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Abstract
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Doctor of Philosophy in Physical & Theoretical Chemistry
Trinity 2015

In this thesis we investigate the self-assembly and structural properties of DNA
origamis, which are large-scale DNA nanostructures comprising thousands of DNA
base pairs, using the coarse-grained model of DNA called oxDNA.

We use simulations of oxDNA, with both a “brute-force” approach and with a rare-
event method, to probe how the origamis self-assemble from single strands of DNA in
solution. With the brute-force approach we are able to simulate the complete assembly
of a small 384-base-pair origami at a high strand concentration, and identify kinetic
traps under certain conditions, as well as cooperativity between staple strands and
optimal assembly windows. These findings help to rationalise certain successful design
strategies. Using the rare-event method we are able to use the lower strand concentra-
tions typical of experimental conditions and make more quantitative measurements,
identifying sequential staple binding for our origami design at these conditions, and
probing how a staple binds each of its domains.

We introduce oxDNA2, an enhanced version of oxDNA, which has improved pre-
dictive power for origami structure, as well as other improvements such as salt depend-
ence. We verify that the model reproduces well the structural properties of Holliday
junctions, which are a vital feature of DNA origamis. We then use the model to invest-
igate the basic structural properties of 2D and 3D origamis, characterising their generic
structural features such as, for 2D structures, the “weave pattern,” where adjacent
double helices push apart away from the junctions, and “corrugation,” a systematic,
out-of-plane bending of the double helices. We find a good agreement with experiment
where data is available.
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1 Introduction

1.1 DNA Nanotechnology

Deoxyribonucleic acid (DNA) performs the crucial function of storing genetic inform-

ation in living organisms. It is made up of repeating units called nucleotides, each

of which consists of a sugar and phosphate backbone plus a base (either Adenine

(A), Guanine (G), Thymine (T), or Cytosine (C)) attached to the sugar. Watson-Crick

base-pairing, A with T and G with C, along with planar stacking interactions between

bases and the constraints of the backbone, leads to the formation of the well-known

double-helical structure of DNA.

The specificity of Watson-Crick base pairing permits the rational design of DNA ob-

jects for which the intended structure is the global free-energy minimum. This property

was first exploited by Ned Seeman in 1982, [1] when he proposed linking DNA junctions

together to form a lattice, signalling the birth of DNA nanotechnology. After initially

steady progress, the field has grown rapidly in recent years, [2] with Paul Rothemund

achieving a notable advance in 2006 when he first introduced a powerful and flexible

method of DNA nanostructure design, which he christened DNA origami. [3] This ap-

proach represented the first reliable method for making large DNA nanostructures,

consisting of thousands of DNA base pairs. Since then, alternative design paradigms

for creating DNA nanostructures of a similar scale have been introduced, notably the

“DNA brick” scheme [4] and a wire-frame approach. [5–7]

However, due to its reliability and flexibility, the DNA origami method continues
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to be a staple of the DNA nanotechnology community, and the DNA origami self-

assembly process and the resulting DNA nanostructures will be a particular focus of

the work presented in this thesis. This method of DNA self-assembly involves folding

a very long DNA strand (typically around 7.5 kilo-bases), termed the scaffold strand,

by the action of many short strands, termed staple strands, each of which bind to

two or more non-adjacent regions of the scaffold strand, pulling them close together

(see Fig. 1.1(a)). The structures are composed of antiparallel double helices joined

by crossovers, where staple strands cross from one region of the scaffold to another

(see Fig. 1.1(b)). The method was used first to generate 2D structures, [3] and then to

create 3D shapes, [8] including structures with a designed curve or twist, [9;10] as well as

tensegrity structures. [11] Fig. 1.2 shows examples of these structures (as well as other

non-origami DNA nanostructures), and illustrates the growth of the field measured by

citation counts.

The ease and reliability of assembly, flexibility of design and addressability of DNA

origami structures has opened up a variety of practical applications, which are only

beginning to be explored. [13;14] A common use is as a substrate for single-molecule

studies, [15] for example to probe hairpin dynamics [16] or the motion of walkers. [17]

Other promising applications include use as drug delivery vehicles, [18;19] as artificial

membrane channels [20;21] and nanopores, [22] and as stiff handles for single-molecule

mechanical experiments with optical tweezers. [23]

Although not the focus of this thesis, the creation and study of smaller-scale DNA

objects is another important aspect of DNA nanotechnology. An area of great interest is

the study of DNA walkers, where a “walker” made of a few DNA strands steps along a

track of DNA. [17;24;25] The walker is driven by a fuel source, which is often a species of



DNA Nanotechnology 7

(i)

(ii)

(iii)

(iv)

(v)

(i)

(ii)

(iii)

(iv)

(v)

(a)

(b)

Figure 1.1: (a) A schematic showing the self-assembly process for a DNA origami
structure. In the top left panel, we start with a large scaffold strand (blue)
and many staple strands (red). In the top right panel, the staples are shown
beginning to fold the scaffold strand. The final structure, in this case a flat
rectangle, is shown in the bottom panel. (b) An illustration of DNA origami
design principles, reproduced with permission from Ref. 12. (i) Shows a
double helix in three different representations, and (ii) shows two double
helices joined by two double crossovers, which are separated by 21 base
pairs, corresponding roughly to two turns of a DNA double helix. This
structure can be considered as a subunit of a DNA origami. (iii) Shows the
scaffold strand routing for three different origami designs, while (iv) also
shows staple strands, and (v) shows a “cylinder” representation illustrating
the overall shapes.
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Figure 1.2: This image, taken with permission from Ref. 2, shows examples of the
DNA nanostructures that have been fabricated over the years. Examples
of DNA origami structures are labelled “DNA Origami,” “Single-Layer 3D
DNA Origami,” “Multilayer 3D DNA Origami,” and “Curvature, Twist, 3D
Meshing.” The graph shows the growth in cumulative citations in the field
over time.
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DNA strand added to the solution. This scheme is analogous to the biological kinesin

walker, which walks along microtubules in the cell, driven by ATP. Another important

subfield is DNA computing, [26;27] where DNA is used to perform logical operations [28]

and store data. [29] Finally, many other small-scale nanostructures and machines have

been created and studied, including DNA tweezers, [30] DNA tetrahedrons, [31;32] and

novel DNA structures. [33]

1.2 Systematic studies in DNA nanotechnology

Despite, or perhaps because of, the great advances made in the field of DNA nano-

technology in recent years, there is a lot of room to develop a better understanding

of the processes underlying the assembly, structural and mechanical properties, and

actuation of recently-developed DNA nanodevices. Several experimental groups have

conducted careful studies in an effort to better understand the DNA origami assembly

process [34–38] and DNA origami structure. [9;39;40]

1.2.1 Theoretical models of DNA

Theoretical and computational approaches to modelling DNA nanotechnology have

also begun to play a role in improving our understanding of DNA nanostructures and

machines. At the finest level of detail, quantum chemistry calculations have been used

to study the interactions between nucleotides, [41–43] although the high computational

cost of such an approach limits these methods to interactions between nearest-neighbour

base pairs in vacuum. Classical all-atom molecular dynamics (MD) approaches, where

every atom of DNA and the surrounding solvent is modelled as a particle subject

to interactions with the surrounding atoms, have been widely employed to study

small DNA motifs, [44;45] and have recently been applied to larger DNA systems. [46–49]
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However, simulating rare-event processes such as the breaking or formation of base

pairs remains a challenge with these models, with µs time scales being the limit of what

is currently accessible. [49] At the other end of the scale, theoretical approaches have

been developed to understand certain large-scale properties of DNA. These include the

wormlike-chain model, which treats DNA as a continuously flexible polymer. [50] While

such models can provide useful insights into the physical properties of DNA, they are

not detailed enough, by design, to address key processes such as duplex formation.

The middle ground between these two extremes is occupied by coarse-grained

DNA models. Such models integrate out many of the degrees of freedom of the DNA

nucleotide, and often do not explicitly represent the solvent molecules; these approxim-

ations inevitably imply a compromise between accuracy, generality and computational

efficiency, so that care must be taken in applying these models to a given problem.

However, the simplified picture presented by such an approach can be a strength, as,

in addition to greatly increasing the time scale and number of nucleotides that can be

studied, it can allow one to understand the generic physics governing the system more

easily.

Models that represent a partially assembled origami on the domain level (a partially

formed origami can conceptually be broken into domains, with each domain consisting

of a continuous double helix in the completed structure) have been used to probe

origami self-assembly with some success. [38;51] Other models have been used to study

origami structure, [52] notably CanDo, [53;54] a specialised structural model which treats

DNA origami as a set of double helices, modelled as linear elastic rods, joined by

four-way junctions, modelled as somewhat flexible connections between the rods.

More detailed models have been developed with a focus on B-DNA. The model of
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Savelyev and Papoian [55], which treats DNA only in its double-stranded state, repres-

ents DNA with one bead per nucleotide, each of which interacts with the 11 nearest

nucleotides on the partner strand, and has been used to study nucleosome unwrap-

ping. [56] In addition, the Nordenskiöld group have developed a model parameterised

from all-atom MD simulations and representing double-stranded DNA with five beads

for every two base pairs. [57] The model achieved a good agreement with experimental

salt-dependent double-stranded persistence length measurements, in the physiological

salt region and below. While these two models are well-suited to the biophysical sys-

tems they were developed to study, where DNA is exclusively in its double-stranded

state, they are not readily applicable to DNA nanotechnology set-ups, which usually

involve transitions to and from single- to double-stranded DNA, and more complex

DNA motifs than simple B-DNA.

Another model with a focus on biophysics was recently developed by the Dorfman

group [58] to treat single- and double-stranded DNA with particular attention to Hoog-

steen bonding, using three interaction sites per nucleotide and an anisotropic potential.

They were able to use it to study a thrombin aptamer, which contains G-quartets, and

strand invasion during triplex formation, although these exotic structures are usually

not important for DNA nanotechnology. Meanwhile, Araque et al. have introduced a

lattice-based, one-bead-per-nucleotide model of DNA, [59] and used it to study hybrid-

isation. This approach implies a fairly low computational cost, which in principle allows

hybridization in complex systems to be studied, at the expense of realistic structural

properties which are important for detailed DNA nanotechnology studies.

The Plotkin group have developed a three-sites-per-nucleotide model parameterised

from all-atom simulations, [60] which they used to study the structural and mechan-
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ical properties of single- and double-stranded DNA within the model as a function

of temperature, salt concentration, and sequence. More recently, the Aksimentiev

group introduced a model of single-stranded DNA, with an interaction site on each

sugar/base group and phosphate group. [61] The model was designed to reproduce

the single-stranded DNA structure seen in all-atom MD calculations, and was able to

reproduce force-extension data for single-stranded DNA. Although it could potentially

be extended to model B-DNA, this has not yet been done. In addition, a coarse-grained

RNA model called HiRe-RNA, which uses a detailed representation with 6 or 7 inter-

acting beads per nucleotide, was recently extended for the study of DNA systems, and

was used to produce melting curves for a short DNA duplex. [62]

Finally, the 3SPN model [63] represents DNA with three independently mobile inter-

action sites per nucleotide, representing the base, sugar and phosphate groups, with

an interaction potential that includes three-body terms. It has been used, for example,

to study the wrapping of a DNA duplex around a nucleosome, [64] as well as hybrid-

isation, [65] a process highly relevant to DNA nanotechnology. Of the models of DNA

described here, 3SPN is probably the most suitable for the broadest range of invest-

igations of DNA nanotechnology systems. However, it has not yet been applied to

the systems of very large numbers of DNA base-pairs required for large-scale DNA

nanotechnology, the focus of this thesis.

1.3 The oxDNA model

The results presented in this thesis were obtained using a coarse-grained model of

DNA called oxDNA. [66;67] Briefly, the model represents a DNA nucleotide as a rigid

body with three interaction sites, which interact with each other through a potential

with effective, highly anisotropic terms. The model is designed with a heuristic, “top-
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down” approach, with a focus on reproducing well-known properties of DNA (such as

the helical structure of the B-DNA duplex) and experimental results (such as duplex

melting temperatures), rather than, for example, building the model up by integrating

out details from an all-atom representation. This treatment is sufficient to obtain good

agreement with experimental data on the structural, mechanical and especially the

thermodynamic properties of single- and double-stranded DNA. Reproduction of these

fundamental biophysical properties of DNA allows the model to be applied in a wide

variety of contexts without further fitting or adjustment of the parameters.

In particular, oxDNA has provided key insights into many different processes rel-

evant to DNA nanotechnology [68–76] and biophysics, [77–81] and importantly, has also

been shown to provide direct agreement with experimentally measured properties to

which the model has not been fitted, [82] for systems such as DNA overstretching, [81] a

two-footed DNA walker, [71] and toehold-mediated strand displacement. [75;83] There-

fore, it seems reasonable to suggest that the model has produced greater insights into

processes relevant to DNA nanotechnology and biophysics than the other available

coarse-grained DNA models, which were described in Section 1.2.1. In addition, as the

potential is relatively simple, simulations of very large systems of up to the order of

10,000 base pairs using a single graphical processing unit (GPU) are achievable with

oxDNA. [84] This feature is essential for the studies of large-scale DNA nanotechnology

systems that will be described in this thesis.

As mentioned above, each nucleotide is represented by a rigid body with three

interaction sites; each strand of DNA is represented by a chain of these rigid bodies.

The nucleotides interact through an effective, pairwise potential designed to capture

hydrogen bonding between base pairs, stacking, backbone connectivity and excluded
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volume interactions. The stacking and hydrogen-bonding terms have a complex form

with angular dependence, to capture the geometric constraints of the interactions in

DNA. The potential can be written as a sum of interaction terms between pairs of

nucleotides

V = ∑
nearest neighbours

(Vbackbone + Vstack + V′
exc) +

∑
other pairs

(VHB + Vcross stack + Vexc + Vcoax stack),

(1.1)

where the sum over nearest neighbours refers to adjacent nucleotides on a DNA strand.

Further details, including the forms of the interaction terms, are given in Refs. 66 and

67.1 The oxDNA representation of a DNA strand and the different interaction terms are

illustrated in Fig. 1.3. There is no explicit solvent, with the effect of the solvent being

incorporated into the interactions between the nucleotides and into the thermostat.

Due to the complexity of the model, the only practical way to obtain the properties

of a particular system as predicted by the model is to use molecular simulations. [86]

A computer code has been written implementing simulations of the oxDNA model

with a variety of simulation algorithms. The work presented in this thesis mostly

makes use of the virtual move Monte Carlo [87;88] (VMMC) and molecular dynamics

(MD) algorithms, with the MD algorithm using an Andersen-like thermostat, in order

to capture the diffusive motion of DNA in solution. Further details on simulation

algorithms are given in Chapter 2. The computer code implementing these algorithms

for the oxDNA model is publicly available from http://dna.physics.ox.ac.uk.

The computational expense of simulating the model is made more manageable by

the short-ranged, pairwise (i.e. without any costly three-body or higher order terms)

1ref. 66 gives a description of a version of the model without the coaxial stacking term Vcoaxstack, while
ref. 67 is a PhD thesis which gives a complete description of the version of the model described here.
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Figure 1.3: (a) A strand composed of two nucleotides and (b) a nicked duplex, as
represented by the oxDNA model. Reproduced from ref. 82. Configurations
in this and subsequent figures have been visualised using the USCF Chimera
package. [85]

nature of the model’s potential. The task of specifying the complex local behaviour

of the model DNA with this kind of potential is made easier due to the fact that the

multiple interactions sites representing each nucleotide are constrained to be part of the

same rigid body. In addition, using a rigid body means that the extra computational

effort of simulating the high frequency vibrations within the nucleotide is avoided.

We should also mention the shortcomings of the oxDNA model. A new version

of the model, which is called oxDNA2 [89] and which we will describe in Chapter 5,

addresses some of these. The most readily apparent improvements are the introduction

of differentiated major and minor grooves in B-DNA, and the introduction of an explicit

electrostatic interaction, which means that DNA can be simulated at different salt

concentrations. However, both the old and new versions of the model only treat

canonical base pairing (i.e. A with T and G with C), and the model DNA cannot form

exotic structures such as triplexes, quadruplexes, and A-DNA duplexes. In addition,

the model has not yet been extended to deal with interactions with other molecules,

such as RNA (although an oxDNA-inspired RNA model, oxRNA, has recently been

devised [90]), metal nanoparticles, or proteins.
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1.4 Thesis outline

In this thesis we are primarily concerned with studying the self-assembly and physical

properties of large-scale DNA nanostructures, particularly DNA origami structures,

in the context of DNA nanotechnology. In Chapter 2 we introduce the basics of the

simulation methods used for this work. In Chapter 3 we study the self-assembly of a

small DNA origami using direct simulation, and in Chapter 4 we study the assembly

of a similar DNA origami design using a rare-events simulation method in order to

gain a more detailed insight. In Chapter 5 we introduce a new, extended version of the

oxDNA model, which among other improvements provides a more faithful description

of the structural properties of large-scale DNA objects. Finally, in Chapter 6 we use this

new model to investigate DNA origami structure.

The work described in Chapters 3 and 5 have been published. [89;91]

Although I was the largest contributor to the work reported on an extended oxDNA model

in Chapter 5, the work was a collaborative effort. The contributions of other group members are

outlined at the end of that chapter.
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2 Simulation Methods

Although many theoretical models can be solved analytically, models are often too

complicated to be solved in this way. Instead, we can turn to computers to give us

numerical solutions. Specifically, given a physical model and a system (a set of particles

that interact through the model’s potential energy function), simulation algorithms

give us a way to explore the phase space of that system numerically. Many models,

including oxDNA, are designed with numerical simulation in mind.

In this chapter we discuss the simulation methods used for the work presented in

this thesis. We discuss the molecular dynamics algorithm, the virtual move Monte Carlo

algorithm, and two techniques for speeding up sampling, namely umbrella sampling

and forward flux sampling.

2.1 Molecular dynamics

In molecular dynamics [86] (MD), the particles in the system move in discrete time

steps according to Newton’s equations of motion. At the beginning of each time step

the particles each have well-defined positions, momenta and forces, with the forces

being computed from the gradient of the potential energy function with respect to the

positions, and possibly orientations, of the particles. There are a variety of algorithms

commonly used to evolve the system at each time step, using the positions, momenta

and forces; the simulation code used for this work uses the velocity Verlet algorithm. [92]

The most basic MD explores the phase space of the simulated system for the NVE
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ensemble. To simulate the NVT ensemble, one commonly introduces a thermostat

which mimics a coupling of the system to a heat bath, and the results presented in

this thesis were obtained using an MD code with an Andersen-like thermostat for this

purpose. This thermostat works by allowing the system to evolve in the NVE ensemble

(i.e. pure MD) for a small number of steps, and then refreshing the velocities of a

randomly chosen subset of the particles (each particle has the same, fixed probability

of being chosen for the velocity refresh), replacing them with velocities taken from a

Maxwell-Boltzmann velocity distribution at the simulation temperature. Importantly,

on time scales much longer than the refresh interval the algorithm generates diffusive

motion.

For the work presented in this thesis, an important advantage of the MD class of

algorithms compared to Monte Carlo (MC) algorithms (which are described below) is

that it is possible to run very efficient MD simulations of large systems on GPUs thanks

to the parallel nature of the MD simulation step. With MD, it is possible to compute the

forces between each pair of interacting particles simultaneously, which for a complex

interaction potential like that of oxDNA is by far the most computationally demanding

part of the algorithm. [84] Although parallel MC algorithms have been suggested, [93]

they do not allow nearly as many simultaneous computations as a typical MD algorithm

for a system with a large number of interacting particles.

