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Abstract

In this thesis, we have investigated the suitability of using oxDNA to model DNA

origami nanostructures. We used oxDNA to simulate a variety of DNA origami

systems, then analysed the results to determine their key structural properties.

Specifically, after introducing the area and outlining the procedure to simulate

these systems, we report on three case studies that were based on experimen-

tal work; a theoretical project in which we designed an auxetic system based on

knowledge gathered from the previous chapters, and a collaborative project with

an experimental group looking into novel ‘barrel’ structures.

More specifically, the case studies we looked at were previously experimentally

assembled DNA structures including a Möbius strip, six and twelve helix bun-

dle kite structures that were connected with linkers of varying lengths, and ball

structures containing six-way Holliday junctions. For these case studies, we found

that oxDNA was able to replicate well existing experimental data, and therefore

provide reliable insight into the subtleties of these systems that would be hard

to elucidate using experimental techniques. As such, we were then able to de-

sign an auxetic-style system (in this case meaning a system which expands in

two directions simultaneously) and predict its behaviour with confidence. Lastly,

we assisted an experimental group by simulating and analysing a series of barrel

structures to provide detailed information about these systems.
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Looking to the future, we hope that the work outlined here will further encour-

age other groups, particularly experimental ones, to utilise oxDNA in their own

work on DNA origami by both providing evidence of oxDNA’s utility, as well as

sufficient guidance and assistance to get started.
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Chapter 1

Introduction

1.1 From DNA to DNA nanotechnology

DNA origami is the term used to describe nanostructures that are produced

through the folding of DNA.1 More specifically, a long single-stranded piece of

DNA, called a ‘scaffold’, is folded up, pinched together and held in place by shorter

strands, called ‘staples’. All together, these form a shape comprised of what ap-

pears to be double-stranded DNA helices iterating around a ‘2D’ (appears flat,

like a sheet) or 3D structure.

Even though the structure of DNA was not discovered and revealed to the world

until 1953, it was already known that it contained nucleotides, called adenine (A),

thymine (T), cytosine (C) and guanine (G). In fact, Albrecht Kossel was awarded

the Nobel Prize in the Physiology or Medicine category in 1910 for this discovery.2

The structure of each of these four bases is shown in Figure 1.1 and the Watson

and Crick base pairing rules state that A pairs with T using two hydrogen bonds,

and C to G with three.

The helical structure of DNA was confirmed by X-ray crystallography and pub-

lished at the same time in three papers from the same volume of Nature in 1953.
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Figure 1.1: The structures of each nucleotide base, shown in the order adenine
(A), thymine (T), cytosine (C) and guanine (G).

One of the papers was authored by James Watson and Francis Crick, who presented

a model for the DNA double helix in their research entitled ‘Molecular Structure

of Nucleic Acids’ reportedly with inspiration from the unpublished work from the

authors of the other two papers: Rosalind Franklin and Raymond Gosling (‘Molec-

ular Configuration in Sodium Thymonucleate’), and Maurice Wilkins, Alec Stokes

and Herbert Wilson (‘Molecular Structure of Deoxypentoise Nucleic Acids’).3{5 It

is worth noting that the Nobel Prize for this discovery was awarded to Watson,

Crick and Wilkins. Franklin was omitted from this award despite being a key

contributor to the evidence for DNA’s double helical structure,6 and the decision

to not include her will likely always be a controversial one.

All three papers’ proposed structure suggested that DNA was helical in de-

sign and had its (double) phosphate backbone on the outside of the helix, not the

tri-stranded helix with phosphate on the inside as proposed by Linus Pauling and

Robert Corey the year before.7 It was also suggested that there exists major and

minor grooving in the structure (these terms are not used although the accompa-

nying diagram in Watson and Crick’s paper depicts it), and that there are 10 base

pairs (bps) per helical turn; this value has remained mostly constant but is now
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thought to be closer to 10.5 bps per turn.3,5,8

The specificity of Watson-Crick base pairing together with the potential pro-

grammability of DNA sequences led to the emergence of a new field called DNA

nanotechnology that aimed to use DNA as a material for nanoscale engineering.

At the forefront of the emergence of this field was Nadrian ‘Ned’ Seeman,9 who

outlined his first visions for this field in 1982.10 Progress was relatively slow at

first. Landmarks include Chen and Seeman’s synthesis of a cube-like structure

made of DNA, via self-assembly and utilising ‘sticky ends’ to attach monomers

together in 1991,11 and Seeman and coworkers’ creation of 2D DNA lattices in

1998.12 The latter involved the self-assembly of ‘double-crossover tiles’ that could

in turn assemble into crystalline arrays via sticky-end interactions.

