotein Filament Interactions within DF2L

NPF observations in DF2L were conducted using the conditions established previously for DF2S.
Here, 30 nt NPFs were introduced to DF2L frames following their deposition in Tris-Mg buffer
(methods 5.1.3) containing 10 mM Mg2+(methods 5.2.8).

However, despite the previous successes with DF2S, only a handful of successful observations
were made with DF2L in the time available. This is largely attributed to the high degree of
flexibility of the frame itself — due to the reduced frame structure. DF2L frames were seen
to flex and “breath” between successive images in a series, which in turn causes the distance
between the binding loops to shrink making the central dSDNA more flexible. As a consequence it
became particularly difficult to observe the central strands within these DNA frames (figure 8.19
A & movie 8.5). Moreover, this reduction in structural integrity manifests itself more profoundly
as DF2L frames are found to be more susceptible to damage by the HS-AFM probe and hence

resulted in large losses during observations.

However, despite these setbacks, some observations of NPF searching behaviours were made.
Figure 8.19 B shows a representative series of HS-AFM images depicting the progressive
movement of a NPF along the expected trajectory of the dSDNA. Although, as discussed, it is
difficult to observe the dsDNA in these images, there are particular regions at the right-hand side
of the reaction window (figure 8.19 B, top right of the image) which are highly suggestive of the
presence of the dsDNA. Therefore it is suggested that these observed NPFs are indeed conducting
a homology search, although it is difficult to say whether the observed motion is that of a sliding

or a hopping regime. This apparent difficulty in tracking the DNA substrate may be considered
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Figure 8.19: A series of sequential HS-AFM images depicting the initial observations of NPF homology
search conducted within the DF2L frame. A) The frames and central strand are found to be highly flexible
resulting in difficulty resolving the DNA. B) An NPF is observed to slowly and progressively migrate along
the long axis of the DNA frame, suggestive of sliding on the DNA. The presence of the central strand is

suggested in the top right of the image. Scale bar = 35 nm. Z scale = 6 nm.

a step in the wrong direction, resulting in similar quantification problems as those experienced in

the previous chapter.

8.3 Conclusions

The work in the previous chapters had successfully demonstrated the observation of RecA NPF
interactions with dsDNA. However, limitations in the experimental approaches had limited the

meaningful quantification of the intrinsic orientational or positional information.

In order to circumnavigate these experimental limitations, the work in this chapter adopts the
DNA origami frame methodology of Sugiyama and Endo et al 2823 to further explore the RecA
mediated homology searching mechanism. DNA origami frames are able to act as a positional and
orientational reference as well as to anchor incorporated dSDNA templates to a mica substrate.
Here, a DNA frame design was adapted from the literature and successfully utilised for these

purposes.

Observations of NPF interactions with dsDNA conducted within DF2S have provided further
support for the existence of facilitated diffusion. Here, NPFs are clearly observed to undertake

slides of an average of 10 bp along the dsDNA template with a measured rate of 1.1 bp s~! +
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0.18 bp. This is accompanied by distinct hopping or random sampling — at 5.73 bp s~! + 0.47
bp — which appears to dominate the NPF interaction behaviour. Note that these are conducted at
22°C' with the species partially immobilised upon a surface and are unlikely to be representative

of physiological rates.

Despite the clear observation of transient homology probing interactions, limited evidence for the
transition of a synaptic to a postsynaptic complex is evidenced. Nonetheless, successful homology
searching interactions have been demonstrated, typically seen in DNA frames which were not
continuously observed. This highlights that despite excellent experimental setup, one must observe
in the right place at the right time. Further, it must still be considered that the presence of the
surface is likely to play a large role in limiting the full wrapping of a target DNA molecule into

the NPF complex.

Moreover, detailed information regarding the orientation of the NPF interaction has been
evidenced for the first time, in support molecular dynamics simulations conducted by others. !6°
Here, NPFs are revealed to align with a typical angle of 110° — not previously reported — enabling
the dsDNA to reside within the negatively charged tract of the helical groove, which is highly

suggestive of transient associations of the dsDNA occurring within. 160

Despite these successes, the limited geometry of the DF2S was deemed restricting and attempts
to move to a larger DNA frame in collaboration with Masayuki Endo (Sugiyama group, Kyoto
University) were detailed. Such a larger reaction space would allow for further experiments to be
orchestrated in the future, such as the full RecA mediated strand exchange. However, although
the DF2L frame was successfully developed and initial observations conducted, the fragile nature
of the frame was found to be a problem and hence limited the number of successful observations

carried out within the time constraints of the project.

With regards to future development, it is proposed that the DF2L frame should be further
developed utilising a longer ssDNA scaffold - enabling a more robust structure to be formed.
Although uncommon, it has been demonstrated that it is possible to utilise longer ssDNA templates
in DNA origami, making the approach inherently scalable provided the availability of template
DNA. 72 For example, as M13 is a filamentous bacteriophage, it is possible to increase the length
of its DNA drastically without hindering its replication. Furthermore, 8.6 kbp M13 bacteriophage
are already commercially available (New England Biolabs, MA, USA) for the development of
phage display libraries in molecular biology. Hence, the expansion of DF2L to use a 8.6 kbp

template is entirely possible and would enable a more robust structure to be developed.
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Thus far in this thesis, the work has attempted to use the AFM to interrogate the dynamics of the
RecA mediated homology search. In contrast the next chapter will apply the AFM to push the
resolution boundaries on RecA NPFs and its manipulation of DNA, in order to provide further

insight - connecting form to function.

164



Chapter 9

Observing the Manipulation of DNA
Structure by RecA

9.1 Introduction

The elucidation of discrete structure forms a central pillar of the study of biological
macromolecules, but to date typically relies on ensemble-averaging of crystalline samples (see
section 3.4).1%1814922 gych methodologies offer poor sensitivity to the subtle intramolecular
variations which are arguably of most importance in connecting form to function. Within this
context the AFM commands a unique position, offering the ability to image isolated biomolecules
with sub-molecular resolution, present within physiological environments - albeit absorbed
at an interface (section 4.1). Thus AFM has been shown to offer further structural insight

complementing NMR, X ray crystallography and electron microscopy methodologies. 33233

In modern AFM, the position and vertical force exerted by the probe can be measured and
controlled with sub-Angstrom and pico-Newton accuracies, respectively.®* Nevertheless, the
probe remains in physical contact with the sample to acquire an image, inevitably resulting in
distortion of the substrate. This is of particular concern when imaging soft matter, such as
biological molecules and derived synthetic structures — many of which natively respond to external

mechanical forces.

The compliant nature of biological samples has previously been addressed through the packing
of molecules into 2D arrays, thus increasing their effective Young’s moduli.3>*3% This approach
was used by Mou et al to demonstrate the helical pitch of DNA in 2D crystals.*® However, only

limited numbers of biological molecules of interest can be assembled into such arrays. Therefore,
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in order to resolve sub-molecular structures in topographically heterogeneous biomolecules or
biologically derived synthetic structures, the sensitivity and accuracy of the cantilever loading
force must instead be addressed, as the spatial resolution is directly related to the applied force

(see section 4.3).3%7

One approach to this, demonstrated by Santos et al, was to apply sub-nanometre amplitude
modulation using very small set-points (SASS imaging) enabling continuous probe oscillation
within an ambient water layer.>>® With this method, they successfully resolved the B-form helical
pitch in isolated DNA molecules. In addition, further advances in miniaturisation of AFM
cantilevers have drastically improved the signal to noise ratio, which continues to enhance the force
sensitivity of the tip-sample interactions. 23133735 Where this has been coupled with developments
in frequency modulation (FM) — tracking subtle shifts in the resonance of the cantilever due to
the tip-sample interactions — routine atomic resolution on hard samples are now achieved.3%
Although FM modes are increasingly available on commercial systems, they have not yet seen

wide adoption.

An alternative approach to minimise the impact on the sample by reducing the loading force is
to exploit the AFM’s ability to acquire force—distance curves, previously utilised for mechanical
mapping. Recent hardware advances, in particular the bandwidth of the controller electronics, has
led to the development of rapid force-curve-based imaging methods — such as Peakforce tapping
— enabling a continuous estimation of the peak loading force applied to the substrate, which is

referenced as a baseline for actuating system feedback (see section 4.4.2). 282285

This methodology has been shown to allow routine observation of the helical pitch on isolated
DNA molecules, conferring similar resolutions to those of advanced AM or FM modes.3%! Here,
the loading force can be continually estimated and adjusted in response to sub-molecular features
enabling the resolution of local structural variation. 3! In this chapter this rapid force—curve—based
imaging is applied to directly interrogate the structure of dsDNA in complex topologies and under

the manipulation of RecA.

It is proposed from crystal structure observations that upon binding, the RecA NPF partially
relaxes the dsDNA helical pitch from 3.4 nm to 5.2 nm allowing the presentation of the internal
base pairing to the encapsulated ssDNA. All things being equal, it is proposed that the relaxation
of a dsDNA molecule internal to the NPF complex must be accompanied by a helical compression
proximally. Although this compression may dissipate through the DNA within a solution phase, it

must be considered that where the rotational freedom is restricted - such as on a surface - that any
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Figure 9.1: An overview of the approach taken to trap the RecA induced helical compression of DNA. A)
A schematic diagram depicting the trapping of the induced helical compression in DNA. The termini of the
DNA molecule have their rotational degrees of freedom restricted through the use of double anchors. B)

The regions of interest for imaging the helical pitch of DNA are highlighted on the AFM image (red arrows).

induced variation in the helical pitch will remain present and might be detectable by AFM.