In this thesis, we use MD simulations on GPUs for studying large systems of around

500 nucleotides or more, and MD simulations on CPUs for studying the structural and

mechanical properties of smaller DNA systems. The former applies to more or less all

of the systems studied in Chapters 3, 4 and 6, the simulation of which would have been

unfeasible without GPUs.
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2.2 Monte Carlo simulation

Metropolis Monte Carlo simulation is a method for exploring the phase space of a

system with Boltzmann sampling. [94] That is, the algorithm will spend an amount of

time in each state of the system (defined by the position coordinates of all the particles,

ri) proportional to the Boltzmann weight e−V/(kBT) of that state, where V is the potential

energy, kB is the Boltzmann factor, and T is the temperature.1 This is achieved with a

Markov chain Monte Carlo approach, where the system begins in a particular state and,

during each simulation step, switches to a new state, or possibly stays in the same state,

according to some rules. This process of possibly switching to a new state is repeated

until sufficient sampling of the system is achieved. Importantly, the rules governing

which state is chosen next depend only on the current state of the system. Note that

MC algorithms are a powerful way of studying the equilibrium properties of a system,

but, unlike when MD is used, the system does not necessarily evolve in a physically

realistic way.

The scheme is:

1. Start with a state c.

2. Randomly generate a trial state t with trial probability T(c → t) using some rules

based on the current state c.

3. Accept a move to the trial state t with acceptance probability A(c → t). If the move

is not accepted, stay in the same state.

1In principle we could just as well use an algorithm to carry out (say) uniform sampling of the states,
and then apply the Boltzmann weight before computing any averages. Given an infinite amount of
computing power this will give an identical result to Boltzmann sampling. The point is that in order to
sample the phase space efficiently, and therefore calculate things about the system with the least possible
computational effort, we should concentrate on sampling the parts of phase space that the system occupies
most often, rather than wasting time sampling parts of the system that are almost never occupied.
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4. Repeat.

It is usual to choose the acceptance probability so that “detailed balance” is satisfied.

Imagine that we have N (some very large number) samples of the system, and denote

the number of times we sampled a particular state s (the population of the state s) as

P(s). For an equilibrium distribution of populations, that is, a Boltzmann-weighted

distribution, we require that the net flow into a state must be the same as the net flow

out of it; that is how we know we are in equilibrium. We can write this as

P(s)ΣiA(s → i)T(s → i) = ΣiP(i)A(i → s)T(i → s), (2.1)

where the sums are over the neighbouring states with non-zero transition probabilities

to/from the state s. This condition is called “balance.” One way of satisfying this is to

demand that a stricter condition is satisfied:

P(s)T(s → i)A(s → i) = P(i)T(i → s)A(i → s) (2.2)

for every state s and i. This equation defines detailed balance. Although detailed balance

is a stronger condition than balance, in practice it is easier to ensure that detailed balance

holds. We usually have symmetric trial probabilities, so that T(s → i) = T(i → s), and

these terms cancel. We must then choose a form for A(i → s) that satisfies detailed

balance. There are many possibilities, but a common choice, introduced with the

original Metropolis scheme, [94] is

A(i → s) = min(1, e−(Vs−Vi)/(kBT)). (2.3)

This means that we always accept a trial move if it will take the system to a lower

energy state, and we accept a trial move to a higher energy state with a probability that

decreases as the energy difference increases. Each trial move is typically a rotation or
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translation of a randomly chosen particle.

2.2.1 The virtual move Monte Carlo algorithm

The Monte Carlo algorithm used for the results presented in this thesis is one called

virtual move Monte Carlo. We use the variant of this algorithm described in Ref. 87

and Ref. 88. The algorithm generates trial moves involving clusters of particles. An

initial particle is selected at random and then a cluster is recursively formed around it,

with nearby particles each added with a certain probability based on the anticipated

change in potential energy after the trial move. The trial move is either a rotation of the

cluster around the initial particle or a translation of the cluster.

The VMMC algorithm is particularly appropriate for simulating small to medium-

sized systems (on the order of 10 to 100 nucleotides) with oxDNA. These involve

isolated clusters of strongly interacting particles, i.e. DNA complexes (usually single

or double strands) consisting of chains of nucleotides bound together through FENE

springs, base pairing and stacking interactions. VMMC allows the complexes to diffuse

around the box very quickly, and can potentially speed up internal fluctuations, offering

greatly accelerated equilibration compared to Metropolis Monte Carlo.

In this thesis, we use VMMC to simulate systems of up to a few hundred nucleotides

when we do not require realistic dynamics: mostly simulations to find melting temper-

atures of duplexes, hairpins, and other small DNA complexes in Chapter 5. Otherwise,

we use the MD algorithm as described earlier in this chapter.
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2.3 Umbrella sampling

Umbrella sampling is a simulation method used to accelerate sampling of the phase

space of a system, especially when there are several (meta-)stable states which are

separated by one or more free energy barriers. Essentially, the method works by

flattening the barrier(s) by applying a bias to the potential with the purpose of enhancing

the sampling of otherwise free-energetically unfavourable states.

First, the phase space of the system is divided into discrete states using an order

parameter. Then the states corresponding to each of the order parameter values are

given different weights, usually with the intention of equally sampling the states2.

To see how the method works, consider an unbiased population of states pu(n), and

a set of weights w(n), such that the biased population of states pb(n) is given by

pb(n) = pu(n)w(n), (2.4)

where n(ri) gives the value of the order parameter for a given state defined by ri, and

ri gives the positions and orientations of all the particles in the system. For example,

this biased sampling can be achieved by simulating the system with a modified energy

function

Emodified(ri, n) = Emodel(ri) + Ebias(n), (2.5)

where Ebias(n) = − log(w(n)). After the simulation has been run, sampling the biased

population distribution pb(n), the unbiased population can then be recovered simply by

rearranging Eq. 2.4:

pu(n) = pb(n)/w(n). (2.6)

2Equal sampling is not always the desired outcome; umbrella sampling can also be used to achieve
something other than equal sampling if desired.
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The unbiased population distribution can then be used to compute properly weighted

average properties of the system. Of course, one does not usually know the best um-

brella weights in advance (that would imply knowing the free energy landscape, usually

the very thing one is trying to find!), so in practice an educated first guess of the weights

is made, and subsequently updated either using an automated approach or by hand.

In this thesis we use umbrella sampling to speed up simulations of thermodynamics

with VMMC in Chapter 5.

2.4 Forward flux sampling

Forward flux sampling [95] is a simulation method designed to sample rare transitions

with a stable initial state (known as the A-state) and a specified final state (known as the

B-state). The technique uses a series of interfaces between the A-state and the B-state

to calculate a rate and transition path ensemble for the transition. We require that the

A-state is stable in the sense that the time the transition takes (i.e. the time between

leaving the A-state and arriving at the B-state) must be much shorter than the average

time spent in the A-state. There is no requirement on the stability of the B-state.

To use FFS we need to define an order parameter λ that depends on the state of

the system. In our case we define a discrete order parameter. We define the A-state by

λ = λA = λ0, and the B-state by λ = λB = λn, with the remaining intermediate order

parameter values being λ1, .., λn−1. We define λi+1 > λi for all i, and ensure the order

parameter is defined so that the system always passes through each value in turn in

going from the A-state to the B-state (although the system is allowed to go backwards

and forwards on the way).

In this thesis we use the FFS variant called direct FFS. In this algorithm, transition
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paths are generated simultaneously (usually on separate CPUs or GPUs) using the

following procedure, which is also shown schematically in Fig. 2.1:

1. Run “flux” simulations to calculate the flux ΦA,k/hA (defined below), with initial

configurations drawn from an equilibrium ensemble in the A-state. Use either

(a) Flux scheme 1: Store a configuration and count a crossing each time the

simulation crosses from λ0 to λ1 (but not from λ1 to λ0).

(b) Flux scheme 2: Store a configuration and count a crossing each time the

simulation enters λ2 having been in λ0 more recently than λ2.

Scheme 1 is the most commonly used method, but can generate highly correlated

configurations. Scheme 2 can reduce the correlation in the saved configurations,

but requires more simulation time per configuration saved. We make use of both

methods for the results in Chapter 4.

2. Randomly select one of the configurations generated at λk (k = 1 if flux scheme

1 was used or k = 2 if flux scheme 2 was used) and use it to initiate a trial run

that stops when either the system reaches λk+1 (a success) or falls back to λ0 (a

failure), with successful configurations at λk+1 being stored. These simulations

are called shooting simulations. The probability that a trajectory, coming from

the A-state and having just reached λk, will reach λk+1 rather than returning to

the A-state, P(λk+1|λk), can be computed from the fraction of trial runs that were

successful.

3. Repeat the previous step, this time using stored configurations at λk+1 to initialise

shooting simulations that either stop at λk+2 or λ0.

4. Repeat until λn, i.e. the B-state, is reached.
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Note that the transition paths generated with this method are branched, i.e. many paths

may start from a single configuration at λ1 or subsequent interfaces.

The rate for the transition, kAB, is computed from this equation:

kAB =
ΦA,k
hA

P(λn|λk), (2.7)

where ΦA,k is the number of times trajectories leave the A-state and reach order para-

meter value λk and hA is the total amount of time for which the trajectories were in the

A-state more recently than the B-state. λk corresponds to λ1 for flux scheme 1 and λ2

for flux scheme 2, as above.

P(λn|λk) is then computed as a product of the probabilities calculated from the

shooting simulations

P(λn|λk) = Πn−1
i=k P(λi+1|λi), (2.8)

where P(λi+1|λi) is the probability that a trajectory, coming from the A-state and having

just reached λi, will reach λi+1 rather than returning to the A-state.

FFS requires that the simulations are stochastic, as a deterministic simulation would

generate identical trajectories from a given starting configuration. In addition, it is

notable that FFS requires running each shooting simulation from λi either to λi+1 or all

the way back to λ0. In some cases, such as when there is a diffusive barrier or metastable

state between the A-state and B-state, the simulations can be very computationally

expensive because of the long times required to return to λ0. One way of working

around this is a technique known as pruning, where some proportion of trial runs

that fall back by 1 interface are terminated, and the remaining ones given a greater

statistical weight to compensate. However, this approach was found not to improve

computational efficiency significantly in the cases tested by Allen et al., [95] and we do



26 Forward flux sampling

not use it for this work.
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A-state B-state
λ0 λ1 λ2 λ3 λ4

A-state B-state
λ0 λ1 λ2

λ3

Flux scheme 2

Flux scheme 1

Figure 2.1: A schematic illustration of the FFS algorithm, as well as the difference
between the two flux schemes described in the main text. A flux simulation
started from the A-state is shown in red. In flux scheme 1, configurations
are saved and crossings are counted when the system crosses from λ0 to
λ1 (black circles at the start of the λ1 interface). Shooting simulations from
the start of λ1 are shown in blue, and shooting simulations from the start of
λ2 are shown in pink. Black circles at the start of the λ2 and λ3 interfaces
indicate shooting simulations completing successfully. In flux scheme 2,
configurations are saved and crossings counted when the system crosses
from λ1 to λ2, only if the system was in λ0 more recently than λ2.
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3 Direct simulation of the self-assembly of
a small DNA origami

In this chapter we use oxDNA1 to investigate the self-assembly of DNA origami. We do

this by attempting to simulate directly the assembly of a small model origami structure

starting from its single-stranded components. For this origami, we are able to identify

kinetic traps that hinder self-assembly as well as conditions under which we observe

complete assembly. Although computational constraints limit us to considering a small

origami design (384 base pairs rather than the usual ∼7000), this still represents by

far the largest DNA nanostructure whose self-assembly has been directly simulated.

Furthermore, we are confident that many of the insights we obtain are applicable to

full-scale origamis.

3.1 Studies of origami self-assembly

The wide ranging potential applications of DNA origami have motivated efforts to

systematically understand the self-assembly of these DNA origami objects. There have

been attempts to better understand their self-assembly through experiment. [37] In a

careful study, Sobczak et.al. [34] probed the assembly of certain 2D and 3D origami

structures, and found rapid assembly in a narrow temperature window for each struc-

ture. Further work from the same group [36] attempted to quantify folding quality in

origami assembly, by binding fluorescent markers to any single-stranded regions of

1For the study of origami self-assembly in this Chapter and in Chapter 4, we use the original oxDNA
model, rather oxDNA2, the improved version introduced in Chapter 5. This is not particularly con-
sequential as the improvements introduced with oxDNA2 are not relevant for these studies of origami
self-assembly.
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the scaffold strand. Similarly, Ke and coworkers [35] examined the effect of staple-break

positioning on assembly and found that the yield could be very sensitive to this aspect

of the design. Very recently, Dunn et al. designed a “dimer” origami that had mul-

tiple fully-bonded states, and thus allowed folding pathways to be inferred from the

assembly products. [38] The experimental work was complemented with a domain-level

kinetic model (which extended and improved upon previous such models [38;51]) whose

predictions were in good agreement with the experimental results, implying that the

model predicted a realistic set of folding pathways.

In Ref. 96, Cademartiri and Bishop provided an interesting classification scheme that

divides self-assembly into two types, namely a “puzzle” limit in which the assembly

materials are separate units, each carrying information about where they should fit in

the final structure through specific interactions (e.g. “DNA bricks” [4]); and a “polymer”

limit in which a polymer made of a limited number of repeating units folds up, with the

topology of the polymer and weak, non-specific interactions between the polymer units

determining the final structure (e.g. protein folding). DNA origami self-assembly can

be regarded as a mixture of the two, with a long scaffold strand, akin to the polymer

limit, which folds by the binding of many short staple strands to specific domains of

the scaffold, similar to the puzzle limit. Despite the research efforts described earlier,

important open questions remain regarding this mixed-type assembly. In particular, it

is not clear whether the assembly is a “nucleated” process (i.e. one with a free-energy

barrier), nor how and why certain changes to the origami design lead to different

assembly yields.

Simulations can potentially provide insight into the self-assembly process through

visualization of the assembly mechanism in a way not possible in experiment. However,
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all-atom approaches are ruled out as the time and length scales relevant for origami

self-assembly are far beyond those that can realistically be achieved with today’s com-

puters. [49] A potential way forward is provided by coarse-grained DNA models, as

their simplified representations of DNA allow access to much longer time and length

scales. In order to be useful, such models must capture the physics of DNA relevant to

the assembly while still being simple enough to permit efficient computation.

The oxDNA model satisfies both of these requirements. Importantly for this study,

it captures the biophysics of DNA likely to be relevant for origami self-assembly, such

as hybridization, [70] displacement, [75;83] and the conformational properties of single-

stranded DNA. [66] Furthermore, with the GPU version of the code implementing

oxDNA it is possible to efficiently simulate systems consisting of thousands of nucle-

otides.

3.2 System and model

The parameterisation of the oxDNA model we use here is an “average-base” one in

which the strength of the stacking and Watson-Crick base-pairing interactions are

independent of the identity of the bases. We use this parameterisation, rather than

a sequence-dependent one, [97] because we are interested in the generic properties of

the self-assembly rather than the specifics of how it depends on sequence. We also

note that the model does not include the possibility of any non-Watson-Crick base

pairs. However, this should not affect our results as these interactions are unlikely to be

relevant at the high temperatures where assembly takes place. The oxDNA model is

parameterised to a salt concentration of 0.5M, which is representative of the high salt

conditions typically used for origami assembly where the electrostatic interactions are

largely screened.
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3.2.1 Simulation details and time scale estimation

To simulate origami self-assembly, we use MD coupled to an Andersen-like thermostat,

which we described in Chapter 2. Even at our level of coarse graining, the simulations

presented here are computationally very demanding: each of the runs presented re-

quired several months of computer time on a GPU. The simulation parameters used

are given in Table B.1. The initial configurations for the assembly runs were generated

by simulating the appropriate single strands in a periodic box (with artificial polyA se-

quences to prevent any base pairing) for 107 simulation steps. The assembly simulations

were run for up to 6×1010 simulation steps. In order to make simulating thousands

of nucleotides with oxDNA feasible, the algorithm was run on GPUs, devices suitable

for parallel computation of pairwise forces, giving up to a 25× speed-up over a typical

CPU.

Inferring the physical time elapsed during an assembly run simulated with an

Andersen-like thermostat is not straightforward. [82] The energy and length scales within

the model suggest a conversion from simulation time units to physical units of 3.03 ×

10−12 s per simulation time unit. However, this is likely to lead to an underestimate of

the times relevant to self-assembly because it does not take into account the reduction

in time scale separations often inherent in coarse graining, e.g. speeding up diffusion

relative to microscopic time scales. [98] In fact, the appropriate time unit conversion for

the model will likely be different for different processes.

Here, we use a conversion factor obtained by considering the rate of hybridization

of a 16-base-pair domain, as this is likely to be the important time scale for the assembly.

For the experimental figure, we use an approximate rate constant suggested by ex-

perimental measurements [99–105] for a 16-base-pair duplex of 106 M−1 s−1. We then
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compare this to a similar transition computed using oxDNA, namely the binding of the

first scaffold domain (16 base pairs long) in the self-assembly of the origami design that

we consider in Chapter 4, which is similar to the current design. Clearly, the simulated

system (one stage of an origami assembly) is somewhat different to the experimental

one (formation of a simple 16-base-pair duplex), but we believe that this difference is

not too important for this very rough time scale estimation.

The simulated on-rate is 1.0× 10−10 per simulation time unit, measured at a concen-

tration of 1.0 × 10−8 M. The experimentally determined on-rate at this concentration is

106 M−1 s−1 × 10−8 M= 10−2 s−1. Thus, the unit conversion is given by

1.0 × 10−10 per simulation time unit
10−2 s−1 ≈ 10−8 s per simulation time unit. (3.1)

In this chapter we give simulation times in seconds, using this conversion.

3.2.2 The origami design

In this chapter, we study the assembly of a small, 384-base-pair origami from single

strands in solution. The design of the origami is shown in Fig. 3.1. Note that the helices

in this structure are not perfectly parallel. This is because it is favourable for the helices

to bend away from each other at the junctions, which leads to the weave pattern that is

also seen in micrographs of DNA origami structures – we will consider the origins of

this weave pattern in detail in Chapter 6. In our example the relatively small size of the

origami and the low number of constraining junctions leads to a further splaying out of

the helices, an effect which has been observed experimentally for regions of an origami

that are sparsely populated with junctions. [39]
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The scaffold strand can be divided up into 24 16-base domains (labelled 1–24 in

Fig. 3.1 starting from the 3′ end) with each staple strand binding to two of these domains.

There are twelve different staples, which can be divided into four types (Fig. 3.1). There

are two “end” (“E”) staples that bind to two consecutive domains at the two ends of

the scaffold in a single double helix. The rest have two double-helical domains, and

one staple crossing, where we use staple crossing to refer to the point at which the

staple crosses from one region of the scaffold to another, folding the scaffold into the

target shape. The non-E staples are classified as “L”, “M” and “R”, corresponding to

whether they are on the left, middle or right of the origami when oriented as in Fig. 3.1.

In this design, there are two types of four-way junction: one type involving the M and

L staples, which has two staple crossings at the junction, and the other type having just

a single staple crossing from one of the R staples.

In order to make origami self-assembly more feasible on our computational time

scales, we designed the DNA strands’ sequences to minimize secondary-structure

formation in the single strands, as it is known that hairpins can significantly slow down

the rate of duplex formation. [74;99] One consequence of this choice is that misbonding

between scaffold and staple strands is somewhat more likely than for random sequences.

All the sequences are given in Table B.2 in the appendix.