Seeman’s work paved the way for a scientist named Paul Rothemund to develop

a completely new DNA nanotechnology technique that would massively increase

the size and complexity of possible DNA nanostructures.13 In 2006, the first pi-

oneering paper was published. It detailed a new ‘one-pot’ synthesis technique

of using a very long (about 7000 nucleotides) single-stranded piece of viral DNA

mixed in with a series of shorter lengths, which then folded without any additional

input into a larger ‘sheet’ structure through an annealing process. This new type

of DNA nanostructure was termed ‘DNA origami’.

1.2 The Rise of DNA Origami

Figure 1.2 depicts a simple diagram of a staple pinching a scaffold strand in a

specific region. The staples are supplied in excess, and the scaffold has comple-
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Figure 1.2: A depiction of a staple strand binding to a scaffold to create the start
of an origami.

mentary bases to them (shown in red and green) placed in regions which, when

formed, will hold the scaffold into the required shape. It is easy to see how scaling

this up with a very long scaffold strand and many different staple strands could

produce an entire structure. The process itself is fairly straightforward and uses a

one-pot technique whereby the solution is heated up and, upon cooling, the strands

self assemble and fully-formed products can be obtained in good yields (Rothe-

mund, for example, reported the yields of some structures to be higher than 90%;

however, others were lower than 2%).13

DNA origami then became almost a nanoscale art form, as a diverse array of

structures were creatively designed and synthesised, starting with those produced

by Rothemund in his original paper (Figure 1.3). Rothemund’s paper was followed

by a number of other ‘fun’ designs including Andersen et al. in 2012 designing and

assembling dolphins with moving tails;14 a 3D ‘pointer’ structure resembling a

hand with a pointing finger by Bai et al. in 2012,15 and the popular Stanford

4



Figure 1.3: A variety of DNA origami structures produced by Paul Rothemund,
shown as designs (top two rows) and Atomic Force Microscopy images (bottom
two rows). Image reproduced with permission from Springer Nature (Ref. 13).

bunny motif was recreated by Benson et al. in 2015.16

The technique took off, in the sense that it became very popular very quickly,

perhaps due to the relative simplicity of the approach and the the high assem-

bly yields that are possible. This popularity is evident from the development of

bespoke software specifically to design DNA origami; most influential has been

a tool called caDNAno, which was released just three years later in 2009.17 The

development of such computer-aided design tools has further facilitated the wide-

pread usage of DNA origami. For example, the caDNAno program allows the easy

design of such nanostructures and provides features such as auto-stapling, which

suggests the placement of staple strands according to the layout of the scaffold. It

will also generate a base sequence for the entire structure.
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Although the initial Rothemund designs were 2D sheets consisting of parallel

double helices connected by four-way junctions, the technique was soon extended

to 3D arrays of helices on a hexagonal or square lattice by Douglas et al. in 2009.17

By programming mechanical stresses into the individual helices by additional or

missing base pairs between junctions these origamis could even be made to be

twisted or bent.18

1.2.1 Wireframe Structures

Starting in 2015 there has been an increasing interest in so called wireframe DNA

origamis.16 These structures are typically 3D polyhedral meshes with edges ranging

from single helices to 6-helix bundles. The meshes are often triangulated but

can involve other polygons, especially if more stiff edges are used. One of the

well-known groups in this area are the Bathe group, currently based at MIT,

who have not only have created a wide variety of these structures, but have also

released software to allow others to easily design their own, such as DAEDALUS

and TALOS.19,20 Whilst a number of similar 3D DNA nanostructures had existed

before then, the number of papers on this topic rose dramatically in a relatively

short period of time, both because of the potential utility of their novel features

compared to traditional DNA origami and again because of the release of bespoke

software that facilitates their design. These software tools make design questions

such as how to route the scaffold through the structure or how to achieve a specific

angle at a vertex much easier to accomplish.

1.2.2 Auxetic-style Materials

One recent area particularly facilitated by the development of wireframe structures
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Figure 1.4: A depiction of a double-edged DNA triangle (state a) that can convert
into a hexagon shape (state b). Image reproduced with permission from Li et al.22

has been the exploration of using DNA origami to achieve “auxetic” behaviour.