Building on the work carried out in the previous chapter (section 8.2.1), the DNA origami frame
- previously used for dynamic studies - was employed to trap any induced compression of the
DNA by substrate RecA (figure 9.1) by securely anchoring the termini. Prior to this, this chapter
explores high resolution observations of DNA - both linear and woven within DNA origami - and

the RecA NPF itself, in isolation.

9.2 Experimental

9.2.1 Resolving the Helical Pitch of DNA

Looking towards imaging the helical pitch of DNA in complex topologies and under the
manipulation of RecA, reliable imaging of the B - form helical pitch must be established on native

DNA in isolation.

For these experiments, dsSDNA was bound very tightly to the mica support surface to minimise
movement of the molecule during probe interactions. This was in stark contrast with the work
described in the previous chapters. Here, DNA was immobilised in aqueous buffer containing 10

mM Ni?Tand incubated on the surface for up to 1 hour (see methods 5.2.8). Further incubation
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Figure 9.2: A montage of AFM images depicting the helical pitch of DNA observed with rapid force-
curve-based imaging. A) The application of 100 pN of force minimises the compression of the DNA
molecule. The helical pitch is observed along the length of the molecule along with long scale periodicity,
representing supercoiling. B) The helical pitch is most clearly resolved where the DNA is tightly bound to
the surface. Note the loosely resolved regions. C) Both the major and minor grooves are clearly resolved,
demonstrating the characteristic 3.4 nm helical pitch of B form dsDNA. Scale bars, (A & B), top = 50 nm,

bottom = 15 nm. (C) = 15 nm. Z scales = 3 nm.
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or higher cation concentrations tended to lead to abhorrent surface crystallisation and indeed,
this effect limits the imaging duration per sample. Note that following incubation, the buffer
volume was increased to 200 p! diluting the Ni?* concentration to approximately 5 mM throughout

imaging (methods 5.2.8).

Samples were imaged using a rapid-force-curve imaging approach (see methods 5.2.8), utilised
in-line with recent demonstrations on isolated DNA plasmids by Pyne et al.?¢! From figure 9.2 the
structural features of the dSDNA samples are clearly resolved where a consistent tip loading force
is applied — estimated at 100 - 150 pN here. Under these conditions DNA molecules were routinely
observed with heights of 1.9 nm =+ 0.2 nm, representing negligible disruption to the structure by

the interaction of the AFM probe.

Furthermore, throughout the structure large scale height variations are observed (figure 9.2 A, and
inset), indicating the occurrence of supercoiling within the A DNA template. This information is
interesting as it highlights the possibility to directly study strain throughout the DNA molecule,

which may be of crucial importance to characterising complex DNA structures.

Upon closer examination of the DNA, a distinct banding becomes immediately apparent
throughout the molecule (figure 9.2 B, and inset). Importantly, this banding appears in multiple
orientations, running perpendicular to the long axis of the DNA. Figure 9.2 C shows a magnified
region demonstrating the distinct deeply grooved banding (orange arrows). Cross sections taken
along the DNA reveal the B—form helical pitch of 3.4 nm, with both the major and minor grooves
clearly resolved (figure 9.2 D). Interestingly, under an estimated applied load of 100 pN the typical
groove depths are measured to be 0.8 nm & 0.1 nm and 0.5 + 0.15 nm for the major and minor
grooves, respectively. These values change significantly where the estimated load is reduced below
80 pN indicating a loss of interaction with the fine structure of the molecule (data not shown) —
consistent with the findings of Pyne et al. Moreover, from the cross section plot in figure 9.2 D,

the large scale periodicity of the molecules super-coiling can be noted in the observed slope.

Given the desire to observe the helical pitch of DNA within constrained and complex geometries,
the focus turned to interrogating the complex weave of DNA origami. Attaining these resolutions
in the constrained geometry of this complex DNA topology was reasoned as a stepping stone
toward imaging the DNA ultra structure juxtaposed at the junction with the RecA nucleoprotein

complex.
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9.2.2 The Helical Pitch of DNA Observed in Complex Topologies

Figure 9.3: DNA origami observed with tapping and
rapid force-curve-based imaging modes. Typical
AFM images taken of the junction (blue line) between
two DNA origami tiles. A) The herringbone weave
resolved using amplitude modulated intermittent
contact (tapping) mode. B) The considerable

resolution enhancement achieved through the

controlled application of force using a rapid force-
curve-based imaging mode. Scale bars = 20 nm . Z

scales = 3 nm.

To date, due to its relatively simple operation
and wide spread adoption, tapping mode
(specifically, amplitude modulation) AFM

has typically been used to characterise

low dimensional DNA origami structures.?

However, as discussed (section 9.1), the
resolution of these observations are usually
limited by the relatively large loading forces
employed during routine operation. From
figure 9.3 A, a DNA origami tile is resolved
as a solid object when imaged as described.
This limited resolution is a consequence of
the flattening — and hence broadening — of the
individual constituent DNA strands under the
typical applied tip-sample load, emphasising
the importance of taking into account the
mechanical properties of the sample in order

to resolve sub-molecular structures. 3>

Figure 9.3 shows several atomic force
micrographs of the same DNA origami
imaged with amplitude modulation (A) and
rapid-force-curve imaging (B). A pronounced
difference in spatial resolution is evident, with
figure 9.3 B clearly revealing the porous weave

of DNA origami across the interface between

two neighbouring tiles (blue lines). The individual constituent DNA strands are clearly observed

with high definition, and are seen forming the characteristic herringbone pattern, which is merely

hinted at in figure 9.3 A. This is achieved by continually maintaining an estimated peak loading

force of 100 pN throughout the image acquisition — in-line with the previous investigations

on linear dsDNA (see section 9.2.2) — enabling minimal compression of the constituent DNA

molecules. ¢!
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Figure 9.4: Rapid force-curve-based imaging

enables a true depiction of woven DNA structure

A) An AFM image of a DNA origami tile depicting
the position of cross sections shown in (B) and
(C). B) The individual DNA strands are observed
with an average height of 2 nm, demonstrating

non compliant imaging of the origami sample. C)

Longer cross sections reveal higher order warping

in the origami structure as a result of the placement

0 10 20 30 40 50 60 70 80 90

N of non-integer cross-overs. Z scale = 3 nm.
(nm)

Images with similarly high resolution are obtained when investigating the central regions of the
origami tiles (figure 9.4), and as in figure 9.3, the structure of the individual DNA molecules is
preserved. From the cross sectional height profiles extracted from the image (taken along the
sample as indicated by the red line), it can be seen that the average height of the DNA strands
is found to be 1.8 nm + 0.3 nm (figure 9.4 B), indicating only minimal compression from the
probe interaction. The measured width of the individual DNA molecules in the origami was 2.9
nm =+ 0.4 nm, which is slightly broader than the expected 2 nm radius of B-form DNA. The width
broadens further in the vicinity of the vacancies within the weave, suggesting a small amount of

probe convolution. Nonetheless, full access to the vacancies is apparent.

Long-distance variations of the height profile of the DNA origami are observed as shown in
figure 9.4 C, found to be similar in nature to that seen in linear DNA (figure 9.2). Although
these height variations could be a result of subtle differences in the underlying substrate, this
is unlikely provided that an atomically flat <001> plane of mica was used as the underlying
substrate. Therefore, we suggest that the observed warp is more likely a result of the non-integer
helical pitch of B-form DNA (10.5 bp per helical turn — see section 2.1.2) which leads to the

accumulation of additional twist throughout successive cross-overs between two adjacent helices.
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Figure 9.5: Confirmation of origami structural
observations A) A schematic diagram depicting
weave of DNA strands within an origami structure.
B) High resolution AFM image of DNA origami. C)
The overlay of (A) and (B) demonstrates the perfect

structural replication. Scale bar = 4 nm. Z scale =

3 nm.

The cross-overs are typically spaced 32 bp, i.e. marginally over three full turns apart. When flat
sheets with minimal twist are desired, this over-twist is typically corrected through the inclusion
of base mismatches in the staple DNA allowing relaxation (see section 3.1.3). It is important to
note that in the DNA origami shown in figure 9.4, mismatches were not included enabling the
observation of tile warping. From the images collected in this study, an average tile warp of £30
pm out of the imaging plane is observed. However, this is likely to be a significant under-estimate
as a result of the electrostatic binding of the origami tile to an atomically flat surface largely

neutralising the inherent strain.

Interestingly, the positioning of the crossovers within the origami structure is clearly evident
from figure 9.3 B as subtle height variations running in horizontal rows throughout the periodic
structure. These crossover points tie neighbouring parallel helices together along the length of
the duplex, alternating between either neighbour successively along the helical direction (section
3.1.3). This can be seen in figure 9.5 A, where the grey scaffold strand is seen to run horizontally

throughout the structure, with multiple short strands (various colours) running vertically between
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neighbouring sections of the scaffold hence, forming crossovers.

DNA molecules are negatively charged, resulting in the repulsion of nearby DNA molecules, and
hence the packaging of DNA helices into a crystal-like structure is energetically unfavourable.
This repulsion leads to a spatial separation of the helices from one another between crossovers,

giving rise to an open porous weave, commonly likened to a herringbone pattern (figure 9.5 A).