In this chapter we consider assembly under two different concentration ratios

between the staples and scaffold: firstly, we consider a system with a large excess

of staples (namely 17-fold) and secondly, a system with a stoichiometric mixture (i.e.

only one copy of every staple in our simulation).

In our simulations, we consider the assembly of a single origami, i.e. we have only

one scaffold strand in our simulation box. We use a scaffold strand concentration of
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Figure 3.1: The complete origami, adsorbed onto a surface to help visualization.
The 384-base scaffold strand is blue (with the 5′ nucleotide gold), while each
of the twelve 32-base staple strands are depicted in a unique colour, in a
colour scheme which is maintained throughout this chapter. The scaffold is
divided up into 24 binding domains, and the staples are labelled according
to their type, “E”, “R”, “M” and “L”, based on their general position in the
complete origami structure.
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7.7 µM, and staple strand concentrations of 7.7 µM and 130.9 µM for the stoichiometric

and excess-staple system, respectively. These conditions correspond to an approxim-

ately 1000× higher concentration than typical experimental concentrations (for example,

Dietz and coworkers [9] used a scaffold strand concentration of 20 nM to assemble 3D

origamis). Without such a high strand concentration it would not be feasible to observe

self-assembly in our simulations, as almost all the simulation time would be spent

waiting for each of the staple strands to find their scaffold domains by diffusing around

an enormous simulation box. Fig. 3.2 shows typical configurations at the beginning of

an excess-staple assembly simulation and a stoichiometric assembly simulation.

It is likely that there is a relatively narrow temperature window for optimal assembly,

as evidenced in recent experiments. [34] If the temperature is too low secondary structure

in the staples and scaffold can occur, as well as misbonding (that is, Watson-Crick base

pairing between bases that are not paired in the target structure) between staples

and scaffold. Both these effects may result in kinetic traps which will slow down

or even prevent correct assembly. The window will be bounded from above by the

melting temperature of the origami, but even below this temperature assembly may

be hampered by large nucleation free-energy barriers, a slower attachment rate and an

increased rate of melting for partially or fully bound staples.

These latter effects are particularly problematic for the direct simulation of origami

assembly. In practice, it may only be possible to see assembly in our simulations on

reasonable time scales when the correct binding of a staple to a domain is relatively

irreversible, placing our simulations of assembly at the lower end of (or perhaps below,

where kinetic trapping is relevant) this optimal temperature window. An important

reference temperature in this regard is the oxDNA melting temperature for a single
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(a) (b)

Figure 3.2: Snapshots from the beginning of an assembly simulation for (a) the
excess-staple assembly and (b) the stoichiometric assembly. The box shows
the location of the periodic boundaries. The high concentration of DNA
strands can clearly be seen, especially for the excess-staple assembly.

16-base-pair duplex (T16mer = 66 ∘C and 72 ∘C for the stoichiometric and excess-staple

assembly DNA strand concentrations, respectively) and so we generally chose to run

our simulations close to these temperatures.

To summarize the results of our self-assembly simulations we use kymographs,

such as the one illustrated in Fig. 3.3, which show the state of each of the 24 scaffold

domains as a function of time. We designate each base pair between each domain

and any staples that have fully or partially bound to it as belonging to one of three

categories: (i) native (without blocking), indicating a native base pair, i.e. one which is

present in the target structure, in the absence of any blocking (see below) (ii) misbonded,

indicating a non-native base pair, i.e. one which is not present in the target structure,

and (iii) native (with blocking), indicating a native base pair, but one where rather than

one staple strand binding to both its scaffold domains, two copies of the same staple

strand each bind to only one of the scaffold domains, preventing either of them from

reaching their correct fully-bound state until one of them melts away or is displaced.

This blocking effect is described in further detail below. Note that it is possible for a
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scaffold domain to simultaneously experience misbonding and partial native bonding

(either blocked or not blocked).

3.3 Assembly with a large staple excess: 65 ∘C

A kymograph for an assembly with an excess of staples and at a temperature of 65 ∘C

is shown in Fig. 3.3. Of the four assembly runs simulated under these conditions, this

one had the most correctly bound domains by the end of the simulation, and we will

focus our discussion on this run. Kymographs from the other three simulation runs are

shown in Fig. 3.4. From Fig. 3.3 it is clear that most of the origami is able to assemble

correctly, with 20 of the 24 scaffold domains correctly bound at the end of the simulation

(see Fig. 3.5 for a simulation snapshot). There are a number of important features about

the nature of the origami self-assembly that can be gleaned from Fig. 3.3.

3.3.1 Local features of staple binding

Although correct binding of a staple to its corresponding domain on the scaffold is a

rare event — the two have first to diffuse close enough to interact — when it does occur

it does so relatively rapidly, as seen by the step-like increases in the number of native

bonds in a domain from zero to approximately 16. Thus, even at the relatively high

concentrations we consider, there is a clear separation between the intermolecular time

scales associated with strand diffusion and the intramolecular time scales associated

with going from the formation of an initial contact to complete binding of a domain.

This behaviour is what we expect based on prior studies of hybridization in oxDNA. [71]

In addition, correct binding of a 16-base-pair region is effectively irreversible at this

temperature on our time scales.
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Figure 3.3: A kymograph at 65 ∘C for a single assembly simulation with a 17×
excess of staples, starting in an unbonded configuration. Each row shows
the state of a domain of the scaffold strand as a function of time. The top
half of each row is either white, red or green. Red and green both indicate
native base pairing (i.e. the presence of base pairs which are also found in
the target structure) in that domain. Red indicates that the staple bound
to that domain is blocked by another staple (see main text), while green
indicates that it is not. White indicates no native base pairing. The bottom
half of each row is either white or blue, with blue indicating misbonding
(i.e. the presence of base pairs which are not found in the target structure)
and white indicating no misbonding. In all cases, the intensity of the colour
corresponds to the fraction of base pairs within the domain which are in
that state. On the right, the curly arrows show the binding pattern of the
staple strands, with the arrow head showing where the 5′ end of the staple
binds.
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Figure 3.4: Kymographs for the three further simulations at 65 ∘C with a 17× excess
of staples.
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Figure 3.5: A snapshot from the end of the excess-staple 65 ∘C assembly whose
kymograph is shown in Fig. 3.3. The base sites are coloured according to
the classification of their base pairing (while the rest of the nucleotide is
coloured according to its strand). Unpaired base sites are white, natively-
bonded, unblocked base sites are green, misbonded base sites are yellow,
and blocked base sites are red.
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3.3.2 Global features of origami self-assembly

Firstly, assembly occurs in a relatively parallel manner. In particular, the assembly

that is happening in distant sections of the scaffold is relatively independent, as can

be seen from the absence of obvious long-range cooperativity in the kymographs for

the different assembly runs at 65 ∘C (Fig. 3.3 and 3.4). This is to be expected given the

small number of crossovers in our relatively simple origami design, meaning that the

formation of each domain (along with any associated crossovers) only affects other

domains that are close to it. Furthermore, the kymographs also suggest that there is no

set order in which the staples bind, although this may partly reflect the relatively low

temperatures we have chosen. In particular, the initial binding of each staple appears

unaffected by both the nearby and distant state of the partially formed origami.

Secondly, there are some signs of cooperativity in the binding of a staple to the

second of its scaffold domains, i.e. the binding of the second domain is not necessarily

independent of which adjacent domains are occupied by other staples. Generally,

binding the second staple domain can be relatively slow because the relevant parts of

the staple-scaffold complex have to diffuse close enough to allow binding. For example,

in Fig. 3.3 a staple correctly binds to scaffold domain 22 after around 0.1 s, but only

manages to bind to scaffold domain 21 after a further 0.15 s. Note that these time scales

would be better separated for the lower concentrations typical of experimental origami

assembly; at these concentrations the binding of the first domain would be much slower

while the rate of binding for the second domain would be unchanged. [106] We will see

this with simulations of oxDNA at experimental strand concentrations in Chapter 4.

For the four scaffold domains adjacent to each of the double-crossover junctions

(which are bound by an L staple and an M staple), we see a much faster binding of the
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fourth domain than is typical for an equivalent binding elsewhere in the assembly. This

is likely to be because the scaffold strand is constrained by the first three domains to

be in a geometry that makes binding of the fourth domain relatively easy. This can be

seen separately for scaffold domains 5–8 and 17–20 in the kymograph in Fig. 3.3, and

simulation snapshots illustrate the process for scaffold domains 17–20 in Fig. 3.6.

3.4 Barriers to complete assembly

(i) Misbonding. The misbonding observed for the assembly simulations can be divided

into two types, the first of which is not much of a hindrance to assembly and the second

of which is more disruptive. Firstly, it is possible for a staple strand to bind to the

scaffold purely by misbonding. This behaviour can be seen in the kymograph in Fig. 3.3

as the short stretches of blue scattered throughout the graph. Such events are common

in the initial stages of the simulation when most of the scaffold is still available for

binding. However, these misbonded configurations only persist for a relatively short

amount of time before melting away and, during the time they are present, the number

of base pairs fluctuates a lot as the duplexes fray and reform. For these reasons, they

offer little resistance to correct assembly of the origami at this temperature.

The second type of misbonding can occur when a staple is correctly bound to one

of its scaffold domains. It is then sometimes favourable to extend the double helix

beyond the end of this domain as it may be able to form some base pairs with the next

domain (for example, see Fig. 3.7(a)). This type of misbonding is more persistent (see

scaffold domains 6 and 8 in Fig. 3.3), because the strands involved are unlikely to detach

from the scaffold due to their correctly bound domain, and is thus potentially more

detrimental to the assembly.
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Figure 3.6: Cooperative binding of a staple to form a double crossover. Only
domains 17-20 of the scaffold are depicted. The partially bound grey staple
is in a favourable configuration to bind to scaffold domain 20 because of the
correctly bound yellow staple.

This persistent misbonding can interfere with origami assembly in two ways. Firstly,

it will be harder for the misbonding scaffold domain to be bound by the correct staple,

because the domain is partially blocked by the misbonding staple. Note that this is not

too much of a hindrance, because the correct staple still has the possibility of beginning

to bind to some of the free scaffold bases, after which it will potentially be able to

displace the misbonded staple. For example, in Fig. 3.3, the correct staple is able to

bind to domain 8 at around 0.11 s despite the misbonding in domain 8 due to the staple

bound to domain 9, as illustrated in Fig. 3.7(a) and Fig. 3.7(b) (although in this case it

happens to melt later in the simulation, probably partly due to misbonding from the

domain 9 staple).

Secondly, persistent misbonding makes it harder for the strand that is misbonded to

find its own correct second scaffold domain. Again, this only slows down rather than

stops assembly, because there is still some of the staple unbound and available (this

amount can fluctuate considerably) to bind to the correct domain, although clearly the
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misbonding will often impose severe geometrical constraints on the staple bases that

remain free. For example, in Fig. 3.3, the staple correctly bound to domain 5 misbonds

with domain 6, but is still able to bind later to domain 8. Relevant simulation snapshots

are shown in Fig. 3.7(e) and Fig. 3.7(f).

We should note both that, as mentioned earlier, the sequence we have used makes

misbonding more likely than for a random sequence, and that oxDNA tends to overes-

timate the thermodynamic stability of misbonded states somewhat. [66] Therefore, we

expect that misbonding is less likely to be a problem for real DNA at an equivalent

temperature. Nevertheless, in both simulation and experiment, as the temperature is

decreased the misbonding that occurs is expected to become more persistent, until at

sufficiently low temperature it can be effectively irreversible, and hence prevent com-

plete assembly. This will be explored more when considering stoichiometric assembly,

where we have performed simulations at lower temperatures.

(ii) Blocking. The major obstacle to complete assembly of the origami in our simu-

lations is what we have termed “blocking”. This denotes the case where two copies

of the same staple each bind to one of the two scaffold domains for that staple, thus

preventing either copy from reaching its fully-bound state. An example configuration

for such a state is shown in Fig. 3.7(e). These blocking states are long-lived on our

simulation time scales and at 65 ∘C we have never observed a blocked configuration

involving two R staples being resolved.

These blocking events will be most prevalent when the time scale for the intramolecu-

lar process of a staple binding to its second scaffold domain is of the same order as

that for the intermolecular process of a staple initially binding to the scaffold. In the

examples of blocking that we have observed, misbinding often plays a role in hindering
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Figure 3.7: A series of snapshots from the trajectory corresponding to the kymo-
graph in Fig. 3.3 illustrating misbonding and blocking. Only the scaffold
domains 5–10, and any staples with at least one base pair with those scaffold
domains, are depicted. Note that some staple domains are bound to a scaf-
fold domain that is not shown. The base sites are coloured white if unpaired,
green if natively-bonded and unblocked, yellow if misbonded and red if
blocked. (a) An extract from the kymograph in Fig. 3.3 is shown, with letters
along the top showing where the snapshots appear in the kymograph. (b)
A staple is natively bound to domain 9 and partially misbonded to domain
8. (c) A correct staple comes in to bind to domain 8, although there is still
some misbonding in domain 8 due to the domain 9 staple. (d) Before the
domain 8 staple can complete its binding by binding to domain 5, a second
copy of the same staple binds to domain 5, as well as partially misbonding
to domain 6. (e) The original staple, which bound to domain 8, melts off,
partly due to the domain 9 staple misbonding with domain 8. The domain 5
staple is now no longer blocked. (f) A copy of the domain 9 staple comes
in and binds to domain 10, blocking the domain 9 staple. (g) A new staple
comes in and binds to domains 6 and 7, while the domain 5 staple binds to
domain 8, finishing its binding. Although domains 5–8 are correctly bound,
the blocking in domains 9 and 10 remains.
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the binding of a staple to its second scaffold domain. This could either be because

the staple’s second domain is itself involved in misbonding (for example, see the ky-

mograph in Fig. 3.3 and the snapshots shown in Fig. 3.7, where a staple is correctly

bound to scaffold domain 9 and misbonds to scaffold domain 8, eventually allowing

a second staple to come into scaffold domain 10 and block the original staple) or be-

cause the second scaffold domain required for complete binding is partially blocked by

misbonding by a different staple.

We performed four simulation runs in total at this temperature (65 ∘C) – kymographs

for the other runs are shown in Fig. 3.4, and show similar patterns of behaviour. In all

four runs blocking prevents complete assembly, with the run described above getting

closest to completion. At the end of the simulations, the other three runs had 10, 18 and

18 correctly bound domains, with 10, 4 and 4 domains blocked, respectively, compared

to 20 correctly bound domains and 2 blocked domains for the simulation run described

above. Longer simulations confirm that the blocking involving R strands is effectively

irreversible on our time scales at this temperature.

3.4.1 Recovering from blocking

Conceptually, the most straightforward way for the partial assembly to recover from

blocking is by one of the blocking staples melting away from the scaffold. However,

this is rare at 65 ∘C, because we have chosen to work in the “downhill” temperature

regime, i.e. where the binding of every staple domain is downhill in free energy (as

mentioned earlier, observing assembly in simulations at higher temperatures is less

tractable because of the reduced binding rates and increased detachment rates). At

higher temperatures, this mechanism is likely to be more important, for example where

a staple is only stable when its second domain has bound. Blocking is likely to be less of
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a problem at these temperatures, and in particular at the temperature where a complete

origami first becomes stable on annealing.

A potentially easier way to recover from blocking at 65 ∘C is through one blocking

staple displacing the other. The displacing staple cannot form a continuous helix when

initiating this displacement. In this sense, it is a “remote-toehold” displacement. [107]

The likelihood of this form of displacement will in part depend on any geometrical

constraints stemming from the rest of the origami structure. For example, for blocks

involving the M (or L) staples, if the adjacent L (or M) staple is correctly bound then the

crossover will bring the unbound domains of the blocking staple strands in a favourable

position to initiate displacement (e.g. Fig. 3.6 shows a fully bound L staple creating a

more favourable geometry for the neighbouring M staple).

By contrast, for blocks involving R staples, the rest of the origami provides no

such constraints, as in our small origami the R staples form single crossovers (Fig. 3.1).

Instead the most likely configuration is one where there is coaxial stacking between the

bound ends of the staples, so that the unbound domains are as far away as possible

from each other. In this case, coaxial stacking refers to stacking between the adjacent

ends of two staples. An example of this is seen for domains 9 and 10 in Fig. 3.7(f).

Finally, misbonding of the blocking staples to other scaffold domains will again make

displacement less likely.

The melting of one of the blocking strands can be assisted by misbonding from an

another staple with a free domain. A possible example of this can be seen in Fig. 3.3,

where the staple natively bonded to scaffold domain 9 competes for base pairs in scaf-

fold domain 8 with a blocking staple from about 0.1 s to about 0.17 s, after which the

blocking staple falls off. This is illustrated with simulation snapshots in Fig. 3.7(c) and
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Fig. 3.7(d). By forming some misbonds with the scaffold domain, the misbonding strand

can partially compensate for the lost base pairs on melting the blocking strand, in a

process somewhat analogous to strand displacement. Although this kind of blocking

resolution involves a reduction in base pairing, it is geometrically easier than displace-

ment by the other blocking strand because the misbonding strand is adjacent (along the

scaffold strand) to the domain to which it misbonds.

The majority of the blocking that we observe involves the R staples, and at 65 ∘C

seems to be effectively irreversible. By contrast, blocking involving the M or L staples

is more transient. Note that, while L and R staples can enhance M staple melting by

misbonding, and M staples can do the same for L staples, R staples cannot be subject to

any such effect. This is because the free ends belonging to the staple strands adjacent

to the R staples are too far from the R staples’ domains, a consequence of the single

crossover that the R staple forms.

In fact, we have never seen blocking involving M (L) staples when the adjacent L

(M) staple is fully bound. There are a number of factors that potentially contribute

to this behaviour: (i) As discussed above, if a fully bound L (M) staple is already in

place, an adjacent M (L) staple that subsequently binds its first domain will rapidly

bind its second, leaving little opportunity for a blocking strand to bind. (ii) If a blocking

pair of L (M) staples are in place, binding of the second domain of an adjacent M(L)

staple may be hindered by misbonding from the free end of one of the blocking strands.

(iii) In the above situation, the cost of forming the junction when binding the second

domain will also be increased somewhat due to the presence of the single-stranded tails

of the blocking strands. The tails may have to break stacking at the junction and will

have reduced conformational entropy due to steric constraints caused by the presence
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of other nearby strands (a somewhat similar free-energy penalty has been found for

initiating displacement because the displacement generates a second single-stranded

tail [75]). Interestingly, in separate simulations of an origami with a blocking pair of L (M)

staples and an adjacent fully bound M (L) staple not only did we find that sometimes

one of the blocking strands would displace the other, but that sometimes the fully

bound staple would melt off.

3.4.2 Blocking in real origami self-assembly

Clearly, the relatively high concentrations that we are using play a role in the frequency

of these blocking events, as they increase the rate of intermolecular binding without

affecting intramolecular binding. However, although experimental origamis are typic-

ally assembled at much lower concentrations, there are strong reasons to suggest that

blocking might still be a hindrance for assembly. Firstly, a full-size origami has many

more staples, and a small number of key staples failing to fully bind due to blocking

could be highly detrimental. Secondly, the longer scaffold strand and potentially mul-

tiple scaffold domains per staple strand will increase the time scale for intramolecular

binding compared to our simple design, boosting the chance of staple blocks occurring.