Auxetic materials are those which expand in two directions when tension is applied

in one. It would be similar to a rubber band expanding in both width and length

when pulled upon. For example, two papers by Li et al. demonstrated the ac-

tion of auxetic materials using experimental and simulation techniques (the latter

using oxDNA, the same software used in this project).21,22 Their designs are rela-

tively straightforward in concept, they use tessellating shapes (often triangles) and

‘jacks’, which are DNA sections whose lengths can be changed, thereby allowing

the shapes to expand and contract in size. In their second paper, more sophis-

ticated designs were created using the same ‘jack system’, namely a switchable

origami that could interconvert between a triangle (with double edges to provide

enough DNA to allow conversion) and a hexagon (Figure 1.4). The flexibility pro-

vided by DNA designs thus provides a new avenue to explore auxetic behaviour in

the nanoscale regime.

1.2.3 Pharmaceutical Uses

A common question the general public has for any science research is what impact

can it have on our everyday life. Initially, DNA origami was investigated mostly
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as a new scientific technique, but very quickly researchers began to look at the

possibilities for the pharmaceutical industry.

Direct drug delivery is a popular research topic at the moment as it would

provide a means to administer medication with more limited, or perhaps even no,

negative or severe side effects. A drug that is well-known to have very challenging

side effects is cisplatin. In the 1960s it was found to be highly effective in fighting

cancers (originally in mice but later in humans) and has remained a very well-

known drug in cancer treatments.23 However, it is an aggressive treatment and,

like many cancer treatments, attacks both the healthy and cancerous cells. It is

the assault on healthy cells that leads to the unpleasant side-effects. As such,

being able to deliver a drug like this directly to cancerous cells, without affecting

healthy cells, would be a phenomenal step forward in medical science.

A very important, and early, advance in this area came from Douglas et al.

with the development of their DNA nanorobot capable of delivering a payload via

selective opening when in the presence of proteins. The device opened using a

lock-and-key mechanism that was activated by antigens on proteins.24

Another not too dissimilar example was the ‘small box’ capsule that was de-

signed with the aim of being a drug delivery device to specifically target breast

cancer cells. Similarly to Douglas et al. the concept was that the medication would

be placed inside the box, and that the box would only open when receptors on

its surface came into contact with antigen markers on the cancer cells’ surfaces.25

Zadegan et al. synthesised this box design and demonstrated it was able to open

and close three times.

Another important progression in this field was the work of Li et al. in 2018 who

designed and synthesised a nanorobot that delivered blood clotting compounds to a
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tumor site to diminish its blood supply, with the aim of subsequently destroying the

mass.26 A notable advance in this work was the in vivo testing in mice and Bama

minature pigs which demonstrated the nanorobot to be ‘safe and immunologically

inert’ in these animals, two features discussed later in this section that currently

remain as two of the largest barriers to using this technology in humans.

Other examples that illustrate the scope of the research in this area include

the work of Zhang et al. (2014) who used a 2D triangle design also for direct

drug delivery against cancer cells;27 Mela et al. (2020) who functionalised the

previously published design of Yoshidome et al. (2012) with the aim of creating

an antimicrobial drug delivery device,28,29 and the slightly different, but pertinent,

work of Wang et al. (2018) who visualised the uptake of DNA origami structures

by human cells.30

Using DNA origami for pharmaceuticals is often investigated, likely due to the

high product yields, the relatively low cost of reagents and the mild conditions

needed for assembly. However, it is one challenge to create such structures in

a laboratory but another altogether to get them to function as designed in the

human body. A recent review covered the practicalities of doing so and covered

potential issues such as: the origami being absorbed by cells that have different

levels of selectivity; structural stability whilst en route to its target; removal from

the body, including processing and excretion through the liver, as well as avoiding

recognition by the immune system as a invading species. Although presenting

a number of challenges, the author remains quite positive that should these be

overcome, there is real potential in the technique for the future.31

Researchers have also recently been interested in creating a new generation of
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vaccine delivery vectors through the use of DNA origami structures. It is likely that

many of the same problems are faced as those of drug delivery devices, in that they

need to be accepted by the body, deliver the protein where needed and successfully

pass throughout the system, all without being identified as invasive material. The

review article of Dobrovolskaia and Bathe discusses the current developments in

this field, as well as the remaining challenges.32 They highlight the work of Liu et al.