This herringbone pattern structure is clearly seen across all the figures presented in this section,
and particularly evident in 9.5 B and 9.6 A, which show high-resolution AFM images of selected
small areas within the DNA origami structure. For this study, particular care was taken during
the immobilisation of the DNA origami onto the mica surface as well as during AFM imaging to
ensure that the origami structure is only minimally perturbed, such that only minimal variations
from the idealised structure of the origami weave are observed. Figure 9.5 C shows the structural
schematic overlaid with the AFM image where it can be seen that they almost perfectly match,

confirming minimal perturbation.

The small residual deviations are likely a result of the induced strain as a consequence of
the surface-immobilisation of the origami and thus the neutralisation of the inherent warp of
the structure. Additionally, small deviations may be the result of residual manipulation by
the impact of the scanning AFM probe, which, despite the minimisation of interaction forces,
cannot be completely eliminated. Overall, the correlation of the AFM-resolved structure with the

theoretically expected structure is remarkable.

Moreover, a distinct banding is evident in figure 9.5 B. These vertical striations are clearly resolved
throughout the entire DNA origami structure, running perpendicular to the long axis of the parallel
DNA duplexes. Figure 9.6 A shows a similar high-resolution AFM image of part of a DNA origami
structure, and the same striations as in figure 9.5 B can be seen. Similar striations were observed
on linear DNA with clear alternating banding along the length of the strand (figure 9.2), indicative

of the characteristic 3.4 nm helical pitch of the B-form duplex.

This characteristic 3.4 nm helical pitch can be observed for the first time across short continuous
sections throughout the woven structure of the DNA origami, despite the more complex topology.
Figure 9.6 B shows the height profile taken along the red line of the DNA molecule within the
origami as indicated in panel (A). Features clearly resembling the ones observed for linear DNA
can be seen, with pronounced major troughs separated by 3.4 nm, indicating the position of the
major groove of the DNA double helix. Furthermore, minor troughs located between the positions

of the major grooves indicate the resolution of the minor grooves.
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Figure 9.6: The helical pitch of DNA observed

within complex DNA structures. A) A high resolution
AFM image depicting the internal weave of DNA
origami. The helical pitch of the integral DNA is
observed as banding throughout the structure. B)

Profiles taken along the DNA strands (red line) reveal

that both major and minor grooves are resolved

within this complex topography. Scale bar = 4 nm. 0 3 5 3 0 15 15 18 20

Z scale = 3 nm.

The ability to obtain such high levels of structural details on these complex DNA structures, or
even selected regions within them, has significant implications for future designs and applications
of DNA origami. It may provide new insight into the inherent strains within the design, porosity of
the weave, and longer-scale warp or periodicity within the structure. Such detailed structural and
mechanical information is important when developing novel devices from any material, including
DNA, and is hence likely to aid the development of DNA structures for specific applications,
such as containers for drug delivery systems or where the inclusion of DNA binding proteins is

intended.

With respect to the inclusion of RecA, the inherent strain induced by such complex topologies
may have detrimental effects upon the efficiency of forming postsynaptic complexes. Having
assessed the intricacies of DNA structures - both native and artificial - the next step towards
understanding the effects of RecA interaction is to attempt to apply the same resolutions to the

RecA nucleoprotein complex itself. This is examined in the following section.

9.2.3 Observing the RecA Nucleoprotein Filament Ultra Structure

The current understanding of RecA NPF structure, as reviewed in chapter 3 (section 3.2.2),

364,151,149,22

is derived from a combination of X-ray crystallographic , small angle neutron
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scattering 208-206.207 and Electron microscopy (figure 9.7 A).36319.20.21 These depict that in the
presence of ATP or ATPyS, RecA protein forms an active right-handed helical filament with
approximately 10 nm width and 9.5 nm pitch with 6 RecA monomers per turn. The encapsulated
DNA within the filament is extend by about 50% relative to the standard B-form DNA, with

approximately 6.2 RecA monomers (hexameric repeat) and 18 DNA base pairs per turn.

It is important to note that these details are derived from averaged representations, which
obscure any localised structural variations. In contrast, single molecule observations of active
NPFs have also been demonstrated by both scanning tunnelling microscopy (STM) (figure 9.7
B)3¢6367 and AFM using carbon nanotube probes (figure 9.7 C).36829 These studies resolve
a NPF of uniform width and the helical groove as regular banding perpendicular to the long
axis. Interestingly, similar spatial resolutions were achieved with off-the-shelf cantilevers due to
a rigorous purification and sample preparation methodology, presented in the author’s Masters
dissertation.?!! However, all these studies have revealed a compressed and dilated structure,
lacking resolution of the fine helical detail when compared to the crystal structures (figure 9.7

A-D).

Figure 9.7: A comparison of NPF resolution achievements. A series of micrographs depicting a variety
of resolution achievements on RecA nucleoprotein filaments taken with: (A) Electron microscopy, (B)
Scanning tunnelling microscopy and (C - E) AFM. Of the AFM images:C) was captured with CNT probes,
D) using thorough purification and E) using a rapid force-curve-based imaging technique — observed in
this study. Images adapted from: (A) Dunn et al,’® (B) Amrein et al,’®” (C) Umemura et al**® (D) and A.J.

Lee masters dissertation.*'! All scale bars = 10 nm.
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In this work, NPF formed on 890 bp dsDNA were deposited in 10 mM Ni?*and incubated on the
surface for 1 hour, as previously described (see section 9.2.1). When imaged with rapid force-
curve-based imaging — with a typical estimated load of 100 pN — the helical repeat of RecA NPFs
is clearly resolved as a deeply grooved corrugation along the length of the nucleoprotein structure
(figure 9.7 E), shown here for filaments formed upon 890 bp dsDNA. From the data presented
here, a helical pitch of 10 £ 1.2 nm with a groove depth of 3.2 + 0.5 nm is observed, found to be

in good agreement with the previous crystallographic reconstruction®? (figure 9.7 E).

Interestingly, as previously eluded to by others,*! the applied load has a large impact on the
attainable resolution. Here, applied loads above 200 pN typically resulted in a reduction in the
measured height and broadening of the structure consistent with compression of the filament (data
not shown) — this was associated with a reduction in access to the helical groove. In contrast,

loading below 100 pN was found to result in a reduction in the Z resolution into the helical groove.

Under these conditions, the RecA NPF

helical pitch was observed as an alternating

curvature between subsequent hexameric
repeats, following the linear long axis of the
nucleoprotein filament (figure 9.8 A). This

structure is found to be consistent with that

of the 6 RecA monomer and DNA complex

reconstructed by Chen et al (PDB ID: 3CMW)

(figure 9.8 B).% Figure 9.8: AFM observation of the RecA
nucleoprotein filament hexameric structure. A

It is important to note that the alternating )
direct comparison of the AFM (A) and crystal

chirality of opposing banding apparent in the structure (B) of the helical repeat structure of RecA

AFM images depicted here, are found to be ,ycieoprotein filaments. Adapted from the crystal
deep and shallow, respectively (figure 9.9 A  structure published by Chen et al. PDB ID: 3CMW?.
& B). Recall that the NPF structure has a Scale bar = 2 nm. Z scale = 10 nm. The molecular
relatively large vacancy at its core. When model is appropriately scaled for comparison.

this was taken together with the previous

discussion of loading forces, it was postulated that the shallow grooves represent a slight

deformation of the hollow structure by the AFM probe where the helical groove crosses the back

face of the filament (figure 9.9 C).

This makes sense when it is considered that as the helical groove spirals around the structure it
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B Font Back Figure 9.9: Structural compression and the NPF
Ee——

helical groove. A) An AFM imaged depicting a
portion of a NPF captured with rapid force-curve-
based imaging. The central axis of the filament is

marked with a white line, from which the angle

of the helical groove is measured. B) The helical

groove can be traced around the front (red) and

back (blue) faces of the filament structure, evident
due to the compression of hollow structure by the

AFM probe (C). Scale bar = 2 nm. Z scale = 8

nm.

would cross the back face with the reflected angle (when viewed from the front face) compared to
the groove crossing the front of the filament. Further, the groove crossing the back face would be
offset by approximately half a full turn, i.e. 5 nm, to that of the observed 10 nm banding across

the front face (figure 9.9 A & B).

Furthermore, this phenomena may also give rise to the reduced height, broadened and uniform
width of RecA filaments previously observed by others, as a consequence of the hollow structure

collapsing on to the supporting substrate. This maybe due to either the sample preparation3©6-367

or uncontrolled probe loading, 368

of previous studies. With respect to this, the filaments observed
here are found to have a height of 7.2 &= 0.5 nm, compared to 3.8 £ 0.5 nm previously reported by

Umemura et al.20?

Moreover, the measured angle of the helical groove as it bisects the long axis of the filament
is found to be 124° £ 2.7° (figure 9.9 A). This is interesting, given the angles of incidence -
of 111° 4+ 2.7° - measured for NPFs undertaking a homology search in the previous chapter
(section 8.2.8). These observations fit well with the proposition of a transient association aligned
within binding site II — present within the helical groove (see section 3.2.1) — as suggested by
others. 2?1190 Given the transient nature of this interaction, it is likely that there is a degree of
angular flexibility between the incoming dsDNA and the NPF helical groove, possibly giving rise
to the difference in measured angles. Further discrepancies are likely to arise from the reduced
spatial resolution of the dynamic observations (section 8.2.8). Nonetheless, when taken together
these observations provide the first direct evidence in support of an orientated interaction through

the helical groove as predicted by the theoretical work of Klapstein et al*>! and Yang et al. '®°

177



Chapter 9. Observing the Manipulation of DNA Structure by RecA

Discontinuous Nucleoprotein Filament Structure

Surprisingly, this study found discontinuities

in the helical structure of the RecA filaments

(figure 9.10, orange arrows), not previously
reported. It can be argued that this is related
to inconsistencies in the polymerisation of the
filament — where RecA binds 3 nt ssDNA
per monomer (section 3.2.2) — possibly as a
consequence of multiple nucleation sites of

RecA polymerisation.