The longer scaffold strand leads to designs which often involve staples with domains

that are much further apart along the scaffold strand than for our design, so that com-

pleting the binding of each staple can take much longer. Meanwhile, when staples

that bind to three or more scaffold domains are used it is possible for the domains

at the two ends of the staples to bind first, in which case the binding of the middle

domain may be hindered by the absence of a free end to facilitate wrapping of the two

strands around each other. [108] Thus it may be necessary for one of the end domains to

dissociate before binding can be completed, a potentially slow process. We will think
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about such processes in more detail in Chapter 4.

Effects analogous to staple blocking have been seen in experiments with DNA

tweezers, with dimerisation between tweezers being observed. [30;109] In addition, in

the DNA walker experiments of Tomov et al., [25] increasing the fuel strand concentration

was found to decrease the stepping yield for one of the designs, even though it increased

the initial rate of stepping. Simultaneous binding of two copies of the fuel strand was

identified as the cause of this reduction in yield. For that system, the effect was observed

for fuel concentrations as low as 50 nM, while the distance between the two domains to

which a single fuel strand was intended to bind was 5-10 nm. This observation suggests

that staple blocking might be relevant at staple strand concentrations of ∼50 nM and

perhaps even lower, especially when remote domains of the scaffold must be bound by

a single staple.

We note that, while the amount of time required might be prohibitively long in

practice, displacement or melting of the blocking staples will eventually resolve the

blocking we observe. However, one or more of the blocking staples may bind to another

scaffold in the meantime, which would cause unwanted aggregates of multiple partially-

formed origamis to form. The experiments of Bae et al., [110] where origami assembly is

initiated from a scaffold strand that is both under tension and fully loaded with staples

that are only bound to a single domain, provide interesting insights into these processes.

When the tension is reduced, assembly mediated by the displacement of blocking

strands is observed, but the heterogeneity in the assembly products (as evidenced by

the wide range of extensions observed when tension is applied to the product) indicates

the possibility of persistent staple blocking. Note that the immobilization of the scaffold

strand on a surface makes aggregation unlikely in this experiment.
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3.5 Excess-staple assembly annealed at a higher temperature:
70 ∘C

We have seen that the assembly run with a large staple excess was hindered by staple

blocking, preventing complete assembly on the time scales simulated. One way to

resolve the blocks might be to increase the temperature somewhat, so that both partially-

bound staples are more likely to melt off the scaffold during the simulation, and dis-

placement is more likely due to enhanced fraying. We tested this idea by performing

some runs beginning from the end points of previous lower temperature runs (which

had been run for approximately 0.8 s), and raising the temperature to 70 ∘C.

A kymograph of one of these runs is shown in Fig. 3.8. From this graph it is clear

that, although the annealing is allowing blocks to be resolved, new blocks are also being

formed, and so overall there is no net progress towards forming a complete origami.

3.5.1 Resolution of blocking

Examples of the three possible ways of resolving blocking mentioned above are evident

in the kymograph of Fig. 3.8, with snapshots illustrating these processes shown in

Fig. 3.9.

Firstly, we see an example of blocking resolution by displacement, in this case for

an R staple, in scaffold domains 21 and 22 at around 1.3 s. The difficulty of this kind of

displacement is highlighted in the simulation snapshots in Fig. 3.9(a), where the scaffold

strand has both to break coaxial stacking and to bend quite sharply, a rare configuration,

in order for the displacement to begin.

Secondly, we see an example of blocking resolution by melting for the R staple

whose target is scaffold domains 15 and 16. At around 1.3 s the blocking staple bound
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Figure 3.8: A kymograph for the annealing at 70 ∘C of an assembly produced by a
0.8s simulation at 65 ∘C with a large staple excess.

to domain 15 melts off, and then approximately 0.05 s later the other staple binds to

domain 15, completing its binding to the scaffold (Fig. 3.9(b)).

Thirdly, an example of misbonding aiding blocking resolution occurs for scaffold

domain 8, after slightly less than 1.2 s. Here we see the loss of a blocking staple in

scaffold domain 8 at the same time as the staple bound to scaffold domain 7 misbonds

with domain 8 (Fig. 3.9(c)). It is likely that this misbonding plays a role in accelerating

the melting of the blocking staple.

3.5.2 Formation of new blocks

However, at this higher temperature we also see instances of fully bound staples becom-

ing partially unbound and then subsequently blocked. This behaviour is perhaps not

surprising, as the higher temperature will slightly destabilise correctly bound staples as

well as blocking ones.

An example of melting of a fully bound staple followed by blocking is given by the

R staple bound to domains 3 and 4. At around 2.12 s the part of the staple bound to
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Figure 3.9: Simulation snapshots and corresponding kymographs (right) showing
resolution of blocking by various mechanisms during annealing at 70 ∘C
with a large staple excess. For clarity, only the relevant section of the scaffold
is shown in each case. Note that some staple domains are bound to a scaffold
domain that is not shown. The nucleotides are coloured as in Fig. 3.5 and
Fig. 3.7. (a) Blocking resolution by displacement. The purple strand bound
to domain 22 displaces its competing blocking strand bound to domain 21,
thus achieving complete binding. The middle panel shows an intermediate
in the strand-displacement reaction. (b) Blocking resolution by melting. The
olive blocking strand bound to domain 15 melts off, making this domain
available for binding. About 0.05 s later, the orange staple binds to domain
15, completing its binding to the scaffold. (c) Blocking resolution facilitated
by misbonding. In the left panel, the olive strand (bound to domain 8)
and golden strand (bound to domain 5) are blocking each other. The gray
strand (natively bound to domain 7) is misbonding with scaffold domain
8, preventing the olive strand from fully binding to that domain. In the
right panel, the olive strand has melted off, having been unable to fully bind
to domain 8. The golden strand is now no longer blocked and is free to
bind to domain 8. Note that the brown strand (bound to domain 9) is also
misbonding with the now vacated scaffold domain 8.
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domain 4 melts off, and shortly after that a copy of the staple comes in and binds to

domain 4, forming a block.

At the start of the simulation an L staple is correctly bound to scaffold domains 12

and 13. However at around 1.3 s domain 13 melts, probably facilitated by misbonding

from the staple bound to domain 14. This allows another copy of the original staple to

bind to domain 13, thus generating a blocked configuration.

Overall, our annealing simulations at 70 ∘C with an excess of staples showed no

progress, that is, on average there are no fewer blocking staples at the end of the

simulation than there were at the beginning. In other words, the enhanced rate of

resolving blocking appears to be roughly equal to the increased rate of forming new

blocking pairs. If this really is the case, it would imply that the thermodynamically

favourable state for the system is a partially assembled origami with some blocking

strands. This may be partly due to the small simulation box and large staple excess

(equivalently, very high strand concentration). The scaffold strand gains configurational

entropy when the origami has blocks rather than being correctly bound, as an origami

with blocks has fewer junctions constraining the scaffold strand. However, the system

also loses translational entropy (equivalent to the translational entropy one of the

staples would have had if it could diffuse freely) for each blocking pair. By raising the

strand concentration, we reduce this loss of translational entropy (without significantly

affecting the configurational entropy of the scaffold strand), shifting the balance in

favour of staple blocking.
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3.6 Assembly with a stoichiometric strand mixture

Having established that, for our high-concentration, large-staple-excess simulations,

staple strand blocking prevents completed assembly, at least on the time scales ac-

cessible to us through simulation, the obvious question is how we can we get around

this problem. We have seen above that simply annealing such assemblies at higher

temperature is not enough.

One approach would be to lower the staple concentration to something comparable

to the concentrations used in experiment. This would have two positive effects: (i) it

would increase the translational entropy penalty for blocking, and (ii) it would lead

to a greater separation between the time scales for a staple binding its second domain

and the initial binding of a staple to the scaffold, thus making it more likely that each

staple would fully bind before it could be blocked by a second staple. It is not feasible

to observe assembly with our direct simulations under these concentrations, as the

vast majority of the computational effort would be spent simulating strands diffusing

around the box. However, it is possible to probe assembly at these concentrations using

rare events simulation methods, an option we explore in Chapter 4.

We take an alternative approach here: while keeping the same simulation box

size, we simulate a stoichiometric assembly, with only one copy of each staple in the

simulation box. The design of the origami remains unchanged. Fig. 3.10 shows example

kymographs for simulations at 50 ∘C, 55 ∘C and 60 ∘C, while Fig. 3.11 shows examples

at 65 ∘C and 70 ∘C.
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(a)

(b)
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Figure 3.10: Kymographs for stoichiometric assembly simulations at (a) 50 ∘C, (b)
55 ∘C and (c) 60 ∘C.
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(a)

(b)

Figure 3.11: Kymographs for stoichiometric assembly simulations at (a) 65 ∘C and
(b) 70 ∘C.
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3.6.1 General features

The features of the stoichiometric assembly are in some ways very similar to those of the

excess-staple assembly. The staples can bind more or less in parallel, misbonding is still

evident, and the time scales for intra- and inter-molecular binding are still comparable,

even though binding the first staple domain is now significantly slower due to the lower

staple concentration (fortunately the lower number of nucleotides in the simulation

box means that each simulation step is cheaper, so that simulating the assembly is still

feasible). As with the excess-staple assembly, binding the second staple domain can be

slow, especially at 50 ∘C where there is a lot of misbonding, and in the absence of staples

bound to nearby scaffold domains which might help to provide a favourable scaffold

geometry (cooperativity in forming the fourth domain around a four-way junction with

two crossovers is still very clear).

However, by design the most detrimental effect for our assembly simulations, staple

blocking, is no longer possible. As a result, a complete assembly was achieved, at 60 ∘C.

The kymograph for this simulation is shown in Fig. 3.10(c) and snapshots illustrating

this pathway are shown in Fig. 3.12. Note that this trajectory was the only one to reach

completion of the four simulations run at 60 ∘C, all of which ran for roughly the same

length of time (2.8 s). However, it seems very likely that the others would have also

completed their assembly relatively easily if given more time as there are no obvious

kinetic traps.

3.6.2 Optimal assembly window

As expected, we find that there is an optimal temperature window for the stoichiometric

assembly on our simulation time scales. Misbonding is observed more frequently at
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lower temperatures, as can clearly be seen from the regions of blue in Fig. 3.10(a). The

misbonding hinders the assembly, because it makes it harder for both the correct staple

to bind and for the staple involved in misbonding to bind to its correct domains. On

the other hand, at higher temperatures (see e.g. Fig. 3.11(a) and Fig. 3.11(b)) the staple

binding rate is reduced and the rate of melting correctly bound staples increases. These

competing effects lead to assembly being fastest at intermediate temperatures. For the

stoichiometric mixture, we ran simulations at 50 ∘C, 55 ∘C, 60 ∘C, 65 ∘C and 70 ∘C. We

found that not only was the only complete assembly observed at 60 ∘C, but on average

simulations at this temperature showed the largest number of correctly bound domains

for any given simulation time.

3.7 Conclusions

The work presented in this chapter represents a significant milestone in the simulation

of DNA nanotechnology: we have simulated the complete assembly of by far the largest

DNA nanostructure ever studied using a nucleotide-level, continuous-space model. In

the course of our investigations we have identified a number of interesting features of

origami self-assembly.

We have identified staple blocking as the biggest barrier to assembly for our system.

It is important to note that our assembly is atypical in two ways: the strand concentra-

tion is roughly 1000× larger than for a typical assembly, and the origami structure is

roughly 20× smaller than a typical origami. The very high concentration will make

blocking more likely, as it increases the binding rate of each staple’s initial domain

without affecting the binding rate for its second domain. Additionally, in order to see

assembly on reasonable computational time scales, we had to work at a temperature

where the binding of any staple to any scaffold domain is free-energetically downhill,
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3.12: Snapshots along the pathway to complete assembly for the trajectory
of Fig. 3.10(c). The completely assembled origami is shown in (i) – note
that due to the small number of crossovers the structure is not very well
constrained and so looks quite disordered compared to the snapshot shown
in Fig. 3.1, where the origami is shown adsorbed onto a surface. The
scaffold strand is shown in blue and staple strands are shown in other
colours. Unpaired base sites are white, natively-bonded base sites are
green, and misbonded base sites are yellow. Only staple strands with
at least one base pair formed with the scaffold are shown. Cadnano [111]-
style schematics are shown, illustrating the assembly progress, with ovals
highlighting the most recently bound scaffold domain.
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thus helping to stabilize the blocked state.

Nevertheless, there are several factors which suggest that staple blocking might also

be important for experimental origami self-assembly. They are all related to the fact that

experimental origamis are typically much larger and more complex than the simple

design we have simulated. Firstly, in our design, a partially bound staple must only

bind to one more scaffold domain, and that domain will not be too far away from the

first, so that it is not too difficult for a staple to complete its binding. On the other hand

a typical origami design, which is much larger and more complicated, will imply a

much slower binding completion rate for each staple, leaving a much larger window of

opportunity for a competing staple to bind to the scaffold in the mean time. In addition,

a typical origami will need to incorporate many more staple strands, so that even a

low probability of a given staple becoming blocked could lead to the blocking of a

significant number of staples. Finally, staples which bind particularly distant stretches

of the scaffold together are the most likely to be hindered by staple blocking, and are

also likely to be the most vital for the proper folding of the origami.

Therefore, it seems reasonable to conclude that staple blocking may be an important

obstacle to assembly for some designs, and certainly for unusually high strand concen-

trations. As noted earlier, experimental results for a DNA walker [25] show an effect

analogous to blocking occurring at strand concentrations as low as 50 nM.

We emphasise that, whereas in our simulations a partially formed origami with a

few staple blocks appeared to be the thermodynamic equilibrium near to the melting

point, this will almost certainly not be the case at the low strand concentrations typical of

experiment (∼10 nM). In a low-concentration assembly, any blocking staples that bind

will be slowly replaced by correct binding, as long as the assembly is cooled sufficiently
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slowly to allow this to happen. We can see this from the very large free-energy penalty

suffered from a blocking pair of staples (compared to a single fully bound staple), due

to the loss of translational entropy of one of the staples. Thus it should be possible

to overcome staple blocking with sufficiently slow annealing. However, if the system

is cooled too quickly, or deliberately quenched to a lower temperature as in Ref. 34,

blocking is one of the likely mechanisms preventing robust assembly of the target

structure, and may lead to aggregation.

Ke and coworkers [35] found that positioning staple breaks so that each staple had a

long (14-base-pair) middle domain and many shorter domains permitted high yields,

while positioning the longest domains at the ends of the strands or having equal lengths

for all domains led to little or no successful assembly. It is interesting to note that

the success of the high-yield strategy is consistent with our findings regarding staple

blocking. For an annealed assembly with staples with long middle domains (the high-

yield strategy), we would expect each staple to experience the following (and therefore

avoid being blocked): (i) initially, in a certain temperature window one copy of the staple

is able to bind its long domain, leaving only shorter domains available for competing

copies, so that any competing copies which happen to bind will quickly melt off (ii)

either at that temperature or as the temperature is lowered further, this partially bound

staple will be able to bind to the other, shorter scaffold domains before any copies can

come in and block it.

In general the assembly we have studied is relatively parallel in nature – that is,

assembly in distant parts of the structure occurs relatively independently, with no set

order in which the staples bind. This is again probably in part due to the necessity of

simulating the assembly at a temperature where binding of a staple to any scaffold
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domain is stable, in order to make assembly computationally tractable. Having said this,

there is also evidence for cooperativity between staples in certain cases, which occurs

when staples bring together distant parts of the scaffold strand, enhancing the geometry

for other staples to bind their second domains. This inter-staple cooperativity, which

has been incorporated in theoretical studies of origami assembly, [106] is particularly

evident in the case of the four-way junction formed by the L and M staples.

For a typical experimental design, which will be larger and potentially more complex

than our simple origami, there is a greater potential for cooperativity, as (i) a partially

bound staple can have more neighbouring staples than for our design, which can lead to

an even more constrained, and so more favourable, local scaffold geometry, (ii) scaffold

domains which are to be connected by a single staple may be separated by a much

greater distance along the scaffold strand than for our small origami design, so that

larger gains are made by constraining the scaffold geometry, and (iii) on annealing

in experiment assembly is likely to first occur when there is a nucleation barrier to

assembly, and where it is more favourable to first bind staples that involve less loss in

scaffold entropy. This enhanced cooperativity suggests the possibility of there being

nucleation sites in partially assembled origamis, where closing one staple accelerates

the closing of the neighbouring staple, which on closing aids its neighbour, and so on.

In addition, we expect a clear intra-staple cooperativity effect at experimental strand

concentrations, which we confirm by simulating origami assembly at these concentra-

tions in Chapter 4. Although in the simulations presented in this chapter the time scales

for binding the first staple domain are similar to those of binding the second staple

domain, this is not the case at experimental concentrations, which greatly reduce the

rate of binding the first staple domain while leaving the rate of binding the second
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domain unchanged. Thus, once a staple has bound its first domain to the scaffold, the

second domain will bind relatively very fast for the origami we have considered.

Optimal temperature windows for origami assembly have been identified in experi-

ment. [34] We see similar features in our simulations. At lower temperatures, misbonding

is more prevalent, which hinders correct binding. For the more complex designs typical

of experiment, it is likely that this effect will be even more pronounced, as there is more

opportunity for misbonding to cause kinetic traps if the assembly is cooled too rapidly.

Meanwhile, at high temperatures staples form native base pairs with the scaffold more

slowly, and staples that have partially or fully bound to the scaffold are more likely to

melt off.

However, in our simulations, in order to see assembly on computationally feasible

time scales, the temperature had to be sufficiently low that the native binding of a staple

to a scaffold domain was always free-energetically downhill. This condition, though,

leads to, for example, blocking being a potential kinetic trap hindering assembly. In

experiment, it is likely that assembly occurs with highest fidelity at somewhat higher

temperatures where there is a nucleation free-energy barrier to assembly that helps

prevent the formation of incorrect structures. Performing assembly simulations in this

regime is a challenge that we address in the next chapter.
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4 Simulation of the self-assembly of a small
DNA origami using forward flux sampling

In Chapter 3 we examined the assembly of a DNA origami by brute force simulations

using the oxDNA model. Such simulations are limited both to high concentrations and

to temperatures where domain binding is almost irreversible, if significant progress

with the assembly is to be observed. In this chapter we study the assembly of a similar

origami with oxDNA using the FFS rare-event simulation method [95] described in Sec-

tion 2.4. The method, which uses checkpointing to allow large free-energy barriers to

be crossed more easily, enables efficient estimation of assembly rates and efficient gen-

eration of thermodynamically representative assembly trajectories. Thus, this approach

has the potential both to consider assembly over a much wider range of conditions and

to provide more rigorous statistical information about the assembly process, rather than

a few trajectories that we hope to be typical.

4.1 The model system

The origami design used in this chapter is shown in Fig. 4.1 and is similar to that

used in Chapter 3. As with the earlier design, it consists of a 384-base scaffold with

24 domains of length 16 bp each. However, in this design there are 8 staples of 3

domains each, rather than 12 staples of 2 domains each, and the scaffold strand is

circular. We use a design with 3 domains per staple in order to permit a larger and

more varied set of possible transitions and intermediate assembly states, and we use a

circular scaffold strand to reflect the widespread usage of circular scaffold strands in
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experimental origami designs. With more crossovers, the complete origami also has a

more well-defined structure.

In Fig. 4.1, each domain is given a unique label Xny, where X can be “A”, “B”, “C”

or “D”, n ranges from 1 to 3, and y can be “a” or “b”. Each staple is uniquely defined

by its values for X and y, with n differentiating the three domains of the staple. Due to

the rotational symmetry of the origami, an Xna domain is identical to an Xnb domain

(i.e. in terms of the local geometry around the domain), except for sequence. We use

random DNA sequences for this study, which are given in the appendix in Table B.3.