(2012) who used an origami as a vaccine vector that was able to provoke an immune

response in mice, but without a response to the DNA nanostructure.33 Another

example was Veneziano et al. (2020) who aimed to utilise DNA origami designs to

space antigens around a structure in order to provoke the largest immune response

possible from B-cells.34 Overall, the use of DNA origami in the pharmaceutical

industry continues to gain traction and this is likely to continue as the need for

more affordable and effective vaccines and pharmaceuticals has always been, and

remains, a global need.

1.3 DNA Origami Simulations: from very coarse-

grained to all-atom models

We have already discussed how the range of DNA nanostructures investigated ex-

perimentally has expanded and developed over time, but so also have the methods

to simulate and model them. As mentioned in the previous section, caDNAno was

one of the first software design tools that experimentalists and theoreticians alike

have used to carry out research in this area.

On the simulation side, the focus of the thesis is on the oxDNA model and
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simulation code. First released in 2013 (initially for the modelling of DNA nan-

otechnology systems, and later being used for DNA origami structures),35 with

the second major release following promptly two years later (2015),36 it contained

a simple-to-use conversion script from caDNAno form into oxDNA format, and

allowed users to simulate DNA structures starting from a caDNAno design. Al-

though the original conversion scripts were part of the oxDNA software release, a

dedicated platform (tacoxDNA) was recently developed that allows conversions be-

tween a variety of the commonly used file types to represent DNA nanostructures

(such as protein data bank (PDB), standard xyz files, and files for programmes

such as CanDo).37 Simulations using oxDNA are nucleotide level coarse-grained

models and the program remains, to this day, one of the most, if not the most,

utilised models in the field at this level of detail. Other coarse-grained level models

do exist, such as the 3SPN (3-sites-per-nucleotide) models released in 2007 and

2013.38,39 However, they do not appear to be used as routinely as oxDNA. For

DNA nanotechnology systems, the number of papers reporting simulation results

using oxDNA vastly outnumber any other nucleotide-level model.

If we consider oxDNA, a nucleotide-level coarse-graining molecular dynamics

code, to be the middle point in terms of level of detail for modelling a system, then

there exist two ends, one being all-atom MD models that include a very high level

of detail, and the other being coarser models that use larger units than nucleotides

as their fundamental elements. The justification of which method to use is not the

aim of this chapter (see Chapter 2 for this discussion), the point here is to provide

an overview of those models that are currently available.

Starting with the all-atom models, some well-known and frequently used pro-
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grams are AMBER, CHARMM, and GROMACS.40{42 Commonly utilised in simu-

lations of (large) biological systems, such as proteins, lipids and carbohydrates, the

packages allow the implementation of different force fields. Whilst the newest of

these packages was originally released in 2002, they have been developed, modified

and have had features added to still keep them as the leaders of all-atom sim-

ulations, particularly for biological systems. These packages use simplified force

fields rather than explicit calculations of every interaction within the molecules,

and are chosen depending on the type of system they were designed to model, for

instance, modelling small ionic particles would use different interactions compared

to a protein in water.43

The approach described above is often termed molecular mechanics (MM) but

the best results for any calculation, given an unlimited, albeit unrealistic, source

of time and computing resources, would be obtained using quantum mechanical

methods (QM). Quantum mechanics calculations, however, are only suitable for

relatively small molecules, as they are such in-depth and time-consuming calcu-

lations; therefore, it is not a suitable technique for large biological systems. An

approach that aims to incorporate the best features of both type of calculation

and that has become increasingly popular is QM/MM, first proposed in 1976 by

Warshel and Levitt.44 It allows the largely unchanging bulk of the biological sys-

tem to be modelled using MM, the quicker method suitable for large systems,

with the most important areas, where reactions are taking place, modelled using

QM. Such a technique would work very well, for example, on enzymes, as they are

proteins with an active site; this small area could be modelled using QM, but the

bulk of the protein, which changes very little over time, is modelled using MM.45

This provides a suitable midway point between efficiency and detail.
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QM/MM is generally less utilised for modelling DNA as all DNA nucleotides

generally behave in a similar way rather than having a subset that need to be

treated significantly differently from the others. Furthermore, the interactions

responsible for DNA self-assembly can be relatively well-described using inter-

molecular force fields. As such, either a coarse-grained or all-atom approach is

generally much more suitable, but, as will later be explained in Chapter 2 in more

detail, the latter would be inefficient (in terms of time and resources needed) for

DNA origami modelling, due to origami usually being very large structures with

an exceedingly large number of particles.