Alternatively, these inconsistencies may

represent breakage or dislocation of the

completed NPF structure upon sample
preparation. However’ the frequency and Figure 9.10: Observation of discontinuous

consistency with which these dislocations nucleoprotein filament structure. The structure of

. RecA nucleoprotein filaments is demonstrated to be
appear across the observed NPF populations P f
. ] . . less uniform than previously reported, seen in the
is considered to be too high for this to be the

AFM micrographs (A) and schematically (B). Clear

case, where the samples are not subjected . L L
’ P d discontinuities are highlighted (A), orange arrows,

to any purification or processing prior to suggesting polymerisation occurred from multiple

observation. locations. Scale bar = 10 nm. Z scale = 10 nm.

Here, the observed average filament sections,

indicated between the orange arrows (figure 9.10), are estimated to consist of 12 - 18 RecA
monomers (20 - 25 nm in length). However, it is important to note that due to the limited
sample size a statistical argument for the size of individually nucleated filament sections cannot be
justified. These observations are nonetheless significant, as it has previously been suggested that it
requires nucleation of 5 - 6 RecA monomers to initiate polymerisation.’ This leads one to conclude
that, at least under these experimental conditions, continuous polymerisation accounts for only
very short — 12 - 18 monomer — regions of continuous filament growth. These observations highly
suggest that filament nucleation occurs from multiple sites, not a single terminus’ and therefore

has implications for the current proposed kinetics of filament growth.’

Furthermore, the presence of dislocations has implications for the current understanding of the

homology probing mechanism (section 3.2.3). To date, discussions suggested that probing
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for homology occurs within short, 6 - 8 nt regions. 519419

When homology is located the
synaptic complex becomes stabilised and neighbouring sections undergo sequence probing in an

accelerated manner, eventually transitioning to a postsynaptic joint (section 3.2.3).

It is immediately evident that this process will proceed most efficiently where a continuous helical
groove enables unimpeded access into the centre of the RecA complex where the encapsulated
ssDNA bases are exposed. Thus, the observation of dislocations in the NPF structure raises some
interesting questions regarding the efficient transition from synaptic to postsynaptic joint. How
does RecA account for these inconsistencies during sequence probing? What happens if two
regions are probed simultaneously within different RecA NPF regions? Can this lead to kinetically
trapped complexes? It is plausible that the presence of dislocations is tolerated by RecA, where
evidence suggests that native complexes formed with ATP may be able to rearrange to close or
accommodate discontinuities in the polymer structure. This is due to the continual turn over of the
nucleoside co-factor at the level of individual monomers — compared to cooperatively throughout
the NPF during de-polymerisation in the postsynaptic phase — which would suggest that NPFs are

considerably more dynamic than typically described. '>2

Evidently, direct single molecule visualisation offers potentially insightful quantification of local
structural irregularities that are unavailable to ensemble methods. One such example where this
is true, is the interrogation of local variations in the helical pitch of dsDNA as a consequence of
its manipulation by RecA. Hence, the methodologies that have enabled the structural observations
described thus far in this chapter are applied to this investigation, this is elaborated on in the next

section.

9.2.4 Observing the RecA Induced Helical Compression of DNA

To identify the structural manipulation of DNA by RecA, any induced variation must be isolated
and prevented from dissipating. As suggested (section 9.1), in order to trap any helical
compression induced by RecA the termini of the subject DNA molecules must be anchored to
restrain their rotational freedom. Prior to the introduction of NPFs, efforts were made to establish

the helical pitch of dsDNA central strands.

In the previous chapter (section 8.2.1) DNA origami frames were utilised to anchor subject DNA
molecules for the real-time observation of NPF interactions with DNA. In these experiments, the
rotational freedom of the DNA molecules was preserved by anchoring into the origami support

frames using a single strand.

179



Chapter 9. Observing the Manipulation of DNA Structure by RecA

The DF2S frame was therefore re-used for the experiments in this section, where the anchor points
were modified to bind both strands - upper and lower - of the DNA molecule into the frame at either
termini (figure 9.11). This acts to restrict the rotational freedom of the DNA molecule, trapping
any induced strain as a result of the subsequent RecA interaction. The 64 b central DNA strands
were annealed from separate oligonucleotides, with 16 b overhangs complementary to the upper
and lower portions of the frame anchors, as appropriate (figure 9.11). These central strands were
found to incorporate into DF2S with at least 90% efficiency at a 5:1 (DNA:Frame) ratio; with the

excess removed through subsequent purification (see methods 5.2.9).

A 30 b Region

Anchor region of homology
5 3
\Restriction
site
B 4-4—l L
| ; -
,—\—"—

Figure 9.11: A schematic diagram depicting the strand arrangement for viewing the RecA induced helical
compression of DNA. A) The arrangement of features within the central strand incorporated for DF2S. The
30 nt NPF is patterned over the central restriction site. The anchor regions are highlighted in red. B) The
double anchor layout utilised to remove the rotational freedom of the dsDNA molecule is depicted, enabling

the trapping of induced helical compression.

Conditions for the strong surface adhesion of the central strands — sufficient for obtaining helical
pitch resolution — was investigated prior to the introduction of NPFs. Consistent resolution of
the helical pitch on these central DNA strands is critical for detecting variation where RecA
is introduced in subsequent experiments. Initially deposition was carried out as had proven
successful for both the linear DNA (see section 9.2.1) and NPFs, with the inclusion of Ni?>*in the
deposition buffer. However this was quickly found to be inappropriate here as this tended to cause
aggregation of the origami frames, leading to large surface clusters. In contrast, where surfaces
were pre-incubated with 1 - 10 mM Ni?*- and deposition was carried out in the origami folding
buffer, containing 10 mM Mg?™ - the appearance of rolled up origami frames predominated. This

is most likely a consequence of inherent warp in the frame.

Alternatively, where the frames were deposited only in the presence of Mg?tand allowed to
equilibrate with the surface for up to 1 hour, excellent yields were achieved. However, despite
these conditions being conducive to decent resolution on the origami frame itself, the central

strands remained difficult to resolve (figure 9.12 A).
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From figure 9.12, the flexibility of the central strands can clearly be seen, owing to the inability of
the scanning probe to resolve them. This is strongly indicative of the loose surface association of
the central strands, poorly resisting the forces of the scanning probe. Although this is the largely
desired characteristic for the previous dynamic observations, it is highly counter-productive to the

experiments conducted in this section.

In response to this, it was concluded that the introduction of Ni**following the successful
deposition of the origami frames would help to bind the central strands, without encouraging
negative aggregation or rolling of the frames. A series of post-deposition Ni?*incubations from 1
- 10 mM and from 5 minutes to 2 hours were conducted, all of which indicated an enhancement
in the central strand surface binding. In particular, the introduction of 10 mM Ni%*was found
sufficient to orchestrate successful binding characteristics after 5 minutes (figure 9.12 B, with
Nickel). Longer incubations or higher concentrations typically were found to cause unwanted
crystallisation effects. However, despite this subsequent efforts to resolve the helical pitch of
these central strands remained unsuccessful (figure 9.12), where the non-conducive mobility was

still evident.

This problem can be reconciled when the frame itself is re-examined, where finite-element-based
simulations with single bp resolutions — conducted using the online resource CanDo%-3% —
highlighted the presence of a severe global curvature in the frame (figure 9.12, bottom). In the
first instance, this provides a likely cause for the observed rolled filamentous origami structures
when deposited in Ni2*. Furthermore, as it has already been demonstrated that internal strain or
warp persists in DNA origami tiles when deposited upon mica substrates (section 9.2.2), then this
may go some way to explaining the apparent persistent flexibility of the central strands. One may
consider that any built up strain within the frame would curve the frame towards its weakest point,
in this case the large vacancy at its centre - this can clearly be seen in the molecular dynamics
simulations (figure 9.12, bottom). This effectively acts to push the anchors and hence the central

strands up and away from the surface, rendering them extremely flexible - an effect that evidently

persists despite the localisation of Ni%+.

In light of this limitation and when taken together with the difficulties experienced when attempted
to achieve the introduction of only a single 30 nt NPF within each frame, it was largely concluded
that this work couldn’t proceed any further without a major experimental redesign. This required
the complete re-development of the DNA origami frame to neutralise the internal strain and
the development of a high yield purification protocol that could be conducted following the

introduction of NPFs at much higher ratios than conducted in the experiments in this thesis. Given
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with Ni#*

Figure 9.12: A montage of AFM images depicting the attempts to image the helical pitch of the trapped
central strands. A) The central strands are seen to be highly flexible in the absence of Ni*T. B) In
contrast, the central strands were bound tightly when Ni*Twas introduced post deposition of the DNA
frame. However the resolution remains limited. C) A finite-element-based simulation conducted with single
bp resolution reveals a large internal strain present within the frame. Simulation undertaken using the

online resource CanDo. %536
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the time constraints of the project, this was not undertaken and hence future work is required.