Without using a rare-event method, it would be very difficult to simulate origami

assembly (or even simple duplex formation) at strand concentrations typical of exper-

imental assembly protocols (∼10 nM), because most of the simulation time would be

taken up waiting for the strands to find each other before they have the chance to bind.

This is why we used relatively high strand concentrations when studying assembly with

direct simulation in Chapter 3. However, using FFS allows us to simulate strand associ-

ation at experimental concentrations without the computational cost being prohibitively

high. Thus, we can use experimental strand concentrations for this study, allowing us

to relate any concentration-dependent effects we see in our simulations to experiment

more easily. We use a scaffold strand concentration of 10 nM and a staple strand con-

centration of 50 nM for each staple species, which are the strand concentrations used

for the experimental origami assembly protocols in Ref. 9.

We choose a temperature of 70 ∘C for the simulations, which is roughly equal to the

estimated melting temperature of the binding-unbinding transition for a single staple

strand on the scaffold. In experimental assembly protocols the temperature is typically

lowered from around 90 ∘C to room temperature over many hours. We chose to work
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Figure 4.1: The origami design chosen for the origami assembly study using FFS.
For clarity an “ideal structure” is shown, rather than a representative equi-
librium structure. Each domain is given a unique label Xny.

at 70 ∘C under the assumption that the assembly takes place at a single temperature (or

a very narrow temperature range) where staples bind to and unbind from the scaffold

relatively often, which should correspond approximately to the melting temperature

of a staple. This idea is consistent with the constant temperature assembly protocols

successfully used in Ref. 34. The melting temperature for a staple was estimated as

being roughly 10 K lower than the melting temperature of an average-sequence 48-bp

duplex at a concentration of 10 nM (as given by the SantaLucia model [112]), as each

staple forms 48 base pairs with the scaffold strand, but will be less stable than a 48-bp

duplex because it must close two scaffold loops in order to hybridize all three of its

domains.

4.2 Splitting up the assembly pathway

Using the FFS algorithm requires us to define an initial and final state for the process

we want to simulate. These are commonly known as the A-state and the B-state,

respectively. Note that in general, the A-state must be a well-defined stable state. For
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our study of the origami self-assembly, the simplest choice conceptually would be to

define the A-state as the state with all staple and scaffold strands unbound, and the

B-state as the completed origami. However, this definition would be very problematic

for simulating origami assembly with oxDNA, because of the many metastable states

along the assembly pathway. These metastable states correspond to some domains on

the scaffold strand being fully bound by staple domains, and some not being bound

(as opposed to intermediate states where one or more staples are partially bound to a

scaffold domain). These are a problem because, in FFS, the accelerated sampling only

happens in the forwards direction: simulations run from intermediate points in the

assembly must be able to return to the A-state without the help of checkpointing or

any biasing, and any metastable states between the current intermediate point and the

A-state will greatly slow down the simulation of these processes.

To avoid this problem, we split the assembly into separate FFS calculations from one

metastable state to the next, as shown in Fig. 4.2. From now on we will refer to these

metastable states, plus the initial and final state of the assembly, as “assembly states.”

Although this splitting up of the assembly necessitates many FFS calculations in order

to fully sample the assembly, each of these calculations is tractable.

We noted above that in FFS the A-state must be a stable state – but because we

have split up the assembly as described, we must now use metastable states for our

A-states. The important condition here is that the time spent in the A-state must be

large compared to the amount of time a transition takes (i.e. the amount of time between

leaving A and arriving at B for trajectories that make it from A to B), and fortunately it

turns out that this condition is satisfied for our A-states and transitions.

We label the (meta)stable assembly states as Sn according to the number of fully
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Figure 4.2: Two possible schemes for studying origami assembly with oxDNA
using FFS. (a) shows a scheme where just one forwards and one backwards
calculation is performed. (b) shows the scheme used for this study, where the
assembly is broken into 25 “assembly states,” requiring 50 FFS calculations
in total. The assembly states are labelled Sn, and each one corresponds to
a state with exactly n domains bound, with no partially bound domains.
“fc” denotes a forwards FFS calculation, and “bc” denotes a backwards FFS
calculation.

bound staple domains n in that state, so the beginning of the assembly process, where

the scaffold is completely free of staples, is called S0, after one staple domain has bound

the partially formed origami is in assembly state S1, and so on.

In most cases, each assembly state Sn has a very large number of possible combina-

tions of bound scaffold domains. For example, for S8 there are there are 735 471 possible

combinations of bound domains. We might try to reduce this number by assuming that

each staple fully binds before the next one binds to the scaffold, so that each assembly

state has between 0 and 8 fully bound staples and up to 1 partially bound staple. It

turns out that this almost always holds in our simulations. In addition, we can use the

symmetry of the origami under rotations of 180 ∘ in its plane, which leave it unchanged

except for sequence, to further reduce the number of combinations by one half. How-

ever, even with these simplifications there are still 252 possible combinations for S8, for
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example.1

As we cannot hope to properly sample transitions from all possible combinations

of bound domains to all others, instead we must use a subsample. The method we

used was as follows. We started by generating equilibrated configurations in the S0

assembly state, the assembly state with all scaffold domains unbound. We then ran a

FFS calculation from the S0 assembly state to the S1 assembly state. For the calculation

of the S1 to S2 transition, we chose a random subsample (with each configuration having

an equal probability of being chosen, and multiple picks of the same configuration being

permitted) of the configurations at S1 generated by the S0 to S1 FFS calculation. We

then used a subsample of the configurations generated at S2 for the calculation of the

S2 to S3 transition, and so on.

One might hope that the ensemble of configurations generated in this way at each

assembly state Sn would be representative of the ensemble of Sn substates generated

by the true dynamics of the system. However, this may not be the case both for a

fundamental and a practical reason.

To understand the fundamental reason, consider a case where S9 is the highest

free-energy metastable intermediate. In this case, for n ≥ 9 the transitions to higher

n will be free-energetically downhill, and so the ensembles for each of the assembly

states should be predominantly determined by the forwards rates, and our approach

should be a good approximation. However, one would expect assembly states Sn with

n < 9 to be in quasi-equilibrium, so that the appropriate ensemble of configurations for

each of these states should reflect both the forwards and backwards rates into and out

of a state, whereas in our scheme the Sn population is just governed by the forwards

1Details of how the number of combinations are calculated are given in Appendix B.3.2.
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rates. If the backwards rates were all equal, this would not be a problem. Indeed, for

origamis, one possible reason for the different stability of substates within a particular

assembly state Sn is differences in scaffold entropy, with bound domains that bring

more distant parts of the scaffold together involving a greater loss of entropy. These

differences would be expected to be mainly evident in the forwards rates rather than the

backwards rates, because the transition state already has the first few base pairs formed.

However, we know from previous studies that differences in stability can sometimes be

more apparent in the backwards rates, e.g. for the dynamics of hybridization between

strands that can form hairpins. [74;99]

This picture of a free-energy barrier to assembly is supported by experimental

studies [34;113] that have shown significant hysteresis between origami assembly and

melting, despite the relatively slow heating and cooling ramps used. These results imply

that there are significant free-energy barriers to origami assembly at the equilibrium

origami melting temperature, and only once the system is supercooled (in the case of

assembly) or superheated (in the case of melting) is the barrier sufficiently small for

that process to occur.

The practical reason that the Sn ensembles we generate might not be representative

of the real dynamics is simply that there are so many possible states that, without

extremely extensive sampling, it is likely that the dominant substates will be determined

by which of the transitions happen to have been more sampled, rather than those that

are the part of the fastest pathways for the state space. This is probably the greater

limitation for this study.

Thus, any computation of the overall rate based on the scheme in Fig. 4.2(b) will

have a hard-to-quantify error associated with the approximate character of our Sn en-
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sembles. Furthermore, the dominant pathways through our ensembles of states should

be interpreted with caution. However, this is not disastrous, as we can still compute

rates and reactive trajectories from the individual substates of Sn to the assembly state

Sm. For example, for our S1 to S2 calculation, we can compute the rate and trajector-

ies for the transition from the substate with A1a domain bound to the assembly state

with two domains bound, and so on. This in itself can provide us with a wealth of

information.

We ran the FFS flux and shooting runs by simulating the oxDNA model with a

MD algorithm. We use the same time unit conversion factor that we used in Chapter

3, 10−8 s per simulation time unit. For the forwards FFS calculations, we defined our

discrete order parameter using conditions that, early on in the process, required the

relevant staple and scaffold domains to be within a certain distance of each other, and

subsequently required a certain number of correct base pairs (i.e. base pairs present

in the target structure) to be formed. For the backwards FFS calculations we used

conditions first requiring fewer correct base pairs to be formed, and then requiring the

relevant domains to be further apart. A complete description of the order parameters

and the other simulation parameters that we used is given in Appendix B.3.3.

4.3 Results

We refer to an FFS calculation where the B-state has one more domain bound than

the A-state as a forwards calculation, and a calculation where the B-state has one fewer

domain bound than the A-state as a backwards calculation. Using a considerable amount

of computational resources, we were able to perform forwards FFS calculations from S0

to S15, and backwards FFS calculations from S3 to S0. Fig. 4.3 shows a snapshot from the

initial state of the assembly, with no staples bound to the scaffold (contrast this snapshot
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with the initial assembly state snapshots from the direct assembly simulations in Fig. 3.2,

which show a far more densely packed system), while Fig. 4.4 shows snapshots of

various other assembly states.

We emphasise that the error bars shown in the figures in this section should be

taken as very rough estimates of the uncertainty in the measurements. They show the

standard error on the mean (i.e. the value of the data point) for up to four independent

estimates from independent FFS rate calculations. We note that this estimate of the

error is necessarily rough when only up to four samples are available. For example,

if two samples are available and happen to lie close together, a very small error bar

will be drawn, greatly overstating the precision of the measurement. Separate to this

consideration is the possibility of systematic errors, which we return to at the end of the

chapter. With these points in mind, we are careful about drawing strong conclusions

from the data without evidence from another source such as separate simulations.

Details of how the data for each plot was calculated are given in Appendix B.3.5.

4.3.1 Average rates between assembly states

The average forwards rates are shown in Fig. 4.5, with each point representing an

average over all sampled transitions between the substates of the initial and final

assembly states. Almost all of the transitions had A-states with at most one partially

bound staple, shown as blue in the plot. For these points, there is a clear separation

in time scales between transitions which involve binding a new staple (S0 to S1, S3

to S4, etc.), which occur at a rate of approximately 10−3 s−1, and those which involve

binding further domains of a staple that is already partially bound (S1 to S2, S2 to S3,

etc.), which occur at a rate of approximately 1 to 10 s−1. However, the S3 to S4 rate
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Figure 4.3: A snapshot showing the entire simulation box at the beginning of the
assembly (assembly state S0). Contrast this very sparsely populated system
with the densely populated ones shown in Fig. 3.2 for the direct assembly
simulations of Chapter 3.

(a) (b)

(c) (d)

Figure 4.4: Snapshots showing the scaffold strand (blue) and any staple strands
bound to it (other colours) for assembly states (a) S1, (b) S3, (c) S9, and (d)
S15.
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calculation happened to include transitions from an S3 assembly state involving two

partially bound staples. These transitions could be completed without a new staple

coming in from the solution to bind to the scaffold; hence the rate of binding for these

transitions (green point in the plot) is much higher than for the other transitions between

substates of S3 to substates of S4.

The separation of time scales between initial staple binding and the formation of

subsequent domains originates from the qualitative difference in the processes underly-

ing these transitions. For initial binding, the staple and scaffold strands must happen to

come into close proximity with each other. By contrast, a staple that is already partially

bound to the scaffold has its remaining single-stranded domain(s) localised close to

the scaffold strand. Clearly, the rate of initial binding will be concentration dependent,

with a higher concentration increasing the rate, while the rate of binding the staple’s

subsequent domains will be concentration independent. Indeed, for the relatively high

strand concentrations used in Chapter 3 (∼ 10 µM) we found that the time scales of

initial and subsequent staple domain binding were comparable.

The time scale separation seen in this study indicates that the assembly mostly

proceeds with each staple fully binding in turn, rather than several partially bound

staples occupying the scaffold strand at once. This is also reflected in the nature of the

B-state configurations generated by the FFS calculations, which followed this pattern

in the great majority of cases, with the exception of a few configurations generated for

the S2 to S3 transition as noted above. Comparing time scales computed with a coarse-

grained model is not straightforward; [82] but as both processes require a diffusive

search for the complementary domain, albeit one process being intermolecular and

the other intramolecular, we expect this time scale separation to be robust. Therefore,
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Figure 4.5: The average forwards rates for the origami assembly computed from
FFS calculations. Error bars show the standard error on the mean calculated
from four independent FFS calculations (not applicable to the n = 0 rate).
There was at most one partially bound staple in the A-state (blue points),
except for some of the S3 to S4 transitions, for which the A-state consisted
of two partially bound staples (green point), boosting the rate.

the “blocking” events we observed in the direct assembly simulations in the previous

chapter are unlikely to be relevant for such small origamis at concentrations typical of

experiment.

For the assembly of full-size origamis of ∼7000 base pairs, however, this time scale

separation may not be so clear cut. The staple strands present in a full-size origami

may take much longer to complete their binding, for example due to difficulties with

threading [114] or with closing very large scaffold loops, while the rate of initial binding

should be unchanged. Thus, the gap in time scales may be sufficiently compressed that

there is no longer a clear separation, and so staple blocking is much more likely to be

relevant for full-size origamis.

It is tempting to read too much into the overall trend of the second and third staple
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domain binding rates, for example the fall in rate for the S13→S14 and S14→S15 trans-

itions. We have already emphasised that the error bars presented should not be taken

as rigorous estimates of the real error for each measurement, and we have noted that

not all possible transitions between all of the substates of the relevant assembly states

can be sampled using our FFS scheme. Further, the number of substates represented

at each assembly state decreased as the forwards calculations went on. For example,

the S5 to S6 transition was calculated for 11 different substates from assembly state S5,

while the S14 to S15 transition was calculated for only 3 different substates from S14,

even though many more substates exist for S14 than for S5. Taken together, this means

that the overall error may be larger than that suggested by the error bars. For these

reasons, we do not feel confident in drawing any conclusions from an apparent trend in

second and third staple domain binding rates.

The average backwards rates are shown in Fig. 4.6. The rates for all three backwards

transitions are on the order of 1 s−1, comparable to the second- and third-staple-domain

binding rates, and much faster than the first-domain binding rates (Fig. 4.5). This

indicates that the binding of the first staple is uphill in free energy for the concentrations

and temperature considered here, with the average forwards and backwards rates

giving an estimate of the effective ∆G for binding the first staple of ∼ +9kBT. Note that

the S3→S2 transition was sampled with 10 times less simulation time than the other

two assembly state transitions (and the other transitions presented in this chapter), and

hence there is a larger uncertainty associated with the rate for the transition.

As with the forwards rates, not too much should be read into the small apparent

rise in the melting rate with the number of domains bound. A very similar process to

these transitions is duplex melting, for which secondary structure formation [74;99] and
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Figure 4.6: The average backwards rates for the origami assembly computed from
FFS calculations, showing an approximately uniform rate for the three trans-
itions.

sequence [70;115] can play a significant role. For the temperature considered (70 ∘C) and

the random DNA sequences we have used, secondary structure is unlikely to play a

role, while sequence effects should be mostly eliminated for this study because we used

the average-interaction-strength version of oxDNA.

This leaves (anti-)cooperative effects between domains as factors likely to lead to

differentiated backwards rates. These might include coaxial stacking between double-

stranded domains, which is likely to somewhat stabilize the bound state and thus slow

melting, and geometric effects such as needing to thread a long tail through a small

loop (discussed in the next section). Another consideration may be how constrained the

relevant scaffold strand region is, which may affect the scaffold strand entropy gained

on breaking each base pair of the domain. This will depend on which other scaffold

domains are bound.

As we only considered melting of the first staple, we did not sample any transitions
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where inter-strand cooperativity might play a role. However, we do see one example of

intra-strand anti-cooperativity, which we will discuss in the next subsection. With the

exception of this example, we observe approximately uniform rates for the backwards

transitions between substates that we have sampled, as shown in Fig. B.1, Fig. 4.11 and

Fig. B.2.

4.3.2 Order of binding staple domains

We expect the rates we calculate for transitions between different substates for a given

initial and final assembly state to depend somewhat on the geometry involved. To

take an extreme example, it may be that some transitions are topologically forbidden,

without first melting a domain or breaking covalent bonds in the DNA backbone. In

this section we examine some of these geometric effects.

For the following analysis, we consider only the transitions for which the initial and

final assembly states contained at most one partially bound staple. This means that

staple binding is always sequential, so that each staple completes its binding before

another one binds to the scaffold.

Each staple strand has two end domains and one middle domain. One could

imagine that it would be easier for the initial binding to the scaffold strand to occur at

one of a staple’s end domains than at the middle domain, because completely binding

the domain then requires less of the staple strand to be wrapped around the scaffold

strand. Also, for duplex formation in oxDNA it has been shown that initial contact

formation is more likely to occur near to a chain’s end. [70] Here, we investigate potential

differences in behaviour between end and middle domains by splitting the forward

transitions from initial assembly states with no partially bound staples into two groups,
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one where the final configurations had a newly bound staple with an end domain

bound to the scaffold, and one where the final configurations had a newly bound staple

with a middle domain bound to the scaffold. We then calculate the average rates in

each group, giving each transition equal weight. The resulting data is shown in Fig. 4.7

and suggests that binding a staple end domain may be slightly faster than binding the

middle of the staple, although any effect is relatively small (with an average speed-up

by a factor of 2.1).

A similar analysis can be made for the transitions involving binding of the second

staple domain. In particular, we investigate whether the rate of binding the second

staple domain is faster when the first domain is in the middle of the staple or when it is

at one of the staple ends. The average rates for the two groups are compared in Fig. 4.8,

and indicate that binding the second staple domain may be faster when the initial

domain is in the middle of the staple. Plausible reasons for this speed-up are (i) both of

the staple ends have less DNA to wrap/thread than if the staple was initially bound by

its end domain, and (ii) because both of the other domains are adjacent to the bound

middle domain, thus potentially making binding easier because the complementary

scaffold domain is likely to be closer to the staple.

To explore case (i) further, we examine particular instances where a long tail is likely

to be detrimental because it must be threaded through a small loop. Such instances

will always occur (regardless of other staple species being bound to the scaffold) when

a staple binds its first domain to A2y and its second to A1y; or first C0y and then

C1y; or first D0y and then D1y; or first D2y and then D1y, where y can be either a

or b for a particular transition. The results in Fig. 4.9 show that transitions involving

threading of a long tail through a small loop are indeed noticeably slower than the other
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Figure 4.7: The average rate of binding the first domain of a staple, with the trans-
itions split into two groups: one for which the domain being bound is at the
middle of the staple (green), and one for which it is at one of the staple ends
(blue). Error bars show the standard error on the mean calculated from four
independent FFS calculations (not applicable to the n = 0 rate). The data
suggests that binding an end domain may be slightly faster than binding a
middle domain.
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Figure 4.8: The average rate of binding the second domain of a staple, with the
transitions split into two groups: one for which the first domain which
bound was at the middle of the staple (green), and one for which it was at
one of the staple ends (blue). There is a suggestion that binding the second
domain may be faster when the middle domain was the first to bind.

transitions, with an average transition requiring threading being 33× slower than the

others. Note that these results are taken from the S1 to S2 transition only – the signal

is washed out for the later transitions, possibly because the extra staples bound to the

scaffold introduce extra constraining effects on the geometry of the scaffold strand that

make comparing like with like difficult. Simulation snapshots illustrating the threading

process are shown in Fig. 4.10.