With regards to the level of detail in a model, at the other end of the scale

(the least detail included) are the programs that use models that are coarser than

a nucleotide-level model, and this is achieved by grouping nucleotides together

into larger groups to reduce the number of particles simulated. These provide

a quicker way to calculate the overall geometry of a structure, without the need

to do intensive calculation. There have been a number of releases of these types

of packages in recent years, such as CanDo46 and mrDNA.47 These two packages

work in a not too dissimilar way. CanDo approximates double helices as rods, with

two-node beam finite elements representing base pairs to allow for rod elasticity.

Crossovers from a caDNAno design are included as rigid connectors. A finite

element analysis is run to relax the structure and the final outcome is determined

by strains in the structure caused by crossovers.46 This model has the benefit of a

fast calculation but lacks finer detail that may be obtained through a more detailed

model.

mrDNA approximates a DNA helix using a beaded method, where a number of
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beads are used to represent the system instead of including all base pairs (initially

1 bead is approximately equal to 5 base pairs). A MD simulation can then be

carried out to quickly determine an initial geometry of the system. mrDNA offers

the benefit of being able to increase the resolution (fewer base pairs represented

by a bead) for additional detail in the model.47 It also provides output files to

run a simulation in oxDNA, which provides a convenient and quick route to pre-

pare a structure for simulation through this channel as well. It is, however, not

straightforward to install and run mrDNA on a standard computer and is currently

unsuitable for use on a cluster. In comparison, oxDNA is straightforward to install

on most computers and clusters.

The final software packages to discuss here are structural design programs.

The very recent release of MagicDNA allows users to more easily design complex

DNA origami structures and provides oxDNA output files as default for later

simulation.48 One benefit of this tool is that the program provides libraries of parts,

so structures can be built up straightforwardly in 3D, or they can be built by hand if

desired. Another program called oxView also allows easy editing and modification

of DNA structures, also with oxDNA output files, and, very conveniently, runs

in a web browser so it can be used without needing to download or install any

packages.49,50

It is clear that both experiment and simulation have progressed rapidly over

the 15 years since the inception of DNA origami and, with the ease with which

modelling and simulation can now be carried out, it is not surprising that these

approaches have now become widely used in the DNA nanotechnology commu-

nity. Hopefully we will see this continue, along with the development of further

resources.
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1.4 Molecular Dynamics: General Principles

This section provides an introduction to molecular dynamics (MD). Details specific

to oxDNA, such as interactions included in the model, can be found in Chapter

2; instead the purpose of this section is to briefly outline MD as a whole, how it

originated and the general principles behind it.

The first molecular dynamics algorithm was published by Alder and Wain-

wright in 1957, with a second paper published two years later in 1959.51,52 There

is one rather prominent line is the discussion of the 1959 paper that says, ‘The

size of the system of molecules is limited by the memory capacity and speed of

computing machines. With the best presently available computers, it has been

possible to treat up to five hundred molecules.’ It is a relief that now we are able

to run calculations of tens of thousand of particles in size with relative ease and on

much longer time scales, but it is interesting that this limitation is still one that

we also face today.

As for the discussion of QM/MM in the previous section, in an ideal world,

quantum mechanical methods would be used to carry out all simulations, but this is

completely impractical for system of any substantial size due to the computational

time scales and memory requirements of such calculations. As such, significant

quantities of research and development have gone into making programs that are

capable of accurately representing the actions and workings of larger systems, so

realistic models of them can be gained on reasonable timescales.

The idea behind MD is to model particle motion according to the classical

equations of motion. The particles typically initially move in random directions

with equal velocities, but as the simulation continues and collisions occur, their
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individual velocities can change. It is easiest to think of this as a box filled with

particles that can interact. The particles obey classical motion, so each particle

that is moving has kinetic (its movement within the box) and potential (how it

interacts with other particles) energy. One of the most well-known algorithms

to integrate the equations of motion numerically is the velocity-Verlet (1982) al-

gorithm,53 which was a development on the Verlet algorithm (1967), originally

described by Loup Verlet.54 If the particles start in a particular position at time

t, then the algorithm calculates their new positions a very short time later, t+ �t.