9.3 Conclusions

In this chapter, rapid force-curve-based AFM imaging has been successfully applied to the
observation of RecA NPFs and complex DNA topologies, revealing novel structural details for
the first time. This work was undertaken with the ultimate aim of examining the structural

manipulation of DNA by RecA.

Firstly, observations of the DNA helical pitch has been explored and expanded to complex DNA
topologies, demonstrated here for the first time throughout DNA origami. This has significant
implications for the future scrutiny and assessment of individual DNA structures or specific
regions therein. Enabling direct characterisation of localised internal strains, porosity of the weave
and longer scale warp or periodicity within the structure. Such detailed information is important
when developing novel devices from any material and is hence likely to aid the development of

DNA structures and the inclusion of DNA binding proteins, specifically RecA NPFs.

Furthermore, examination of RecA nucleoprotein filaments in isolation has revealed the helical
hexameric subunit, complementing the previously described crystallographic reconstructions.??
Interestingly, this superior resolution allows the identification of heterogeneity within the helical
structure, previously unobserved by other methods, thus providing direct evidence for multiple
nucleation sites during RecA polymerisation. However, as discussed, due to the small sample size
in this work, conclusive statistical measurements of RecA nucleation sites cannot be made, making
this an area for future investigation. Such detail may have a crucial impact on our understanding of

the RecA homologous strand exchange mechanism and how the impact of discontinuities effects

this interaction over long sequences.

Unfortunately, the overall goal of this chapter remains unaccomplished by the time of writing as
a result of limitations in the experimental design. It was found that an inherent warp in the DNA
origami support structure was the likely cause which prevented the sufficiently strong binding of
the subject strands for high resolution observations. In order to rectify this, a drastic re-design
of the support structure is required to render the internal strain neutral, which sadly due to time
constraints has not been realised. However, despite this, the work in this chapter has demonstrated

several significant resolution achievements, surpassing those reported in the literature.

In conclusion, this work demonstrates that AFM, in particular rapid force-curve-based imaging
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methods have a critical role to play in describing the local structural variations within isolated

biological molecules and derived structures, providing deeper insight into their inherent functions.
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Chapter 10

Conclusions and Future Perspectives

10.1 Conclusions

The formation of nanoscale functional devices from biological molecules may be considered
the ultimate goal for bionanotechnology. These bottom-up approaches based on molecular self-
assembly have the potential to surpass the most advanced top-down microfabrication techniques,

which are reaching the physical limits of the current technology.

It can be argued that DNA nanotechnology presents the most promising route to realising the
rational design of devices from biological molecules. Over the last three decades this field has
seen rapid growth from proof of principle to practical application. Arguably the most critical
advance has been the development of scaffolded designs, enabling woven origami structures or
large arbitrary structures formed from wire-frame polyhedra.®® Which demonstrates that arbitrary

patterns can be formed in both two and three dimensions.

Moreover, recent advances in organised surface deposition hails in an era where such solution
based systems may be integrated directly with micro-fabricated structures to interface directly
with the macroscale world. Hence, one may consider that DNA nanotechnology acts as an adapter
for templating functional components - such as transistors - which may be interfaced together to

form larger circuits and devices.

Considering DNA origami as a molecular “bread-board” in this way, it is evident that efficient
methodologies for orchestrating the placement of components is required. One approach, being
developed in the Bioelectronics group, is to harness the homologous recombination mechanism
of the RecA protein. RecA mediates the formation of a triple-stranded DNA complex where

sequence homology is shared between ssDNA and dsDNA species. Harnessing the homologous
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recombination mechanism of RecA enables the addressing of a DNA substrate arbitrarily and
sequence specifically, without the need to redesign the underlying template. For example, a
single DNA origami tile design may be addressed in many different ways to form a multitude
of components, enabling the tile design to focus on form factor for optimal surface placement and

integration between neighbours.

The applicability of RecA has already been demonstrated by the work of Keren et al®!'® and
Nishinaka et al®. Further work in the Bioelectronics group has demonstrated that this approach

can be successfully multiplexed and scaled down to allow feature sizes of less than 10 nm.*>6

However, despite the success of these studies, severe gaps remain in understanding the
fundamental biological mechanism that underpins this approach. As such, the exact mechanism
by which NPFs are able to locate regions of homology within a DNA template remains widely
debated. Not only is it critical to answer this question from a biological context, but it has direct
implications for any bionanotechnological application of RecA, such as its interaction within
artificial complex DNA topologies. In response to this challenge, the work presented in this thesis
has applied recent advances in spatial and temporal resolutions of the AFM to directly interrogate

the homology searching mechanism of RecA NPFs.

The aims of this project were to directly observe the NPF homology search on dsDNA and
assess its primary mode of interaction; one dimensional facilitated diffusion or random contact
(three dimensional diffusion). In addition to exploring the structural - and hence mechanical -
manipulations of dsSDNA by NPFs which may limit the ability to affect efficient RecA mediated

patterning within constrained artificial DNA complexes.

From the literature published to date, the homologous recombination mechanism of RecA has been
investigated in broadly two ways. Those studies which attempt to imply function from structure

and those studies which attempt to directly interrogate function.

To date, crystallographic structures which pertain to different intermediates of the mechanism
have been presented.?!'> However, differences in the structures between studies suggest a degree
of sample preparation artefact, undermining the designated status of each structure as distinct steps
in the process. These structures have further informed molecular dynamics simulation approaches
which begin to suggest that transient associations of DNA with secondary binding sites forms the

bulk of synaptic contacts. '61221,160

In contrast, dynamic studies have demonstrated that the three dimensional degrees of freedom of

the dsDNA molecule is of critical importance, the degree to which heterology can be overcome,
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along with broadly speculative rate constants in addition to providing evidence in support of
transient binding intermediates. However, all of the single molecule approaches employed to
date either use indirect reporting - for example FRET %183 _ or lack the resolution - in the case
of fluorescence measurements'! - to discern critical parameters such as the number of interacting
species, the orientation of interactions or the prominent mechanism by which NPFs sample the

sequence space of the DNA substrate.

The work presented in this thesis, in contrast, demonstrated direct observation of the mechanisms
by which RecA NPFs conduct a search for sequence homology (chapters 7 & 8). This work has
provided direct evidence for the existence of random three dimensional contacts or hoping between
locations on the dsDNA (chapters 7 & 8). Furthermore, this is accompanied by a one dimensional
diffusion along the DNA substrate (chapter 7) which is observed to occur at a characteristic angle
(chapter 8). This is suggestive of the DNA travelling within binding site II aligned along the
helical groove of the NPF as demonstrated by the high resolution observations made in this study
(chapter 9).%%1%0 Moreover, NPFs are shown to form associated clusters, locally enhancing their
concentration in the vicinity of the DNA substrate (chapters 6 & 7). This is likely to increase
the homology searching efficiency as a result of parallel interactions occurring simultaneously

(chapter 6).

10.1.1 Cooperative RecA Interactions Increase Homology Searching Efficiency

The first approach taken by the author in this work was to evaluate the nature of intermediates
across the typical time scale of a RecA patterning reaction (chapter 6). Work within the
Bioelectronics group had demonstrated high patterning efficiencies with increasing ratios with a
standard incubation of 60 minutes. Homology searching interactions conducted in solution and at a
solid-liquid interface were ceased at specific time points over the course of a 60 minute interaction

and the resultant populations of intermediates were statistically assessed with the AFM.

This work revealed that the interaction landscape is considerably more complex than demonstrated
to date, occurring in a massively parallel manner. NPFs were shown to interact with dsDNA in
a cooperative manner resulting in the rapid ’association’ of multiple synaptic joints per DNA
molecule. In this work, 890 bp DNA molecules were found to have an average of 3 synaptic
complexes, with up to 7 observed on the template simultaneously. This represents nearly half of
the entire sequence space being sampled simultaneously, hence it is easy to see how this increases

the homology search efficiency.
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Moreover, these associations are found to be short-lived where homology is not located, indicating
that they occur through transient associations. Such heterologous joints are observed to undergo a
‘resolution’ phase, resulting in a singular homologous pairing per template. Notably, the resolution

of heterologous synaptic joints was found to be hindered by the presence of a solid-liquid interface.

As the corresponding association phase was only partially perturbed it is suggested that it is the
continued reduction in degrees of freedom of the DNA template - with successive NPF complexes
binding - that limits this process. Indeed, characteristic bunches’ of NPFs were observed side-by-

side on DNA templates.

This not only suggests that the DNA is stabilised within the complexes, but also demonstrates
that NPFs can co-exist directly next to one another. This is interesting as it is known that the
dsDNA is under-wound within the complex, hence little or no transmission of this mechanical
strain is suggested between neighbouring complexes which may limit neighbouring synaptic joint

interaction.

It must be considered that even though the DNA templates in question are bound at a solid-liquid
interface, they are likely to largely retain rotational degrees of freedom and hence any induced
mechanical strain caused by the under-winding within an NPF is likely to dissipate through

rotation of the molecule.

In contrast, where the geometry is fixed, for example in between branched junctions within a
synthetic woven DNA structure, such rotational freedom is restrained. Hence, it remains to be seen
whether such close association of NPFs is possible in complex templates. Attempts to explore this

matter were conducted in chapter 9 and are discussed in the proceeding sections.