We see a suggestion of the same effect for the backwards transition S2→S1 (Fig. 4.11).

There is not much data available for the relevant transitions (one of the four independent

runs sampled one of the transitions, and the rest sampled none), but this is suggestive

in itself, because slower transitions will on average be sampled less often under the

scheme we have used. This is also consistent with a picture where threading issues are

just a kinetic effect, and so should not affect the thermodynamic stability of the fully
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Figure 4.9: The rates for the transitions from each of the substates of S1 to the
substates of S2. The x-axis labels indicate the substates that are involved in
the transition. A compressed notation is used, where, for example, A0→A01
means the A-state has A0y bound and the B-state has A0y and A1y bound.
Points in blue correspond to cases where threading through a small loop
formed by the scaffold and partially bound staple is required (see Fig. 4.10
for simulation snapshots).
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(a)

(b) (c)

(d)

(e) (f)

Figure 4.10: Simulation snapshots showing a staple strand threading a one-domain
tail through a small scaffold-staple loop to complete the binding of its
second domain. The staple strand is red and the scaffold strand is blue,
with only the two relevant domains of the scaffold strand shown. (a) The
second domain has formed most of its base pairs but is unable to complete
its binding. (b) – (d) the staple strand pushes its near end through the loop
formed by the staple and scaffold. In (e) the staple strand is completely
through, and in (f) it takes advantage of the now correct strand wrapping to
complete most of its base pairs. Note that a significant amount of fraying of
the base pairs at either end of the scaffold-staple loop is evident, especially
for (a) – (e), suggesting that this fraying may be necessary for the process
to happen.
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bound state. As expected from this picture, the size of the slow downs in the backward

and forward rates look comparable.

We examine case (ii) by grouping the transitions involving the binding of a second

staple domain into two groups: one for which the second domain to bind is adjacent

along the staple strand to the first, and one for which the two domains are at either

end of the staple. The average rates for the two groups are plotted in Fig. 4.12. We see

that adjacent staple domains do bind significantly faster than non-adjacent domains,

which, everything else being equal, implies that the staples should on average bind

their second domain more quickly when the first domain is in the middle of the staple.

Fig. 4.14 shows the average rate of binding for the final domain of a staple. Again

we split the transitions into two groups, one where the final domain to be bound is

in the middle of the staple, and one for which it is at one of the staple ends. The plot

suggests that binding a middle domain may be faster than binding an end domain. This

result may seem surprising, because it might at first sight appear that wrapping the

middle domain around the corresponding region of the scaffold is impossible without

melting one of the other staple domains to free one of the staple ends. However, it is

possible to do this in some cases, as shown in Fig. 4.13. In addition, even if the topology

of the system means that is not possible to correctly form the middle domain without

introducing some incorrect wrapping somewhere in the structure, it may be that there

is still enough geometric freedom to allow this middle domain to form sufficient base

pairs to be deemed to have reached the B-state. Although one might envisage that

the mechanism for middle domain binding is kinetically slower than wrapping of a

single-stranded tail, this putative effect may be more than compensated for by the fact

that, for the origami we are studying, the middle staple domain can be expected to be
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Figure 4.11: The rates for the transitions from each of the substates of S2 to the sub-
states of S1. A compressed notation is used, where, for example, A0→A01
means the A-state has A0y bound and the B-state has A0y and A1y bound.
Although the transition requiring the unthreading of a long staple tail
through a small loop (blue) is poorly sampled, it suggests that this un-
threading reduces the rate.
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Figure 4.12: The average rate of binding the second domain of a staple, with the
transitions split into two groups: one for which the second domain which
is bound is adjacent on the staple to the first domain (blue), and one for
which it is non-adjacent (green). The data indicates that adjacent domains
bind faster than non-adjacent ones.

close to its complementary scaffold domain most of the time when the staple ends are

bound.

4.3.3 Cooperativity between staples in binding rates

We now consider cooperativity between staples, by examining the rate at which a staple

binds its second and third domains in the presence and absence of a neighbouring

staple. As we are interested in neighbouring staples, we only consider the presence or

absence of staples in the same “row” (either “a” or “b”) in Fig. 4.1.

Note that, for the purposes of this section, we refer to a staple with domains A0a,

A1a and A2a, or with domains A0b, A1b, A2b, as an A staple, with B, C and D staples

defined in an analogous way. We also used a compressed notation for specifying

transitions between particular substates, where, for example, A0→A01 means the A-
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Figure 4.13: An illustration of a procedure for binding the middle domain of a
staple after two end domains have bound, without breaking base pairs.
The topology shown here corresponds to that of a B staple in our origami
design. The black line represents the scaffold strand and the red line the
staple strand. Duplexes are represented by zig-zagging lines, which thread
around each other with the same topology as the real system. Duplexes
with dashed lines around them are to be moved in the next step, with
straight arrows indicating a translation and curly arrows indicating a rota-
tion by a specified angle. (a) A partially formed origami with one staple
partially bound. We translate the duplexes to make the procedure easier to
follow. In (b) and (c) one of the end domains is rotated around its helical
axis in steps of 180∘, creating a half-turn in the central duplex each time.
In (d) the middle domain of the staple strand is now sufficiently wrapped
around the scaffold strand to achieve full base pairing. We then rotate
the middle domain by 180∘ in the plane of the page and translate the end
domains to return the structure to something recognisable from Fig. 4.1
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Figure 4.14: The average rate of binding the final domain of a staple, with the
transition split into two groups: one for which the final domain that is
bound is in the middle of the staple (green), and one for which it is at one
of the staple ends (blue). Note that there was little or no sampling for the
case where the final domain to be bound is in the middle of the staple
for the N = 3 and N = 4 cases. The data suggests that binding a middle
domain may be faster.
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state has A0y bound and the B-state has A0y and A1y bound, as well as some number

(possibly zero) of other fully bound staples.

Cooperativity between A and B staples in binding a staple’s second domain is

examined in Fig. 4.15, which looks both at the binding of an A staple in the presence

or absence of a B staple, and the binding of a B staple in the presence or absence of an

A staple. Note that this is a collection of all the rate data for transitions where either

A or B was the only partially bound staple. We see a clear cooperative effect for the

transitions A1→A12, A2→A12, B1→B12, and B2→B12 (red box), which in the presence

of a fully bound neighbouring staple corresponds to binding the fourth domain at a

double crossover (see Fig. 4.16 for simulation snapshots). We noted this effect in our

study of the assembly of a similar origami using direct simulation in Chapter 3. We

also note that, with the exception of a poorly sampled point for the B1→B01 transition,

binding the fourth domain at a double crossover is the fastest kind of transition. This

is also in agreement with our conclusions from the direct assembly simulations, albeit

now put on a much more quantitative, rather than somewhat anecdotal, footing.

In Fig. 4.17 we look at cooperativity between the B and C staples for binding the

second staple domain. Here there are again hints of cooperativity around the junction

(red box), but the data is less clean than for the A and B staple case.

Cooperativity in binding a staple’s third domain is examined for the A and B staples

in Fig. 4.18 and for the B and C staples in Fig. 4.19, with the transitions that form a

junction shown in red and purple boxes. There is a fairly clear indication of cooperativity

for the data in the red boxes. The transitions shown in the purple boxes involve binding

a middle domain when the two staple ends are already bound, complicating the picture

due to the potential geometric or topological problems the presence of other staples
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Figure 4.15: Cooperativity between A and B staples when binding the second A or B
staple domain in the presence of a neighbouring B or A staple, respectively.
All data for the relevant transitions where either an A or B staple was the
only partially bound staple are used for this figure. A clear cooperative
effect is seen for the transitions which form the fourth domain of a double
crossover, which are shown in a red box.

Figure 4.16: A cooperative junction-forming transition, in this case B1→B12 in the
presence of an A staple, with the scaffold strand in blue, the A staple in
green and the B staple in red. See also Fig. 3.6.
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Figure 4.17: Cooperativity between B and C staples when binding the second B or C
staple domain in the presence of a neighbouring C or B staple, respectively.
All data for the relevant transitions where either an B or C staple was
the only partially bound staple are used for this figure. There is some
indication of a cooperative effect for the transitions which form the fourth
domain of a double crossover, which are shown in a red box.
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might introduce. Unfortunately the noisy data does not provide a consistent story for

these transitions.

4.4 Sampling and systematic error

A theme of our analysis of the results presented in this chapter is that the transitions

are not well sampled. The sampling is also not uniform: each successive forwards

calculation was begun from the configurations generated by the previous one, and

this meant that “winners” began to dominate the ensemble of configurations at each

assembly state. The initial hope was that these dominant substates would reflect the

substates associated with the fastest forward rates for the transitions used to generate

them. However, it seems just as likely that they came to dominate by chance.

One culprit here is the discrete order parameter, which defines the conditions that

the system must reach within each simulation in order to proceed. With a good order

parameter, it should be possible to have relatively high success probabilities (∼0.3 to

0.5) associated with each set of shooting simulations from one order parameter value

to the next. However, this is not the case for our order parameter, and in particular,

for every forwards rate calculation, simulations launched from configurations that had

just reached order parameter value λ = α had a success probability of only ∼0.05.

Here λ = α corresponds to one base pair in the relevant staple and scaffold domains

being “nearly base-paired” (see the definition of nnear in Appendix B.3.3), with the

shooting simulations run from that interface needing to gain one base pair between

the domains in order to reach λ = α + 1. It turns out that a very small number of

the configurations that reach λ = α tend to have a very high success probability, and

constitute the bulk of the successes launched from that order parameter value, because

they are particularly suited to forming the first base pair. So even if thousands of
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Figure 4.18: Cooperativity between A and B staples when binding the third A or B
staple domain in the presence of a neighbouring B or A staple, respectively.
All data for the relevant transitions where either an A or B staple was the
only partially bound staple are used for this figure. The transitions which
form the fourth domain of a double crossover are shown in red and purple
boxes, with the former, corresponding to transitions that do not involve
the potential topological problems associated with binding a middle staple
domain, showing a cooperative effect.
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Figure 4.19: Cooperativity between B and C staples when binding the third B or C
staple domain in the presence of a neighbouring C or B staple, respectively.
All data for the relevant transitions where either an B or C staple was the
only partially bound staple are used for this figure. The transitions which
form the fourth domain of a double crossover are shown in red and purple
boxes, the former showing a transition that does not involve binding a
middle staple domain and the latter showing a transition that does.
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configurations are generated in the B-state, the majority have usually originated from a

few configurations at λ = α. Naturally, this greatly reduces the diversity of substates

generated.2 An order parameter defined with a more suitable set of conditions that

facilitate this key stage of the binding transition would therefore be of great help in

improving the sampling.

There is another aspect of the order parameter that we have used that may also

introduce a bias into the rates. For the forwards calculations, the B-state is defined by

a new domain having 14 base pairs formed (of a possible 16). This condition usually

ensures that we are in a metastable state as desired – however, it is sometimes possible

for complexes with geometric or topological problems to transiently form 14 base pairs,

thus adopting a configuration that satisfies the B-state definition but which will quickly

fall back to the A-state if simulated for a short amount of time, and so is not truly a

metastable state. The configurations were equilibrated before being used for subsequent

FFS calculations, reducing the chance of starting calculations from configurations that

were not really in the relevant assembly state, but they still introduced a bias to the

rate for the transition that generated them. Again, this problem could potentially be

avoided with an order parameter that takes into account the geometry of the partially

formed origami – but formulating such an order parameter is not straightforward.

4.5 Summary and conclusions

The simulations presented in this chapter have highlighted a number of aspects of

origami self-assembly that build on and complement the results in Chapter 3. For the

experimental strand concentrations we have used, we see a clear time scale separation

2We did make one attempt to mitigate against this effect: After every full staple binding (i.e. at the S3,
S6, S9 and S12 assembly states), we ensured that each available substate was equally sampled for the flux
simulations for the subsequent forwards FFS calculation.
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between the rate of binding a staple’s first domain and the rate of binding its subsequent

domains. This indicates that, for the origami we are studying here, the assembly will

occur in series, with each staple fully binding to the scaffold in turn. However, we

emphasise that the assembly of full-scale origami designs, which are likely to have

greater distances along the scaffold strand between a staple’s binding domains and

more complicated requirements for staple strand threading, may involve staples that

have significantly slower rates of binding their second and subsequent domains than

we observe here for our small model origami. Thus, this time scale separation may be

significantly reduced in full-size origamis, making the staple blocking effects seen in

Chapter 3 again relevant.

For the backwards transitions from S3 to S0 that we have studied, we have found

that the majority of transitions have rates similar to the internal (i.e. second- and third-

domain) staple binding rates, under the conditions we have used. While most of the

transitions have a roughly uniform rate, there is a suggestion that transitions that require

a long staple tail to unthread through a small staple-scaffold loop have a reduced rate.

We have examined how the rate of binding a staple’s domains is sensitive to the

order of binding for our 3-domain-per-staple origami design. We have seen evidence

that, for the first staple domain, the domains at either end of the staple bind faster than

the middle domain. On the other hand, we have seen that a staple can bind its second

domain more quickly if its middle domain was the first domain to be bound, rather

than one of the end domains. This is likely to be primarily due to the reduced rate of

binding non-adjacent staple domains, and partly due to the reduced rate of binding

domains where the transitions requires threading a long staple tail through a small

staple-scaffold loop. Interestingly, we have seen hints that, for final domain binding,
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binding the middle staple domain may be faster than binding an end domain, despite

the putative potential for topological problems due to the absence of a single-stranded

tail to achieve wrapping. We have verified that this binding is possible with correct

strand threading for some cases where no other staples are bound to the scaffold, while

the likely proximity of the middle staple domain to its target domain on the scaffold

might explain the observed increase in rate.

Finally, we have examined the forwards rate data for evidence of cooperativity

between neighbouring staples. Inter-strand cooperativity was identified for transitions

which bind the fourth domain around a Holliday junction, but not when the junction

was next to a seam (as is the case for the Holliday junction formed by the C and D

staples). The same effect was suggested by the direct simulations of origami assembly

in Chapter 3.

We attempted to choose a temperature corresponding to that at which assembly

might occur in a typical experimental protocol. One possibility that we envisaged

was that, at this temperature, there would be a free-energy barrier to assembly, so that

the first few staples might be thermodynamically unstable, but that later staples might

become thermodynamically favourable, with the final stages of the assembly proceeding

downhill in free energy. Although we have not measured rates for the whole assembly,

the data we do have suggests that, for the origami design and assembly conditions we

have used, the assembly proceeds uphill in free energy up to and including the binding

of the fifth staple (of eight). This is because the on-rates are either much slower than (for

initial staple domain binding) or comparable to (for second- and third-domain binding)

the off-rates. Meanwhile, the cooperativity between staples that we do see does not

appear strong enough for the on-rates to dominate the off-rates for the binding of the
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final three staples. The strongest cooperative effect we have seen is the binding of the

last of the four staple domains around a Holliday junction – but this is a rather local

effect and is seen as early as the binding of the second staple, and there is no reason to

think that it will have a significantly greater impact further along the assembly pathway.

Furthermore, within the noise limits of our data there is no obvious acceleration in

the forward rates as the assembly progresses. Unfortunately we do not have data

for cooperativity between staples for staple domain melting, but the probable sources

of this cooperativity, coaxial stacking between domains and reduced scaffold strand

entropy, seem unlikely to be strong enough to significantly change the story.

Our results thus suggest that we may actually have chosen a temperature for our

simulations that was above the melting temperature of the origami. One potential way

to have probed the suitability of the chosen assembly temperature beforehand would

have been to simulate the fully formed origami: if it began to melt, this would have

indicated that the entire assembly pathway was uphill in free energy at this temperature.

However, an absence of any melting would have not necessarily implied the converse,

namely that the last assembly steps were downhill in free energy, because it is not

clear that the accessible simulation time scales would be sufficiently long if the origami

was not much above its melting temperature. The basic difficulty in choosing the

assembly temperature is that tractable approaches to accurately compute the melting

temperatures of large DNA assemblies are not currently available.

Our results also suggest that the free-energy landscape for the assembly of our small

model origami might have an approximately constant slope as a function of the number

of staples bound (being roughly flat at the origami melting temperature). If this were the

case, the lack of an overall barrier to assembly (of course, there would still be individual
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barriers associated with the binding of each staple domain) would perhaps imply that

the assembly of an origami of this size should occur relatively reversibly and without

significant hysteresis, in contrast to what has been seen for experiments on full-scale

origamis. [34;113] Thus, the source of the cooperativity that leads to the “nucleation-like”

assembly dynamics in large origamis remains an open question.

The main source of cooperativity that we have identified is associated with the

Holliday junctions. Thus, we would expect to see a stronger cooperative effect for a

design with a higher density of cooperatively formed junctions. Although the junction

density for the design we have used (∼ 0.021 junctions per base pair) is comparable

to that of full scale origamis such as the 2D tile and 3D pointer discussed in Chapter

6 (∼ 0.027 junctions per base pair), four of the junctions in this design (those at the

interface between the C and D staples) are atypical due to the presence of nicks or other

adjacent junctions, which will greatly reduce the cooperative effect. So we might expect

a stronger cooperative effect for typical, full scale origamis. Another factor to bear in

mind is that for a full-scale origami, because of the larger number of staples involved,

the curvature in the free energy versus number of staples curve does not need to be

as large to lead to a significant free-energy barrier to assembly as for our small model

origami.

The findings in this chapter suggest two contrasting directions for future study of

origami assembly using FFS. One potentially fruitful avenue would involve using FFS

to examine transitions of particular interest between certain substates. This approach

should permit a good level of sampling, which would allow more subtle effects to

be teased out, and could be used for larger, perhaps even full-scale, origami designs,

allowing a more direct comparison to experiment. The second possibility, which is
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far beyond current computational capabilities, would be to systematically perform

FFS rate calculations for the transitions between all possible substates (or perhaps a

representative subsample) and use these rates to inform a kinetic model of the assembly.

Our results suggest ways that such simulations might be sped up. For example, we

deliberately did not make assumptions about the assembly pathway when running our

simulations, but we clearly found that for the small origami considered here, assembly

virtually always occurs one staple at a time. Thus, after a staple makes initial contact

with the scaffold, there is no real need to still simulate all of the unbound “spectator”

staples that are simply diffusing around the box.
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5 Introducing an updated oxDNA model

The oxDNA model has provided key insights into many different processes relevant

to DNA nanotechnology and biophysics. However, there are some areas where the

model can be improved. In this chapter we present an improved version of the oxDNA

model, which we call oxDNA2. The new model introduces a salt-dependent term to the

interaction potential, improved predictive power for the structural properties of large

DNA nanostructures, and a different interaction strength for consecutive adenine bases

compared to consecutive thymine bases.

5.1 A summary of the changes introduced with the new model

The original oxDNA model was parameterised to [Na+] = 0.5 M, a high salt concen-

tration similar to that used for many applications in DNA nanotechnology. However,

the ability to study DNA behaviour as a function of salt would allow quantitative

comparison with a greatly expanded set of experiments, and, in particular, if we wish

to apply oxDNA to biological systems we would like to work at physiological salt

([Na+] ≈ 0.15 M). At the same time, the wealth of experimental data for the thermody-

namic and mechanical properties of DNA as a function of salt concentration [112;116–118]

makes fitting the salt-dependent properties of an extended model possible.