This is carried out by evolving the equations of motion over a timestep split

into two halves and two separate calculations:

v(t+
1

2
�t) = v(t) +

1

2
a(t)�t (1.1)

r(t+ �t) = r(t) + v(t+
1

2
�t)�t (1.2)

v(t+ �t) = v(t+
1

2
�t) +

1

2
a(t+

1

2
�t)�t (1.3)

The first calculation uses a ‘half-kick’ and updates the velocity, the second step

then recalculates the new positions of all the particles for a full timestep. Although

not an individual equation, the next stage is to calculate the forces between the

particles and this appears as the final term of Eqn 1.3, although this could also

be done in the final step alongside the other equation components. The velocity

for the whole timestep (a second 1
2
�t) is then calculated using these new forces

and is added to the velocity calculated earlier, as shown in Eqn 1.3. Although

this form is different to that originally published by Swope et al. in 1982, it is

equivalent to that method and is easier to compute, as the forces are calculated

in two separate steps, as opposed to both previously appearing in the same line.
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This modified method means the previous force result can be overwritten, rather

than both needing to be stored simultaneously.55

This is the basic premise of molecular dynamic simulations and coding up the

above equations will produce a simple microcanonical system for a set of interact-

ing particles in a box. However, the algorithm can be made more sophisticated by

including other effects, such as angular momentum for objects that can have po-

sition and orientation; any constraints, such as fixing bond lengths or angles, and

the use of thermostats to control temperature (this feature is covered in Chapter

2).

1.5 Modelling DNA Origami Nanostructures

When DNA origami are produced experimentally, the current techniques to vi-

sualise them are often limited to transmission electron microscopy (TEM) and

atomic force microscopy (AFM) methods; however, the resolution of images from

using these techniques may not provide a clear and detailed view of the struc-

ture. Cryo-electron microscopy (cryo-EM), can give a more detailed picture by

constructing a 3D image of a DNA origami from multiple images,15 but this is

currently a more expensive, difficult, and time-consuming process, and so is not

routinely used. Therefore, to overcome these issues and gather more information

about the systems, it can be useful to use simulation to investigate structures

further and in more detail than may be possible to obtain through experimental

techniques.

As has been seen above, many software tools exist to model these kinds of

systems, but this project aims to demonstrate why oxDNA is one of the most,

17



if not the most, suitable packages with which to perform these simulations and

analysis. By exploring a variety of different DNA origami systems in this thesis

we aim to demonstrate that oxDNA is able to capture subtle and diverse effects

in DNA origami, and that additional analysis after simulation can be carried out

to further investigate their actions and behaviours at equilibrium.

More specifically, we present three case-studies where the experimental work

has been previously published (Chapters 3-5); an independent project where a

theoretical design for an auxetic material has been simulated (Chapter 6), and

collaborative work with an experimental group on their ‘barrel’ designs that are

an extension to their work published in 2020 (Chapter 7). Each results chapter

has its own introduction to provide an overview of the structure covered, as well

as the relevant analysis, results, and conclusions, in addition to the reflective and

overall conclusions at the end. Through these projects, we aim to demonstrate

oxDNA’s suitability for modelling these systems, but in a wider sense, we hope to

encourage those working in this area as well, especially experimentalists, to also

utilise this software for their own research.

In addition to these results, we have recently contributed to a textbook chapter

for Methods in Molecular Biology to help outline how to get started with running

oxDNA simulations.56 Through a combination of the procedures outlined in this

chapter, its examples, and those presented here, along with their additional anal-

ysis techniques and the methods to do them, we hope this provides sufficient

evidence to demonstrate that oxDNA is a suitable programme for modelling DNA

origami, as well as providing a starting point for others to do the same.
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Chapter 2

Methods

2.1 General Methods

2.1.1 oxDNA model

The initial oxDNA model was described in the work of Ouldridge et al. with fur-

ther details outlined in Ouldridge’s DPhil thesis the year after.57,58 The code was

originally released as open-source software in 2013; it was promptly followed by the

release of an improved version of the model, which is often referred to as ‘oxDNA2’,

in 2015.35,36 For the purposes of this thesis, we use the general term ‘oxDNA’ to

refer to the oxDNA2 model as here we only use this version of the model. It

shares mostly the same interactions with the original, but with three notable de-

velopments for the second release: the introduction of major and minor grooving,

the introduction of salt dependency (through the screening of electrostatic inter-

actions), so simulations could be run at ‘high’ or ‘low’ salt concentrations, and

fine-tuning of the DNA pitch and the twist angle at nicks and junctions so that

DNA origami structure could be better modelled.