The occurrence of parallel multiple-synaptic joint formation is reconciled by the observation of
the formation of RecA nucleoprotein clusters. These are resolved throughout these static studies
suggesting that the cooperation between NPFs acts to increase the local concentration in the
vicinity of the DNA scaffold, thus facilitating a more efficient interaction through the confinement

of reactive species.

Moreover, the observation of these clusters in dynamic observations with HS-AFM demonstrate
that the NPFs are loosely associated and that they can appear directly from solution. As such,
this suggests that they do not represent detrimental aggregates, but remain in an active state.
Interestingly, it is known that RecA can undergo inter-filament interactions, typically observed as
bundles of long filaments twisted around one another.3*? Furthermore, recent work has suggested

that these bundles are active elements of the recombination mechanism in vivo aiding in the pairing
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of distant genomic loci. 3?3 Hence, the appearance of the clusters observed in this work may derive

from similar origins.

Regardless of the mechanism, it became immediately apparent that the cooperative nature of
NPFs may present difficulties when patterning is applied to complex or confined DNA geometries.
Furthermore, directly concerning this work, it was found to be a point of contention where singular

NPF:DNA interactions were to be observed with the HS-AFM.

10.1.2 Demonstrated Control Over the Translational Freedom of DNA and
Molecule Tracking

In order to directly observe the homology searching mechanism of NPFs a sample preparation was

developed to enable a transient absorption of dsDNA molecules at a mica surface.

Here, the subject DNA molecules are required to be associated with the surface strongly enough
to enable stable imaging over relevant time-scales, while at the same time providing enough
translational freedom to allow the proteins to interact with the DNA in a way that is as undisturbed

as possible.

The approach presented in this thesis successfully tuned the surface interaction of DNA,
by leveraging the different binding capacities of Mg?Tand Ni?Tdivalent cations. Here the
concentration of Ni?*utilised for pre-incubation of the mica surface acts to restrain the DNA on
the surface. This is balanced with a constant 10 mM Mg?*in the imaging buffer which mediates
weak DNA-surface association and acts as the reaction co-factor for subsequent nucleoprotein
interactions. Hence the translational freedom of the surface bound DNA was tuned as a function

of the concentration of Ni>* mediated strong binding sites distributed across the surface.

In order to assess the translational freedom orchestrated by this approach an algorithm for
tracking DNA molecules was developed. When taken together, these approaches enable the
appropriate tuning of different length DNA molecules suitable for a wide range of nucleoprotein

interactions. 320

Further to this, the presented analytical approach enables the analysis of the impact of various
conditions to the subject DNA molecules, including the interaction of the AFM tip and the

existence of specific surface pinning points.

These approaches were successfully applied to the observation of RecA dynamics, in particular

the homology searching behaviours of NPFs on dsDNA. These direct observations provide clear
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evidence for the existence of a facilitated diffusion along the DNA template, previously disputed
by others. Moreover, the prevalence of cooperative action is demonstrated through the observation

of NPF clusters, providing support of their existence as observed from the previous work.

However despite these successes, due to the inherent mobility of both molecules (DNA and
NPF) orchestrated by this sample preparation method, it remained difficult to reconcile specific
quantities of the interactions desired by this study. In particular, it is difficult to infer any
directionality to the observed interactions, without the additional inclusion of a polarity marker
to the DNA template. Furthermore, quantifying the distance and hence velocities of NPF
sliding is inhibited by the lack of fixed references from which to measure. These limitations
in the experimental setup proved difficult to overcome and hence alternative approaches were
investigated. Nonetheless, the approach developed here remains valid for the observation of large
scale manipulations of DNA molecules such as the action of restriction enzymes - as demonstrated

here for EcoRI - or the action of nucleosome wrapping, for example.

10.1.3 RecA NPFs Shown to Undertake Orientated Sliding Over Short Distances

When Observed in Origami Reference Frames

In order to circumnavigate the experimental limitations of the previous method, the DNA origami
frame approach of Sugiyama and Endo et al!?23¢ was adopted. This methodology utilised
DNA origami as a reference from which orientation and position of the interaction species was

quantified.

In the first instance, a design was re-created from the literature and was successfully utilised
to observe the occurrence of NPF hoping and sliding while conducting a homology search.
Limitations in the sequence length available within this design was rectified through the
collaborative development of a larger DNA frame with Prof. Masayuki Endo (Kyoto University,

Kyoto).

Interestingly, from these observations NPFs are seen to diffuse an average of 10 nt along the
dsDNA molecule. This is approximately 6 times shorter than those suggested by Ragunathan et al
using FRET studies in solution. ! This difference is reconciled by the presence of the solid-liquid
interface in the work presented here. Moreover, despite demonstrating that processive movements
of the NPFs are largely independent of the orientation of the scanning probe, its interruption of the
interaction cannot be ruled out. Hence, it must be considered that the instantaneous interactions

of the scanning probe with the subject NPFs may disrupt the transient interactions with the DNA,
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limiting the length of stable contacts required for sliding to occur. As such, the extraction of
interaction rates from these experiments must be considered with care and are likely not to be
representative of a physiological scenario, measured to be 5.73 bp s~! + 0.47 bp and 1.1 bp s~ !

=+ 0.18 bp, for hops and slides, respectively.

Nonetheless, the direct observation of sliding in this work remains significant as it is the first
direct confirmation of the existence of this process. Furthermore and most importantly, the
work presented here demonstrates that NPFs interact in a specific orientation with the dsDNA
molecules. Such detail supports the molecular dynamics simulations conducted by others, 161221
in particular Yang et al. '®* Here, demonstrating for the first time experimentally that NPFs interact
with dsDNA in a specific orientation consistent with alignment within the negatively charged
tract of the helical groove — as suggested by Yang et al.!®® Here, a typical interaction angle
of 111° is observed for NPFs observed during dynamic observations with the HS-AFM. These
measurements are reasonably well complemented by the high resolution observations made in
chapter 9, demonstrating helical groove angles of 124°, with respect to the central axis of the

NPF. Given the discrepancies in these measured angles, further work is required to interrogate the

true significance of orientation upon the NPF:DNA interaction.

Despite the clear observation of transient homology probing interactions, limited evidence for the
transition of a pre-synaptic to a synaptic complex is evidenced. Nonetheless, successful patterning
was demonstrated for the first time in complex DNA structures. This is critical in achieving the
desired goal of patterning arbitrary locations within complex DNA architectures, demonstrating
that NPFs can interact with more complex geometries. Attempts were further made to interrogate
the effects of mechanical manipulation of DNA within complex geometries with limited success

(chapter 9).

Typically, successful patterning was not directly captured — but evidenced in its terminal state —
highlighting that despite excellent HS-AFM experimental setup, one must observe in the right
place at the right time. This is likely to be a function of the stringent concentrations utilised for
these experiments. As suggested, the cooperative nature of NPFs presents a problem for observing
singular interactions. Hence, for this work, low concentrations were utilised to minimise the

formation of clusters which negatively impacts on the populations of interacting species observed.

Furthermore, it must be considered that the presence of the solid-liquid interface is likely to play a
large roll in limiting the full wrapping of a target DNA molecule into the NPF complex. Although

it was noted in chapter 6 that the surface only posed a limitation to the resolution of interacting
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NPFs. It must be considered that experiments were conducted on free linear DNA molecules,
able to increase the radius of gyration locally by reducing the separation between the molecules

termini, which can typically be seen in DNA condensates.

In contrast, where the termini of the DNA molecules are tethered within an origami frame
structure, their position is fixed and the molecule may therefore be considered to exist under
constant tension. Hence, the radi of gyration remains relatively constant, likely insufficient to
wrap into the NPF complex. This is supported by the fact that NPFs pattern successfully into
the frames with increased efficiencies in solution compared to the surface - suggesting that here
the NPF itself is able to rotate about the DNA molecule to overcome its limited gyration. This

however, is severely hindered at a solid-liquid interface.

Potentially, an increase in flexibility can be accommodated within the larger DNA frame developed
in collaboration with Prof. Masayuki Endo. However it was found that stretching the geometry of
the frame to this size whilst still using the same M13mp18 template, resulted in detrimental loss
of structural integrity. Due to the time restrictions within this study, further development has thus
far not been pursued (see chapter 9). It is proposed that going forward, a larger ssDNA scaffold
would be utilised to overcome these problems. Although this approach is uncommon, it has been
demonstrated that the origami approach is inherently scalable provided a sufficient quantity of

ssDNA scaffold can be generated. >

10.1.4 Surpassed Resolution Achievements upon Nucleoprotein Filaments and

Complex DNA Topologies

Finally, the structural manipulation of dsDNA by NPFs was investigated in order to understand
the implications of attempting to pattern into the constrained DNA topologies present within DNA
nanotechnology. This work utilised recent advances in rapid force-curve-based AFM imaging
enabling the probe loading forces to be maintained at a minimum — typically 100 pN used in this

work — giving access to superior resolution on soft matter.

Initially, the sample preparation described by Pyne et al*®! was utilised to obtain helical pitch
resolution of A phage DNA deposited upon mica. Here, not only were the major and minor
grooves of the B-form dsDNA helix evident, but larger scale periodicity was observed representing

supercoiling within the molecule.

Furthermore, this approach was applied to DNA origami revealing the helical pitch within this

complex woven topology for the first time. Interestingly, the longer scale periodicity was observed
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within these structures as well, evidencing the internal strain that results from the non-integer

positioning of cross-over points.