While the detailed effect of salt on DNA electrostatics can be highly complex, [119;120]

for oxDNA2 we use a simple Debye-Hückel interaction term, as first implemented for

oxDNA by Wang and Pettitt in Ref. 78, to model the way salt screens repulsive interac-
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tions. This coarse-grained description is commensurate with the level of approximation

used in general in the oxDNA framework. After adding the Debye-Hückel interaction

term, we carefully parameterise the model to an extended set of experimental data

for melting temperatures and persistence lengths, including the behaviour of single

strands.

A second area that merits attention is the performance of the model in simulating

the structure of large (kilobase-pair) DNA objects. The model value of the B-DNA pitch

did not come under too much scrutiny in the original parameterisation as there is some

disagreement in the literature about the precise value of the average pitch. [118;121–125]

However, improved experimental techniques in fabrication and imaging of large DNA

objects [9;39;126] have presented an opportunity to finely tune this value, because small

adjustments to the duplex pitch can result in significant changes to the global twist of a

large-scale DNA nanostructure. In addition, simulating these large-scale structures has

illustrated the potential importance of nicks and junctions for the effective duplex pitch,

so that improving the model’s description of these effects has become a priority.

In addition, the original model duplex had grooves with equal widths, whereas

B-DNA is known to have a larger major groove and a smaller minor groove. This

implies that the positions of the backbone sites in the model, which are directly related

to the groove widths, could be more realistic. This detail could be relevant, for example,

in origami structure, where the precise backbone positions are known to be important

for junction placement. [9]

The oxDNA model was previously given sequence-dependent hydrogen-bonding

and stacking strengths [97] by fitting to the duplex thermodynamics of the SantaLucia

model. [112] As the SantaLucia model gives results at the base-pair step level, one can
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only extract the average stacking strength for the two stacking interactions present

in a given base-pair step. In particular, this means that in oxDNA the AA and TT

stacking interactions are the same, whereas it is well known that the AA stacking

interaction is significantly stronger than the TT interaction, an important property for

DNA nanotechnology, for example, where poly-T single-stranded regions are often

used as flexible linkers. [127;128] To remedy this we use new experimental data [89] to

reparameterise the AA and TT stacking interactions in the model.

In the following sections we consider each change to the model in turn, and then

we highlight some important aspects of the behaviour of the new model. It should

be noted that for the development of the oxDNA2 model we mostly worked from the

original, sequence-averaged parameterisation of the model rather than the sequence-

dependent one. This is because it is more efficient to fit the thermodynamic parameters

to sequence-averaged duplex melting temperatures as given by the SantaLucia model.

The exception is the parameterisation of the AA and TT stacking strengths, which did

use the sequence-dependent parameters from Ref. 97 as a starting point, to allow the

best possible comparison between the model and the experimental results that were

used for the fitting. After the parameters for oxDNA2 had been obtained, including

new values for the sequence-averaged hydrogen bonding and stacking strengths, we

then rescaled the sequence-dependent interaction strengths from Ref. 97 accordingly

for use with the new model.

5.2 Introducing different widths for major and minor DNA
grooves

B-DNA in the original oxDNA model has equal groove widths, while in reality DNA has

a larger major groove and a smaller minor groove. Having realistic widths for the major
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and minor grooves is equivalent to having appropriately positioned backbone sites in

the model, an important feature for the physical properties of many DNA motifs. For

example, in DNA origami antiparallel double helices are joined by crossovers, for which

the position of the backbone has been shown to be crucial for origami structure. [8;9]

Another example is anisotropic duplex bending: the duplex can be expected to bend

more easily into the major groove than into the minor, if the groove widths are unequal.

The oxDNA nucleotide is composed of three interaction sites: the hydrogen-bonding,

stacking and backbone sites. We introduce different groove widths by changing the

position of the backbone site while keeping the duplex radius unchanged (Fig. 5.1),

such that, rather than lying on a straight line, the three interaction sites lie in a plane.

The new nucleotide shape introduces an additional parameter into the model, the angle

γ between the line from the duplex centre to the backbone site and the line from the

duplex centre to the stacking site (Fig. 5.1(a)). Given the coarse graining of the 18

atoms of the sugar-phosphate DNA backbone into a single interaction site, there is

no definitive choice for the precise position of the backbone site and thus the value

of the model parameter γ (Fig. 5.1(a)). We set γ = 20∘, a value which maps onto a

full-atom representation of a DNA duplex well by visual inspection, although values of

γ between 15∘ and 25∘ would give an equally satisfying visual match.

The backbone site is moved such that the duplex radius is unchanged, and we

note that the modification has a negligible added computational cost when simulat-

ing the model. However, the thermodynamic and mechanical properties are slightly

affected. For the thermodynamics, we found a change of 1-2 K in the duplex melting

temperatures, and we modified the hydrogen-bonding and stacking strengths using

the histogram reweighting method described in Section II C 2 of Ref. 90, so that the
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γ

(a)

(b)

Figure 5.1: Schematics contrasting the original oxDNA model (left), with equal
groove widths, with oxDNA2 (right), which has differentiated major and
minor grooves. (a) A cross section of a duplex with one base pair displayed.
The large dashed circle shows the helix radius, and each nucleotide is rep-
resented by three circles joined by a line; the large solid circles represent the
backbone sites, while the small solid circles represent the stacking (closer
to the backbone) and hydrogen-bonding (at the end of the nucleotide) sites.
For oxDNA2, a value of 20∘ was chosen for the angle γ. (b) A representation
of a DNA duplex for each model.
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agreement with experimental melting temperatures was as good as for the original

model. The mechanical properties of DNA are less well constrained experimentally

and so were not refitted. The mechanical properties for the new model can be found in

Section 5.7.

One illustration of the importance of the groove widths in oxDNA for the struc-

tural properties of DNA assemblies is provided by systems of 3-arm star tiles that are

designed to form triangular prismatic polyhedra. We find that modifying the groove

widths qualitatively changes the structure of trimers of these tiles (Fig. 5.2). Specifically,

the body of the trimer defines a plane with two distinct faces. Zhang et al. [129] found

that one of two possible isomers of the polyhedron preferentially formed, implying that

the free arms of the trimer systematically pointed in the direction of one of these two

faces. We find a consistent result when the groove widths specified by oxDNA2 are

used. When equal-sized grooves are used (as in the original oxDNA model) the trimer

arms point in the opposite direction.

5.3 Effective electrostatic interactions

Since the original goal of the oxDNA model was to simulate nanotechnology exper-

iments, the thermodynamic and structural parameterisation was carried out at high

salt. The very short electrostatic screening length at these conditions allows one to

incorporate the electrostatics into a soft excluded volume, somewhat circumventing the

necessity of a proper treatment. This was the approach taken for the original oxDNA

model. The thermodynamics were then parameterised for 0.5 M [Na+], a high enough

value that further increasing it does not significantly change the physics at this level of

coarse-graining.



Effective electrostatic interactions 111

(a)

θ

(b) (c)

Figure 5.2: In oxDNA, the structure of the DNA trimer due to Zhang et al. [129] is
found to qualitatively change as a function of duplex groove angle γ. A
representative trimer configuration with γ = 20∘ is shown in (a) from the
side and with θ, the angle between each arm and the plane of the main,
triangular trimer section, displayed and in (b) from the top. (c) Shows the
average value of θ as a function of γ, with γ = 0∘ corresponding to equal
groove widths as for the original oxDNA model, and γ = 20∘ being chosen
for oxDNA2.

The problem of treating electrostatics properly for DNA in solution is a complicated

one. Perhaps the most evident issue is that the typical dimensions of nucleotides are

comparable to the Debye length of the solution, so that a mean-field treatment is hard to

justify. Also, in some cases the presence of salt ions affects the local structure of nucleic

acids, by stabilizing some arrangements or destabilizing others. Ion condensation may

also lead to stronger screening of the electrostatic interactions than otherwise expected –

this has been incorporated into coarse-grained DNA models through partial effective

charges. [65;130] Thus, in principle, many non-trivial effects must be taken into account

when modelling the electrostatic interactions, and the debate on the best way to do so

implicitly is still unresolved. [119;120]

Here, we choose a very simple treatment, based on the Debye-Hückel model for

screened electrostatics. This approach has been used previously for other coarse-grained

models, [60;65] and was first introduced into oxDNA by Wang and Pettitt. [78] We note

that this treatment is consistent with the coarse-grained nature of the model, and we use

the same top-down strategy that was used in the original parameterisation to design
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the effective electrostatic interactions: our goal is to introduce a term in the potential

that will reproduce the thermodynamic and mechanical effects of salt concentration on

DNA, and thus should be regarded as an effective interaction rather than an attempt

to rigorously model the local effects of charges. This should be kept in mind when

interpreting the results obtained with oxDNA, in particular at low salt concentration.

Since the modelling of electrostatics is rather crude, we restrict our parameterisation

to salt concentrations of 0.1 M of monovalent salt or greater. This restriction is also due

to the fact that we parameterise our thermodynamics to the model of SantaLucia, [112]

which was fitted in a similar salt regime. Importantly, physiological conditions fall

within this range, which will allow quantitative comparison between simulations of

DNA systems with our model and experiments at physiological conditions.

The detailed Debye-Hückel form which is added to the non-bonded interactions in

the potential of Eq. 1.1 takes the following form:

VDH(T, I) = ∑
ij

(qeffe)2

4πε0εr

exp
{
−rb-b

ij /λDH(T, I)
}

rb-b
ij

, (5.1)

where qeff is the effective charge situated at the backbone site of each of the nucleotides,

rb-b
ij is the magnitude of the distance between the backbone sites of nucleotides i and

j, ε0 is the permittivity of the vacuum, εr is the relative permittivity of water and e is

the elementary charge. In principle, εr depends on rij,
[131] and weakly depends on

temperature and salt concentration. However, for oxDNA2 we set εr to be a constant

value, in keeping with the coarse-grained approach taken for the rest of the model.

In particular, we choose εr = 80, the standard value for water. In Eq. 5.1 we have

stressed that the interaction depends on the temperature T and on the (monovalent)
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salt concentration I through the Debye length λDH(T, I):

λDH(T, I) =

√
ε0εrkBT
2NAe2I

, (5.2)

where NA is Avogadro’s number and kB is Boltzmann’s constant.

To improve the computational efficiency of simulating the new model, we set the

interaction to zero at a finite distance; and to allow simulation with molecular dynam-

ics, we introduce a quadratic smoothing potential so that the interaction goes to zero

smoothly. The quadratic smoothing, the details of which are reported in Appendix A.1,

is introduced after a cutoff rsmooth, which we choose to be 3λDH. This cutoff allows

us to use all the standard techniques to improve the simulation efficiency via the use

of Verlet lists and/or cells. [86] We have checked that introducing our chosen cutoff,

rsmooth = 3λDH, has a negligible effect on the duplex thermodynamics results used to

parameterise the interaction (Fig. 5.3(a)).

Our representation of DNA uses a single rigid body per nucleotide, and the best

choice of where to put the charge is not obvious. All the atoms of the sugar and

phosphate groups of the backbone are represented in a single interaction site, and it

is thus natural to put the charge, which in real DNA is located on the phosphate, on

that interaction site. Importantly, the backbone site of a nucleotide is placed almost

in between the phosphate of that nucleotide and the phosphate of the neighbouring

one, which could potentially lead to some unphysical effects. Also, we should stress

that having a charge at each backbone site means that the DNA has as many charges

as nucleotides, which is not always true in real systems: very often, the terminal

phosphate at the 3′ end is cut off, removing a charge. The absence of this charge can

cause measurable effects on the thermodynamics, and indeed the SantaLucia model [112]

requires the presence or absence of the terminal phosphates as an input parameter. In
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keeping with our coarse-graining approach, we put a half effective charge on each of

the terminal nucleotides to incorporate the fact that each charge should be halfway in

between our backbone sites, emulating a system with the terminal charge removed, and

parameterise to the SantaLucia model in a way consistent with this approach.

The parameter that we have tuned to reproduce the thermodynamics predicted by

the model of SantaLucia is the effective charge qeff. To do this, we used thermodynamic

integration [132] to compute the melting temperatures of duplexes of length 5, 6, 7, 8, 10,

12 and 15 as a function of qeff at several salt concentrations, and chose the value that

best reproduced the melting temperatures predicted by SantaLucia’s model.

The melting temperature of a duplex is defined as the temperature at which half

of the strands in a stoichiometric bulk solution are in the duplex state. We cannot

simulate the bulk system with oxDNA, as the computational cost of simulating such

a large system is far too great. However, at the bulk melting temperature for a given

concentration of strands, the bound and unbound free energies obtained for a system

of two strands at the same concentration, Fb and Fub, are related by: [133]

Fb(Tm, qeff) = Fub(Tm, qeff) − kBTm ln(2) , (5.3)

where we have made explicit the dependence of F on the effective charge qeff. The

constant on the right hand side of Eq. 5.3 accounts for concentration fluctuations that

are present in bulk but not for two strands in a periodic box. [133] The equation is exact

in the dilute limit, which is indeed where the thermodynamics of duplex formation are

usually studied and is the relevant limit for oxDNA.

We can take advantage of the relation of the free energies given by Eq. 5.3 when

performing thermodynamic integration. For small changes in T and qeff, it is possible
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Figure 5.3: (a) Melting temperature of duplex DNA of different lengths l at
[Na+]=0.2 M as a function of the effective charge qeff obtained with thermo-
dynamic integration. (b) Average melting temperature difference between
our model and the SantaLucia model [112] for different values of l as a func-
tion of qeff. Each point corresponds to the average over [Na+]=0.1, 0.2, 0.3,
0.4, 0.5 M of the magnitude of the difference in melting temperature between
our model and the SantaLucia model. The plot suggests an optimal value
for qeff of 0.815, indicated by the vertical dashed line.
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to write

F(Tm + dT, qeff + dqeff) = F(Tm, qeff) +
∂F
∂T

dT +
∂F

∂qeff
dqeff

= F(Tm, qeff) +
(

F − ⟨V⟩
Tm

+

〈
∂V
∂T

〉)
dT + 2

⟨VDH⟩
qeff

dqeff.

(5.4)

The last step includes the unusual term ⟨∂V/∂T⟩. This is because our potential, like

many coarse-grained models, depends explicitly on T through Vstack and VDH.

To compute the change in Tm introduced by a small change in qeff, one can impose

the condition in Eq. 5.3 at the new Tm

Fb(Tm + dT, qeff + dqeff) = Fub(Tm + dT, qeff + dqeff) − kB(Tm + dT) ln(2) , (5.5)

and, by using Eqs. 5.3, 5.4 and 5.5, one obtains

dTm
dqeff

=
(2/qeff)(⟨VDH⟩ub − ⟨VDH⟩b)

(⟨Vub⟩ − ⟨Vb⟩)/Tm − (⟨∂Vub/∂T⟩ − ⟨∂Vb/∂T⟩) . (5.6)

Eq. 5.6 is a differential equation that allows us to follow the change in melting tem-

perature as qeff is changed. We note that Eq. 5.6 is an extended Clausius-Clapeyron

relation, [132] and the quantities on the right-hand side are readily accessible with sep-

arate simulations of the bound and unbound states. Since we are dealing with small

systems, all these simulations are very quick and it is thus easy to achieve very accurate

results. As a starting point for the thermodynamic integration we use the melting

temperatures from SantaLucia, which our original model (equivalent to the current

model at qeff = 0) reproduces within tenths of a Kelvin. Since both Vstack and VDH only

depend weakly on temperature, we used Eq. 5.6 assuming ⟨∂Vub/∂T⟩ − ⟨∂Vb/∂T⟩ = 0

to obtain an optimal value for qeff, and checked a posteriori the results of thermodynamic

integration with melting simulations. We have found that the melting temperature
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differences computed with Eq. 5.6 are accurate to within 0.2 K.

For a range of salt concentrations and duplex lengths, we performed thermodynamic

integration to find the melting temperature as a function of qeff. Some of the results are

depicted in Fig. 5.3. The melting temperature of the duplex decreases with increasing

effective charge qeff, but not dramatically so (Fig. 5.3(a)). This is because the increased

interchain repulsion in the duplex state is partially balanced by the lower entropy of

the single-stranded state (due to it adopting a slightly more extended state to reduce

intrachain repulsion). The data in Fig. 5.3(b) show that the qeff at which the difference

in melting temperature between oxDNA and SantaLucia is minimised depends on the

duplex length and lies in the range 0.75 < qeff < 0.95. The best overall predictions

are obtained for an effective charge qeff = 0.815. It is reassuring that this value does

not deviate significantly from 1 (corresponding to the value given by Debye-Hückel

theory), and that the best value for qeff varies little with duplex length. In addition,

it is not uncommon to use a value of qeff < 1 for coarse-grained DNA models. [65;130]

One argument used to explain this is that ion condensation, which is known to occur

for DNA, will screen the phosphate charges more strongly than expected from Debye-

Hückel theory. This will lead to a lower effective charge when fitting a model using a

Debye-Hückel treatment to experimental results, although such arguments should be

applied with caution to a crude mean-field approach such as this one.

We note that introducing this explicit electrostatic term in our model potential

will raise the computational expense of each simulation step compared to the original

oxDNA model, as the electrostatic term will generally result in oxDNA2 having a larger

interaction range than the original model has. This effect increases at lower salt, as the

Debye-Hückel term becomes more long-ranged. For example, we find that simulating a
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10-bp duplex with MD for a given number of steps takes 1.4× as long with oxDNA2 at

[Na+]=0.5 M and 1.7× as long with oxDNA2 at [Na+]=0.1 M as it did for the original

oxDNA.

5.4 Improving structure prediction for large-scale DNA objects

The model was originally parameterised for small single- and double-stranded DNA

structures. If we wish to study large-scale structures, we need to ensure that we can

reproduce the existing experimental data for these larger constructs. A good test case is

provided by the work of Dietz et al., [9] who measured the global twist of three different

DNA origami structures, described as 10-by-6 helix bundles (Fig. 5.4). We denote the

three origami structures as L-, N- and R-type. In the experiment, they were designed

to impose a pitch of 10, 10.5, and 11 base pairs per turn (bp/turn) on the constituent

DNA double helices and these different designs exhibited left-handed, no, and right-

handed global twist, respectively, when multimerised to form ribbons and visualised

with transmission electron microscopy. One might think that this result implies that

DNA has a natural pitch of 10.5 bp/turn, since the design with that inherent periodicity

did not result in a globally twisted system. However, it is not that straightforward.

Global Twist/∘

Helix Bundle Type oxDNA2 experiment

N 0.2 0

L -22.2 -31 +/- 5

R 26.9 26 +/- 5

Table 5.1: Global twist in the DNA helix bundles of Dietz et al. [9] for simulations
using oxDNA2 and determined from experiment. The oxDNA2 simulations
were run with [Na+]=0.5 M for 1.8 × 109 molecular dynamics (MD) steps for
each design.
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Figure 5.4: Simulation snapshots for the L- (left), N- (middle), and R- (right) type
helix bundles, each composed of roughly 15,000 nucleotides. The designs
are taken from Dietz et al. [9] In experiment and in oxDNA2, the N-type
helix bundle exhibits close to zero global twist.

Unsurprisingly, when simulated with the original version of oxDNA, the N-type

origami still showed a significant right-handed global twist, chiefly because the duplex

pitch for the model was 10.36 bp/turn. However, even when simulated with a version

of oxDNA modified so that the model duplex pitch was 10.5 bp/turn, the N-type ori-

gami displayed a right-handed twist. One reason for this is the following: in oxDNA,

the helical twist across nicks and junctions is larger by about 3.9∘ and 2.5∘ degrees

respectively than for a normal duplex step (we call this an overtwist), so that fraction-

ally fewer base pairs are required for a helix turn than would otherwise be expected.