oxDNA is a nucleotide-level coarse grained model, where each nucleotide is
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Figure 2.1: The oxDNA model, including an example pair of nucleotides (left); the
original oxDNA model (centre, left) and a diagram showing five of the seven main
interactions (centre, right). The original model did not have major and minor
grooving but this was introduced in oxDNA2 (right) as well as salt dependency.
Left-hand 3 images reprinted from Schreck et al., J. Chem. Phys., 2015, 142,
165101, with the permission of AIP publishing.59 Right-hand image reprinted from
Snodin et al., J. Chem. Phys., 2015, 142, 234901, with the permission of AIP
publishing.36

considered to be rigid and is modelled as a base attached to a backbone site.

There are seven main interactions in the model, five of which are shown in Figure

2.1 and the additional two are an excluded volume and an electrostatics term.

The interactions in more detail are:

1. Excluded volume (not in Figure): This repulsion is described by a cut-and-

shifted Lennard-Jones potential. Whereas a Lennard-Jones potential usually

has an asymptotic tapering-off attraction potential as r ! 1, the cut-and-

shifted version sets a distance limit between particles for an interaction, and

from that distance onward considers there to be no interaction (by moving

the potential curve up until the cut-off tail reaches the r axis). One of its

effects is to prevent DNA strand backbones from passing through each other.

2. Backbone potential (Vbackbone): the model uses a finitely extensible nonlinear

20



elastic (FENE) potential, where the backbone is modelled like a polymer

chain of beads. Consequently, there are no distinct sugar and phosphate

groups and, instead, they are grouped into one site. However, this poten-

tial represents the lengths between backbone sites as springs and allows for

backbone extension and rotation, thereby representing the covalent bonds

found in DNA backbones.58 This approximation has the advantage of reduc-

ing computation times compared to models with a more detailed description

of the backbone, whilst it was found that most properties of interest, such

as the aforementioned backbone extensibilty and rotation, could still be ac-

curately modelled.

3. Both the hydrogen bonding (VHB) and stacking between bases (also known as

pi-stacking, Vstack) on a continuous length of DNA (i.e., no nicks in the back-

bone) are modelled with a smoothly cut-off Morse potential.58 This potential

provides a maximum distance for particles to interact, and the smoothing

function on either side of the potential allows for continuity.

4. The cross-stacking (interactions between a base and its hydrogen-bonded

pair’s neighbour, Vcross stack) and coaxial stacking (pi-stacking of bases across

a nick in the backbone, Vcoaxial stack) interactions are modelled with a har-

monic potential.58

5. Electrostatics (not in Figure): this term represents the repulsive electrostatic

interaction between the phosphates and is modelled using a potential of

Debye-Hückel form. This modification introduces a screening term to the

electrostatic potentials. This term, which was introduced in the oxDNA2

version of the model, gives rise to an explicit dependence of the model on
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the salt concentration.36

The overall potential for the model is given by the following combination of

these interactions:

VoxDNA =
X
hiji

(Vbackbone + Vstack + V
0

exc)

+
X
i;j =2hiji

(VHB + Vcross stack + Vexc + Vcoaxial stack);

where Vexc and V
0
exc represents excluded volume, and all others have the same

meanings as before. The first term in the equation represents interactions between

pairs of nucleotides that are adjacent along the backbone, and the second over all

other pairs.35,58

There are many other packages available to model biomolecular/DNA-type

systems but mainly at either a higher or lower level of coarse-graining than that

presented here. However, at this level of detail, oxDNA remains the dominant

software in the field. All-atom models are provided by force-fields such as AMBER

or CHARMM; however, for the system sizes considered in this thesis, all-atom

simulations would take an unreasonable length of time to perform.40,60 A second

option would be to use a more coarse-grained model, such as mrDNA, or CanDo,

but doing so would require the grouping together of bases to make new, larger

sites.46,47,61 This would mean that features such as the stacking and unstacking

of pairs of bases and the breaking of base pairs would be lost, but these are

often a feature of interest in origamis, such as when determining their structural

properties. Examples of this might include the stacking/unstacking of Holliday

junctions, or the structural changes caused by the breaking of base pairs. For
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the system sizes studied in this work, oxDNA offers the best balance between

sufficient detail to determine the properties of interest, without requiring excessive

time scales for simulation and, as such, is the most appropriate choice of model.