This has significant implications for the future scrutiny and assessment of individual DNA
structures or specific regions therein; enabling direct characterisation of localised internal strains,
porosity of the weave and longer scale warp or periodicity within the structure. Such detailed
information is important when developing novel devices from any material and is hence likely
to inform the development of DNA structures for specific applications in particular additional

components - such as RecA NPFs - are included for hierarchical construction.

Moreover, this work further demonstrated superior spatial resolutions on NPFs observed in
isolation, revealing the helical hexameric subunit with AFM for the first time. This resolved
structure fits remarkably well with the previously described crystallographic reconstructions

produced by Chen et al.??

Interestingly, this superior spatial resolution allows the identification of discontinuities within
the helical structure, previously unobserved by other ensemble methods. These 890 bp NPFs
were found to be formed from several distinct regions of continuous helical geometry suggesting
that they were formed from multiple nucleation sites. These discontinuities are likely to have a
critical impact upon the ability of the NPF to convert from a synaptic to a postsynpatic complex in
a processive manner — particularly where it is suggested that distal portions of the same NPF
can interact with different locations on a DNA template simultaneously.!! Hence, how RecA

accommodates these discontinuities is likely to be an area for further investigation.

In addition, it has been suggested that NPFs scan undergo rearrangement of the individual
monomers within the complex as ATP is turned over.” Such arrangements could act to close
discontinuities in the helical groove that derived from multi-site polymerisation. However, it
is important to note that the NPFs presented in this work are formed with ATP~+S and hence
are restricted from such rearrangements. Furthermore, there is some evidence to suggest that
additional proteins function to recruit RecA and aid in its polymerisation on DNA. In particular,
increased rates of polymerisation are noted for NPFs formed in the presence of single stranded
binding protein (SSB), which is shown to remove detrimental secondary structure from ssDNA
and aid the loading of RecA monomers. Hence, it is likely that NPFs formed in the presence of
SSB will contain considerably fewer irregularities. Although this is important when considering
the physiological condition, any bionanotechnology application is likely to be conducted using a

minimal reaction setup - hence the presence of such discontinuities must be considered here.
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Unfortunately, the final goal of directly observing the manipulation of the dsDNA helical pitch
due to the interaction of an NPF remains unaccomplished due to challenges with the sample

preparations that could not be reconciled in the time available.

These experiments aimed to trap any induced helical compression in the DNA molecule proximal
to the NPF by anchoring the DNA within a DNA origami frame. Here, unlike those utilised for
dynamic observations, the subject DNA molecule was anchored with both strands of the duplex,

hindering its rotational freedom.

However, it was quickly discovered that an inherent warp in the DNA origami structure - evidenced
in the high resolution observations of the structure - prevented the central DNA strand from binding
to the mica surface with sufficient strength. Hence, the desired resolution could not be achieved
on these samples. In order to rectify this, a drastic re-design of the support structure is required to

render the internal strain neutral, which is an area for future work.

10.2 Future Work and Perspectives

Despite several limitations, the work presented in this thesis has demonstrated many novel
observations of significant impact. However, there remain many open questions that need to be
addressed. This section discusses the loose ends that are to be addressed in the short term and the

additional project directions that maybe tackled in the long term.

10.2.1 Immediate Term Objectives
Re-development of DF2L from Longer Scaffold

In the first instance, the redevelopment of the DF2L origami frame is suggested to circumnavigate
the limited structural integrity of the current design. As the current design stretches the M13mp18
scaffold to its maximum limits, the use of a non-standard larger scaffold of 8.6 kbp is suggested.
This scaffold is commercially available as full M 13 bacteriophage for phage display applications in
molecular biology (New England Biolabs, MA, USA). Also note that using additional sub-cloning
methods from molecular biology, the scaffold could be potentially increased further. Initial work
would be required to grow sufficient quantities of this phage and extract the ssDNA for use in

origami applications. The enlargement of the scaffold sequence would enable the DF2L frame
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to have its structure increased to provide sufficient stability whilst maintaining the 224 bp central

space for the continuation of NPF homology search observations across larger sequence space.

Development of a Suitable Frame for Trapping Helical Compression

In order to resolve the helical compression induced by the manipulation of dsDNA by NPFs a
subject molecule was anchored into a DNA frame restricting its rotational freedom. The use of
the DF2S frame for this purpose was found to be flawed due to internal strain within the structure,

preventing the central strands from binding the mica surface sufficiently strongly.

In order to rectify this problem, a new DNA frame design is proposed - largely the same as DF2S
- but with extra care taken to neutralise any global warp in the structure. Further considerations of
the probe geometry must be taken into account in order to image features on the dsDNA juxtaposed
with the much larger diameter of the NPF. Interest in developing probes for such purposes has
been expressed by collaborators at Bruker (Santa Barbara, CA, USA), including high aspect ratio
and angle corrected probes. It is proposed that interaction with these collaborators would enable
the desired resolution to be achieved and would present the first direct observations of protein

manipulation of the structure of DNA.

10.2.2 Additional Project Directions

The work presented in this thesis, and the work conducted by others37? have demonstrate the utility
and versatility of the use of DNA origami structures for investigating nucleoprotein interactions.
In addition to the observation of the RecA mediated homology search conducted in this thesis,
there are several stages in the homologous recombination process that are of interest. Specifically
these are the completion of strand exchange to form a new heteroduplex and the polymerisation of

monomeric RecA on DNA. These proposed directions are presented below.

Observation of RecA Mediate Strand Exchange

Although the observation of paired intermediates have been observed, to date no real-time
observation of a full strand exchange has been demonstrated. However, similar recombination
events have successfully been observed by Endo et al, hosted within DNA origami frames - in

particular that of the site specific recombinase, Cre.?%¢
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It is proposed that a three—stranded DNA frame would be used to harbour a central reaction strand,
with a region of ssDNA that can be formed into a NPF. Either side of which a dsDNA strand would
be incorporated — one heterologous as a control and one sharing homology with the NPF enabling
strand exchange to be observed. RecA would be selectively polymerised onto the ssSDNA region
only and the resultant NPF allowed to interact upon release by the breakage of a photocleavable
linker. As the NPF remains tethered to the rest of the frame by the remaining dsSDNA portion of
the strand, it is envisioned that any resulting complex would be observed as a J structure formed

by the resultant interaction between the three DNA strands.

Initial enabling work has already been conducted for these experiments, including; the design of
an appropriate DNA frame containing three DNA strands (developed in association with Prof.
Masayuki Endo); inclusion of partially single stranded DNA sequences into the frame; and the

successful selective polymerisation of RecA on ssDNA have all been achieved.

Investigations of RecA Polymerisation

Further work proposed would be to investigate the polymerisation of RecA on a variety of DNA
constructs, including; ssDNA, dsDNA and complex junctures. From the work investigated in this
thesis, discontinuities are evidenced in the polymerisation of NPFs suggesting that polymerisation
occurs from multiple locations. Furthermore, initial experiments demonstrated the observation of
nucleation clusters in dynamic experiments, however full polymerisation was not realised with

this sample preparation.

In order to further these observations, it is proposed that polymerisation would be investigated
within an origami frame, potentially DF2L. As demonstrated in chapter 7 this is a considerably
difficult experiment to conduct considering the large concentrations of monomeric RecA required
to reach the critical nucleation concentration in the vicinity of the DNA and hence the surface
which typically leads to detrimental contamination. However, it might be possible to polymerise

at lower concentrations using the supporting protein SSB.

These dynamic experiments, coupled with associated rapid force-curve-based imaging could
enable the investigation of polymerisation from multiple locations. Where experiments would
compare the use of SSB, ATP and ATP~S on unique variations within the NPF structure. In
addition, differential rates of polymerisation — and dissociation — on ssSDNA and dsDNA and how

the structure of RecA is organised around complex junctions could be investigated.
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10.2.3 Perspective on the Field

The work presented in this thesis and the seminal work by others?7%370-361 hag demonstrated the
applicability of investigating biological molecules with the AFM, informing their application in
bionanotechnology. Furthermore, the use of bionanotechnologically derived structures — such as
DNA origami — critically enhances the experimental tool set for isolating and interrogating specific
interactions at these length scales. Given the desire to realise practical applications from DNA
nanotechnology it is clear that such AFM investigations have a large role to play in supporting

these developments.

Considering DNA origami as a molecular "bread-board”, as previously described, it is evident that
efficient methodologies — such as the RecA base approaches being developed by the Bioelectronics
group — for orchestrating the placement of components is required. Work to date has demonstrated
the scalability of this approach, with <10 nm features achievable.® However, practical realisation
of patterning these features within a woven DNA structure is yet to be demonstrated. Furthermore,
investigation of the homologues of RecA, such as Rad51, RadA and Dmc1 may offer improved

efficiencies or further available functionalities to be orchestrated.

As such the programmable specificities of these proteins, in conjunction with those whose binding
is determined by pre-defined sequences, DNA structure — such as within the major groove — or
specifically at junctions between DNA molecules may enable the development of a unique toolbox
for the hierarchical spatial addressing of DNA structures. As such, the investigation methods
utilised in this thesis may therefore be successfully applied to a large variety nucleoprotein
interactions in an attempt to examine the structural variation which may ultimately impact upon

the complexes function or application in non-native environments.
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Appendix A

DNA Origami Frame Schematics

In this appendix the cadnano designs for DF2S and the three iterations of DF2L are given. The
M13mp18 bacteriophage ssDNA strand is depicted in blue and the staple oligonucleotides are

depicted in various colours.
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Appendix A. DNA Origami Frame Schematics

Figure A.1: A schematic diagram depicting the scaffold and staple layout of the DF2S origami.
The M13mp18 scaffold strand is depicted in blue. The direction of each strand is depicted with arrows.
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Figure A.3: A schematic diagram depicting the scaffold and staple layout of the DF2S origami.