2.1.2 General Protocol: a 2D design into oxDNA form

To begin a simulation of an origami, it is first necessary to take the design, often

from experimentalists, and convert it into a form suitable for use in oxDNA. For

demonstration purposes, a single barrel structure (the related work is covered in

Chapter 7) will be used to illustrate the process of simulating a structure, starting

with a 2D design up to the point of simulation. One of the most popular resources

for designing origami is software called caDNAno, where the structure is a 2D

drawn-out design (Figure 2.2).17 In this figure, the cylindrical barrel has been ‘cut

open’, with the adjacent sides connected by elongated ‘long bonds’ that will need

to be reduced to an appropriate size later in the relaxation process. The first step

toward a simulation is to convert this into oxDNA form (using inbuilt scripts, or

the conversion platform tacoxDNA37) and produce outputs in “oxDNA” format

that are viewable in a 3D visualization program such as cogli2 or oxView.37,49,50

The output of this conversion creates two files, one topology and one configuration

file. The topology file provides information about how nucleotides are topologically

arranged with respect to each other (i.e., it can be used to identify neighbours to

a base, and also identifies to which base of A, C, G and T it corresponds), and

the configuration file gives a variety of information, such as box size, and centre-

of-mass coordinates and orientation of each nucleotide, among other information.

Once these files have been obtained, the next step is to carry out a minimisation

23



Figure 2.2: The caDNAno design of a single unit barrel structure, originally de-
signed by Wickham et al.62

of the configuration’s energy. This involves using a modified version of the oxDNA

backbone potential that prevents the forces from long bonds from breaking the

origami’s structure.56 The minimisation is done to ensure an excluded volume for

each nucleotide is maintained and prevents any two nucleotides from occupying

the same region of space (the large forces that result from particle overlaps would

otherwise cause a simulation to fail). Visually, it can be difficult to see changes

in this step and the result often appears similar to the starting conformation, but

monitoring the energy and looking for a plateau is the best way of determining

when this has been carried out sufficiently. Additionally, the next relaxation step

will often fail in the first few steps if a minimisation is insufficient, so it is important

that this step is carried out. Figure 2.3 shows the output from converting and

minimising the example structure. It also shows the long bonds that will need to

be reduced through the relaxation process.

To reduce the length of these long bonds and create a sensible-looking structure
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Figure 2.3: The minimised single unit barrel structure, shown from two directions,
end-on (left) and side-on (right). Note that red arrows have been overlaid on some
of the long bonds to highlight this structural element.

ready to be simulated, a relaxation step is required. This is carried out using a

simulation but with a modified backbone potential that prevents the large forces

associated with the long bonds from breaking (or ‘exploding’) the origami (as

would happen if a standard MD simulation was run with the long bonds present),

and therefore allows them to reduce in size.56 Carrying out these relaxations (usu-

ally requiring around 106 steps but, depending on structure, can require more) is

a quick process and some of the characteristics of a fully relaxed structure are:

1. Plateaued energy. If the energy has remained constant for a large propor-

tion of the relaxation and continues to the end, this can often be the main

indicator of a completed relaxation as further simulation is not noticeably
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further relaxing the structure.

2. Backbone distances. Since the relaxation is largely carried out to reduce long

bonds, it follows that if these have been removed then this step has been a

success.

3. Sensible structure. Given that the designs are often from experimental work,

the desired structure is usually known. So if the structure looks similar at

the end of relaxation, it is likely the structure has been correctly simulated.

Before simulating, however, it is important to ensure there are no topolog-

ical entanglements present. This can occur during the relaxation of long

bonds and can lead to, for example, helices passing through each other and

creates an unrealistic representation of the structure. Although areas of en-

tanglement can sometimes be challenging to identify, it is important to check

the relaxed structure thoroughly as they can have an impact on the motion

and behaviour of an origami. (An interesting question is whether any topo-

logical entanglements might be present in experimental DNA origamis due

to self-assembly errors. However, this question is beyond the scope of this

thesis, and here we always simulate DNA origamis that have the envisaged

perfectly-assembled structure.)

Figure 2.4 shows the result from relaxing this example barrel structure partway

through (105 steps) and at the end after 106 steps. The snapshot partway through

demonstrates the long-bond problem and also highlights how the structure has

moved out of the ‘2D’ shape into a ‘3D’ structure. Once these preparatory steps

have been completed, all that is left to do is to simulate the structure.
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