The M13mp18 scaffold strand is depicted in blue. The direction of each strand is depicted with arrows.
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Appendix A. DNA Origami Frame Schematics
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Appendix B

DNA Sequences

In this appendix the sequences of all the oligonucleotides used in this thesis are given. Please note
that the oligonucleotides staples that make up the DNA origami frames are excluded due to space

limits.

890 bp patterning sequences

890 bp 90 nt patterning
TGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGT
GCCGTAAAGCACTAAATCGGAACCCTAAAGGGAG

890 bp 60 nt patterning
GATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAG
GTGCCGTAAA

890 bp 30 nt patterning

TCAAGTTTTTTGGGGTCGAGGTGCCGTAAA

890 bp Upper primer

GGGGTTCCGCGCACATTTCC

890 bp Lower primer

GGTCGACCTGCAGGCGGCCG
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3.5 kbp patterning sequences

3.5 kbp 60 nt patterning
CTGTTCATTATCATCGCTTTTAAAACGGTTCGACCTTCTAATCCTATCTGA
CCATTATAA 3.5 kbp bp Upper primer

GCCCAAGCCATTAATGGATC

3.5 kbp bp Lower primer

GCAACATGAATAACAGTGGG

DEF2S central strand and patterning sequences

Sequence 1: 64 nt Bottom
CTCAAGACGATAGTTACTAGATAAGGAATTCTGGT
CGGGCTGAACGGGGGGTTCGTGCACACAG

Sequence 1: 64 nt Bottom + anchor
GACGGGAGAATTAACTCTCAAGACGATAGTTACTAGATAAGGAA
TTCTGGTCGGGCTGAACGGGGGGTTCGTGCACACAGTTTAAATATGCAACTA
Sequence 1: 64 nt Top
CTGTGTGCACGAACCCCCCGTTCAGCCCGACCA
GAATTCCTTATCTAGTAACTATCGTCTTGAG

Sequence 1: 64 nt Top + anchor
CTGTAGCTCAACATGTCTGTGTGCACGAACCCCCCGTTCA

GCCCGACCAGAATTCCTTATCTAGTAACTATCGTCTTGAGGAACACCCTGAACAAA

Sequence 2: 74 nt Bottom
AGTGAGGAGCAACGCGCACGGATCCATGGTAGGAATTCAAC
AACAATGAATATTTGGAACACTCTAGAGTCTCC

Sequence 2: 74 nt Bottom + anchor

CGACAATAAACAACATAGTGAGGAGCAACGCGCACGGATCCAT

GGTAGGAATTCAACAACAATGAATATTTGGAACACTCTAGAGTCTCCAGCAAACAAGAGAATC

Sequence 2: 74 nt Top
GGAGACTCTAGAGTGTTCCAAATATTCATTGTTGTTGAATTCCTA
CCATGGATCCGTGCGCGTTGCTCCTCACT

Sequence 2: 74 nt Top + anchor
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TTGCCTGAGAGTCTGGGGAGACTCTAGAGTGTTCCAAATATTCATT
GTTGTTGAATTCCTACCATGGATCCGTGCGCGTTGCTCCTCACTGTTCAGCTAATGCAGA
Sequence 1: Patterning oligo 30 nt

AACCCCCCGTTCAGCCCGACCAGAATTCCT

Sequence 2: Patterning oligo 30 nt

TTCATTGTTGTTGAATTCCTACCATGGATC

DF2L central strand PCR primers and patterning sequences

Upper sequence A - 224 bp (UA224)
ACGACGATAAAAACCACAGAGACTCATGGAGCAG
Lower sequence A - 224 bp (LA224)
TAAACACCGGAATCATCATGGACTCCCGGG
Upper sequence A - 234 bp (UA234)
ACGACGATAAAAACCACAGAGACTCGCGTGATG
Lower sequence A - 234 bp (LA234)
TAAACACCGGAATCATCATGGACTCTCATACCGG
Upper sequence B - 224 bp (UA224)
TGTTTTAAATATGCAACAGAGACTCCGCAACG
Lower sequence B - 224 bp (LA224)
GATGAAACAAACATCACATGGACTCCTGTGCG
Upper sequence B - 234 bp (UA234)
TGTTTTAAATATGCAACAGAGACTCACAGACGCA
Lower sequence B - 234 bp (LA234)
GATGAAACAAACATCACATGGACTCAGTTCCTGT
Competing oligo - Anchor ALU
ACATAACGCCAAAAGG

Competing oligo - Anchor BRL
GAATAAACACCGGAAT

Competing oligo - Anchor CLU
AGCTCAACATGTTTTA

Competing oligo - Anchor DRL
AAGTTACAAAATCGCG

Sequence A patterning oligo

All
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AAATGCTGAAATGAATTCTAAGCGGAGATC
Sequence B patterning oligo

TGCTTCATCCGCGATATCGCAGTCGGCGTC
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Appendix C

Description of movies

In this appendix descriptions of the provided movies are given.

Movie 7.1

A HS-AFM movie depicting the surface mobility of 890 bp dsDNA deposited on Mica that has

been pre-incubated with 10 mM Ni?*and imagined in Tris buffer containing 10 mM Mg?+.

Movie 7.2

This movie gives a graphical overview of the vector fitting and cross correlation methodology

utilised for quantifying the surface translational mobility of DNA molecules.

Movie 7.3

A set of HS-AFM movies depicting the surface mobility of 3.5 kbp dsDNA molecules across a

series of Ni%*pre-incubation concentrations, from 15 - 1 mM.

Movie 7.4

A HS-AFM movie depicting the digestion of dSDNA by the restriction enzyme EcoRI. The dsDNA
is partially immobilised upon a mica surface pre-incubated with 5 mM Ni?*and the reaction

conducted in an imaging buffer containing 10 mM Tris-AC, pH 7.4 and 10 mM Mg?*at 22°C .

Al3



Appendix C. Description of movies

Movie 7.5

A set of HS-AFM movies depicting the formation of RecA nucleation clusters around 3.5 kbp
dsDNA in the presence of ATP~S. DNA is immobilised upon a 10 mM Ni?*pre-incubated Mica
surface and the reaction conducted in an imaging buffer containing 10 mM Tris-AC, pH 7.4 and

10 mM Mg?*at 22°C .

Movie 7.6

A set of HS-AFM movies depicting the surface diffusion of 60 nt RecA nucleoprotein filaments at
22 °C'. Imaging is conducted on a 10 mM Ni2* pre-incubated mica surface in a buffer containing

10 mM Tris-AC, pH 7.4 and 10 mM Mg?*.

Movie 7.7

Representative HS-AFM movies demonstrating the observed interactions of 60 nt RecA
nucleoprotein filaments with 3.5 kbp dsDNA. Imaging is conducted on a 10 mM Ni%*pre-
incubated mica surface in a buffer containing 10 mM Tris-AC, pH 7.4 and 10 mM Mg?Tat 22
°C'.

Movie 7.8

A HS-AFM depicting the observation of 60 nt RecA nucleoprotein filament clustering behaviour.
Imaging is conducted on a 10 mM Ni?*pre-incubated mica surface in a buffer containing 10 mM

Tris-AC, pH 7.4 and 10 mM Mg?*at 22 °C'.

Movie 8.1

A series of HS-AFM movies depicting the observed interactions of 30 nt RecA nucleoprotein
filaments with dsDNA within a DNA origami frame. Representative examples of frames imaged
across a variety orientations with respect to the fastscan axis of the scanning probe are shown.
Imaging is conducted on a mica surface in a buffer containing 10 mM Tris-AC, pH 7.4 and 10 mM

Mg?tat 22 °C .
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Movie 8.2

A representative HS-AFM movie and derived vector plot depicting the formation of a postsynaptic
complex within a DNA origami frame. A 30 nt RecA nucleoprotein filament is observed to remain
at the location of homology and move with the dSDNA through successive AFM image. Imaging
is conducted on a mica surface in a buffer containing 10 mM Tris-AC, pH 7.4 and 10 mM Mg?*at

22°C.

Movie 8.3

A HS-AFM movie and derived vector plot depicting a 30 nt RecA nucleoprotein filament
conducting a homology search along non-contiguous sections of dsDNA. Imaging is conducted

on a mica surface in a buffer containing 10 mM Tris-AC, pH 7.4 and 10 mM Mg?*at 22 °C'.

Movie 8.4

A HS-AFM movie depicting the interaction of 30 nt RecA nucleoprotein filaments with a portion
of a broken DNA origami frame. A filament is observed to conduct a long progressive slide.
Imaging is conducted on a mica surface in a buffer containing 10 mM Tris-AC, pH 7.4 and 10 mM

Mg?tat 22 °C' .

Movie 8.5

A series of HS-AFM movies depicting the detrimental flexibility of the enlarged DNA origami
frame. Imaging is conducted on a mica surface in a buffer containing 10 mM Tris-AC, pH 7.4 and

10 mM Mg?*at 22 °C'.
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