Although these differences are small, they add up constructively to create a global twist

on a structure that would otherwise have no such twist. For a nicked duplex in oxDNA,

the overtwist occurs because, opposite the nick, the non-nicked strand prefers a larger

twist than for duplex DNA (just as stacked single strands do in the model), and the

nicked backbones lack the FENE spring that would usually oppose this tendency. A

similar argument applies for strands with junctions.

Although there is no direct evidence available to show whether this overtwist is



120 Improving structure prediction for large-scale DNA objects

physically realistic, there are multiple lines of experimental evidence that suggest that

the pitch of duplex DNA is close to 10.5 bp/turn. [118;121] Given the evidence from Dietz

et al. [9] that the effective pitch in DNA origami structures is also close to 10.5 bp/turn,

we decided to reduce the overtwisting in oxDNA as much as is possible. To achieve this,

we modify the coaxial stacking term of the potential, Vcoax stack, so that the overtwist is

0∘ for a junction and 1.3∘ for a nick (see Appendix A.3 for details of the changes to the

potential). We have verified that this change has very little effect on the other features

of the model.

Even when the overtwist at nicks and junctions has largely been removed, we

require an intrinsic duplex pitch of 10.55 bp/turn in order for the oxDNA N-type helix

bundle to have zero global twist. We set the pitch to this value (at [Na+]=0.5 M) for

oxDNA2 by modifying Vbackbone. We found that this modification to the backbone

potential changed the duplex melting temperatures by around 2 K, and we refitted the

model’s hydrogen bonding and stacking strengths to correct for this using the same

method as was used for the thermodynamics refitting when implementing unequal

helical groove widths. The requirement for a pitch of 10.55 bp/turn, rather than the

10.5 bp/turn that one might expect, is due to a few subtle effects that we have so far

only partially investigated.

The global twist measured for the helix bundles with the new oxDNA2 model

(Appendix B.4.1 describes how the global twist was measured from simulations) is

compared to the experimental results in Table 5.1, while typical simulation snapshots

are shown in Fig. 5.4. The slight modifications to Vbackbone used to set the model pitch

are given in Appendix A.2. We note that the modifications to Vbackbone changed the

duplex melting temperatures in the model by 1-2 K, which were then refitted using
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histogram reweighting (as described in Section II C 2 of Ref. 90) to give an agreement

with experimental melting temperatures that was as good as for the original model.

5.5 AA/TT sequence dependence

As a further improvement, the oxDNA2 model incorporates a more realistic sequence-

dependent stacking interaction, which is achieved by differentiating between the AA

and TT stacking interaction strengths. In the previous parameterisation of oxDNA, [97]

the sequence-dependent base-pairing and stacking interaction strengths were obtained

by fitting the oxDNA duplex melting temperatures to the SantaLucia model, a nearest-

neighbour model that is able to predict experimental duplex melting temperatures

very well. [112] The SantaLucia model is designed at the level of base-pair steps, where

each base-pair step consists of four bases, with a free-energy difference between its

single-stranded state and its duplex state. In total there are 10 unique base-pair steps in

the SantaLucia model: AA/TT, AT/AT, TA/TA, GC/GC, CG/CG, GG/CC, GA/TC,

AG/CT, TG/CA, GT/AC (for example, AG/CT refers to a base-pair step with com-

plementary bases AG on one strand and CT on the other, both specified in the 3′ to 5′

direction). Therefore, fitting oxDNA to the SantaLucia model only allows one to find

the sum of the strengths of the two stacking interactions between the nucleotides that

are within a base-pair step. For example, it is only possible to find the average of the

AA and TT stacking strengths from the SantaLucia model.

However, experimental evidence from sequence-dependent measurements of the

mechanical properties of single-stranded DNA, [116;134] as well as hairpin stabilities

and closing rates, [135;136] have revealed that sequences of A bases are much stiffer

than equal length sequences of T bases. It has been argued that this is evidence that

consecutive AA bases stack much more strongly than TT bases do. Here we use original
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experimental data on the stabilities of hairpins with either a poly-A or a poly-T loop, to

differentiate between the AA and TT stacking strengths. All hairpins have 6-bp stems

and loops of either 21 or 31 bases. Details of the experimental setup and results can be

found in the Supplementary Material of Ref. 89.

To parameterise our model to reproduce the experimental data, our procedure is to

vary the AA stacking interaction strength, εAA, while fixing the sum of the AA and TT

stacking interaction strengths to the value that is obtained by fitting oxDNA’s duplex

melting temperatures to the SantaLucia model, i.e.

εAA + εTT = 2εavg, (5.7)

where εTT is the TT stacking strength and εavg is the strength for both AA and TT

obtained from fitting oxDNA to the SantaLucia model. We vary the AA stacking

interaction strength to match the experimental differences of the thermal stabilities of

the poly-A-loop and poly-T-loop hairpins, specifically δ∆F = ∆F(A−loop) − ∆F(T−loop),

where ∆F(X−loop) = Fb,(X−loop) − Fub,(X−loop) is the difference in free energy between

the bound (hairpin) state and the unbound (open) state for a hairpin with a poly-X loop.

We obtain the bound and unbound free energies Fα, where α ∈ {b, ub}, by using

thermodynamic integration. We start by calculating F(0)
α , the free energy of a reference

state for which the effective charge on the backbone site, qeff, is set to 0, and εAA =

εTT = εavg. Fα(I, x, qeff), the free energy of the state with salt concentration I, stacking

strengths εAA and εTT, and effective backbone charge qeff, is then obtained by solving

the following integrals

Fα(I, x, qeff) = F(0)
α +

∫ qeff

0
dq′eff

∂Fα(I, 0, q′eff)
∂q′eff

+
∫ x

0
dx′

∂Fα(I, x′, qeff)
∂x′

(5.8)

where x measures the deviation of the AA and TT strengths from εavg, such that Eq. 5.7
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is satisfied, i.e.

εAA = (1 + x)εavg, εTT = (1 − x)εavg . (5.9)

Taking the derivatives of the free energy in Eq. 5.8 we obtain,

Fα(I, x, qeff) =F(0)
α +

∫ qeff

0
dq′eff

2⟨VDH(I, 0, q′eff)⟩α

q′eff
+
∫ x

0
dx′

[
1

1 + x′
⟨Vstack(I, x′, qeff)⟩AA

α

− 1
1 − x′

⟨Vstack(I, x′, qeff)⟩TT
α

]
, (5.10)

where ⟨Vstack(I, x, qeff)⟩AA(TT)
α is the average stacking energy of all AA(TT) nucleotides

in a strand in state α with salt concentration I, x defined as in Eq. 5.9, and backbone

charge qeff. The terms appearing in the integrands of Eq. 5.10 can be obtained by

running short simulations of bound and unbound states separately and therefore the

free energies can be calculated in an efficient manner. The results for the difference

in δ∆F between oxDNA and experiment as a function of εAA for the hairpins with

21- and 31-base loops are shown in Fig. 5.5; the value for the AA stacking strength

that minimises this difference is found to be εAA ≈ 1.075εavg (corresponding to εTT ≈

0.925εavg), which is not too dissimilar to the preliminary value suggested in Ref. 97.

We note that this value gives satisfactory predictions for δ∆F for a wide range of salt

concentrations down to 0.05 M.

5.6 The oxDNA2 model

In summary, the oxDNA2 potential can be written as

VoxDNA2 = ∑
nearest neighbours

(V*
backbone + V*

stack + V′
exc) +

∑
other pairs

(V*
HB + Vcross stack + Vexc + V*

coax stack + V*
DH),

(5.11)
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Figure 5.5: Deviation of oxDNA’s value for δ∆F from experiment at 295.6K, as a
function of εAA/εavg. The grey region contains the zero-deviation points
for every curve. Details of the experimental setup and results can be found
in the Supplementary Material of Ref. 89.

where a V*
x indicates that the term is either modified for oxDNA2, or, in the case of

V*
DH, new in oxDNA2. The modified parameters for oxDNA2 are compared with those

for oxDNA in Table A.1, and a full account of the changes is given in Appendix A. All

other parameters remain the same as in the original model.

We emphasise that, after all the relevant changes to the potential were made, the

hydrogen bonding and stacking parameters were modified to ensure that the close

agreement to experimental duplex melting temperatures achieved for the original

model was retained with oxDNA2 (this was done immediately after the changes to

Vbackbone, as described at the end of Section 5.4).

5.7 Physical properties of DNA in the oxDNA2 model

The structural, mechanical and thermodynamic properties of DNA for the new version

of oxDNA presented in this chapter, which we call oxDNA2, are slightly different from
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the properties for the original oxDNA model. We briefly highlight the most important

of these changes in this section; and these properties are given as a function of salt

concentration as this is now possible with the new model. We note that all of the results

described in this section were computed using the final version of the oxDNA2 model

as summarized in Section 5.6. The details of the simulations used to compute these

results are given briefly in the figure captions and in detail in Appendix B.4.3, Table B.6

and Table B.7.

The structural properties of the new model, specifically the pitch and rise of double-

stranded DNA, are presented in Fig. 5.6. As might be expected, the rise increases with

decreasing salt concentration, due to the greater repulsion between backbone sites.

The pitch also increases with decreasing salt, consistent with the measured increase

in rise and slight decrease in neighbouring backbone-backbone distance measured as

salt concentration is decreased (the duplex radius remains approximately constant).

Although there is not much experimental evidence to compare this with, there is some

indication that the pitch is roughly constant for low salt concentrations (0.162 M and

below). [118] As described in Section 5.4, the pitch is chosen (by modifying the bonded

neighbour backbone-backbone interaction) so that the global twist of origami structures

agrees with experimental measurements. Specifically, we set the backbone-backbone

interaction so that the helix bundle designed to have no global twist has no global twist

in the model at [Na+]=0.5 M. This results in a pitch of roughly 10.55 bp/turn at this salt

concentration, compared to 10.36 bp/turn in the original model, and experimental val-

ues of around 10.45 suggested by cyclisation experiments, [118;121] albeit in the presence

of some divalent salt.

The thermodynamics of duplex formation are shown in Fig. 5.7. The transition width
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Figure 5.6: (a) Rise and (b) pitch of a 60-bp duplex as a function of salt concentration
in oxDNA2. For each salt concentration the duplex was simulated for at least
3 × 109 MD steps. The error bars, which in some cases are narrower than
the plot markers, show the standard error on the mean given by averaging
over 10 independent estimates for each data point.

for the yield curve of a 10-bp duplex at 0.5 M [Na+] in oxDNA2 is largely unchanged

from the original oxDNA, and the transition widths depend weakly if at all on salt

in oxDNA2. The free-energy profiles for duplex formation in oxDNA2 show that the

free-energy cost of forming the first base pair decreases with increasing salt, presumably

due to the reduced energetic cost of bringing the two single strands close together as

the electrostatic repulsion between backbone sites becomes more short-ranged. The

slope of the bound region of the free-energy profile also decreases with increasing salt,

indicating a reduced free-energy cost of forming subsequent base pairs.

In Fig. 5.8, the duplex melting temperatures as a function of salt and for different

duplex lengths in oxDNA2 are compared to the results from the SantaLucia model, to

which oxDNA2 was parameterised. As expected, we find good agreement.

The mechanical properties of the model double-stranded DNA as a function of
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Figure 5.7: The thermodynamics of formation of a 10-bp duplex with oxDNA2. (a)
Duplex yield for oxDNA2 at different salt concentrations. (b) Comparison of
duplex yield profiles at [Na+]=0.5 M as predicted by oxDNA2, the original
oxDNA model and the SantaLucia model. [112] (c) The free-energy profile for
duplex formation at different salt concentrations, at the melting temperature
of a 10-bp duplex at [Na+]=0.25 M. The duplex was simulated for at least 3×
1010 virtual move Monte Carlo [137] (VMMC) steps at each salt concentration
using umbrella sampling at a monomer concentration of 3.3 × 10−4 M.
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plexes of different lengths simulated with oxDNA2 (crosses with solid lines)
and as predicted by the SantaLucia model (crosses with dotted lines) for a
DNA strand concentration of 3.3 × 10−4 M. Each duplex was simulated for
roughly 4 × 109 VMMC steps at a salt concentration of 0.25 M, and the melt-
ing temperatures at 0.15 M and 0.5 M were computed by single histogram
reweighting. [138]
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salt, specifically the persistence length and torsional stiffness, are shown in Fig. 5.9.

The persistence length was calculated by computing the correlation of the helix axis as

described in Ref. 66. The effective torsional stiffness, Ceff, was computed from the linear

regime of the torque response curve of a 60-bp duplex under tension (see Appendix B.4.2

for details). The simulations were carried out under a linear force of 30 pN, a high force

regime where we expect that Ceff approximates the true torsional stiffness C0. [79;139]

The persistence length at [Na+]=0.5 M, about 123 bp, is very slightly lower than for

the original model, 125 bp, and the persistence length at different salt concentrations

is consistent with the rather broad range of values suggested by experiment. [140;141]

The decrease in persistence length with increasing salt is expected due to the decrease

in repulsion between the duplex’s backbone sites, which makes the duplex less stiff, in

agreement with experiment. [140] The slight decrease in torsional stiffness with increas-

ing salt can be rationalised in the same way. Regardless of the salt concentration, the

torsional stiffness measured for oxDNA2 (Ceff ≈ 380 − 400 fJfm) is lower than for the

original model [79] (C0 ≈ 473 fJfm). Single-molecule twisting experiments give a value

of Ceff ≈ 410 fJfm for a pulling force of 3.5 pN [142] and a pulling force of 45 pN, [143]

at around [Na+]=0.1 M. There is limited experimental data on the salt dependence

of torsional stiffness in DNA; however the torsional stiffness has been reported to be

roughly constant in the range [Na+]=0-0.162 M. [118]

The effects of various motifs on duplex melting temperatures in oxDNA2 are com-

pared to results from the original oxDNA and the SantaLucia model in Table 5.2. These

effects are either barely changed in oxDNA2, or are now closer to the SantaLucia values

than the original oxDNA values were.

The melting temperatures of hairpins at 0.5 M [Na+] are shown in Fig. 5.10. The
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Figure 5.9: (a) The persistence length and (b) the torsional stiffness of duplex DNA
in oxDNA2 as a function of salt concentration. For the persistence length,
a 60-bp duplex was simulated for at least 3 × 109 MD steps for each salt
concentration. The method for computing the torsional stiffness is described
in Appendix B.4.2. Error bars for the simulation results show the standard
error on the mean given by averaging over either 10 independent estimates
(for the persistence length) or 5 independent estimates (for the torsional
stiffness) for each data point.

∆Tm/K

Motif oxDNA2 oxDNA SantaLucia

1-base bulge in 8-bp duplex −18.7 −17.98 −23.19

2-base bulge in 8-bp duplex −27.4 −23.92 −26.73

1-bp terminal mismatch in 5-bp duplex +6.5 +6.71 +8.6

2-bp internal mismatch in 8-bp duplex −15.9 −15.77 −13.99

Table 5.2: The effect of introducing various motifs on the duplex melting temper-
ature at a monomer concentration of 3.3 × 10−4 M. ∆Tm is the difference
between the melting temperature of the structure with the motif and a du-
plex consisting of the same number of complementary base pairs as the motif
structure. For bulges and internal mismatches, the motif was placed at the
centre of the duplex. The simulations of the bulges, terminal mismatches and
internal mismatches were run for at least 6 × 1010, 8.5 × 1010, and 5.6 × 1010

VMMC steps respectively. All oxDNA2 results were obtained from sim-
ulations at a concentration of 4.2 × 10−5 M which were extrapolated to a
concentration of 3.3 × 10−4 M.
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hairpin melting temperatures are lower than for the original oxDNA by about 2 K,

which in turn had hairpin melting temperatures about 3 K lower than those predicted

by SantaLucia. The gap between the oxDNA2 hairpin melting temperatures and those

given by the SantaLucia model widens somewhat as the salt concentration is lowered

(Fig. 5.11), indicating a stronger salt dependence in oxDNA2, with a typical underes-

timate of around 7 K at a salt concentration of 100 mM for a relatively short loop length

of 6 bases. For longer loops, the difference in predicted melting temperatures between

oxDNA2 and SantaLucia widens further. This difference is unsurprising, as in oxDNA2

(and with physical DNA) ssDNA becomes stiffer at lower salt concentrations, making

the formation of a hairpin less favourable, [80] whereas in the SantaLucia model the

loops’ contribution to hairpin stability is salt-independent. [112]

It seems plausible that oxDNA2’s performance is better than implied by the salt-

independent loop contribution in the SantaLucia model. In Fig. 5.12 we consider

hairpins with a short 5-bp stem and a long 31-base loop, making the hairpin thermo-

dynamics particularly sensitive to the change in loop stiffness with salt. The hairpin

stability (i.e. the free energy difference between the bound and unbound state) as

predicted by oxDNA2 and the SantaLucia model is compared to experimental data

determined using FRET (experimental details are given in the Supplementary Material

of Ref. [89]). As expected we find that the hairpin stabilities for oxDNA2 have a much

stronger salt dependence (steeper gradient) than those of SantaLucia (shallow gradient).

At higher salt the oxDNA2 results show a similar slope to the experimental curve, but at

lower salt (0.2 M and below) oxDNA2 shows a stronger destabilization of the hairpins

with decreasing salt (a steeper gradient) than experiment. Thus, although oxDNA2

does a reasonable job of capturing these physical effects, the comparison suggests that

the single strands may be experiencing too much repulsion at low salt. We also note
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Figure 5.10: The melting temperature as a function of loop length for hairpins
simulated with oxDNA2 (crosses with solid lines), the original oxDNA
(crosses with dashed lines), and according to the SantaLucia model (crosses
with dotted lines), at 0.5 M [Na+]. For the oxDNA2 results, the hairpins
were simulated at each salt concentration for at least 1.8 × 1010 VMMC
steps.
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Figure 5.11: The melting temperature as a function of salt concentration of hairpins
with 6-base loops simulated with oxDNA2 (crosses with solid lines) and
according to the SantaLucia model (crosses with dotted lines). For the
oxDNA2 results, the hairpins were simulated at each salt concentration for
at least 1.5 × 1010 VMMC steps.
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that the SantaLucia model is unable to predict the large difference in stability of the

two hairpins due to their different loop sequences, because the SantaLucia model is

insensitive to the loop sequence except for the two bases adjacent to the stem.

We examine the flexibility of single strands as a function of salt in oxDNA2 by

measuring the radius of gyration, Rg, of a single strand of DNA at different salt concen-

trations, sequences and strand lengths, and comparing to experimental results (Fig. 5.13).

The oxDNA2 model reproduces the overall trend of increasing Rg with salt, and is in

agreement with the somewhat noisy experimental data. We note that oxDNA2 is able

to capture two important effects: the greater stiffness (and hence larger Rg) of the more

strongly-stacking poly-A strands; and the greater salt dependence of the poly-T strands’

Rg compared to that of the poly-A strands, caused by the weaker stacking of the poly-T

strands, which means that electrostatic repulsion makes a greater relative contribution

to its stiffness.

5.8 Summary

The modifications and extensions to oxDNA presented in this section open up a variety

of new potential applications for the model. With the introduction of an explicit salt-

dependent term in the potential, the model can be used to simulate systems under

physiological conditions, and to investigate the salt-dependent behaviour of DNA. Also,

the parametrization presented here allows a quantitative comparison to experiments

run in a wide range of salt concentrations rather than just in the high-salt limit. The

introduction of major-minor grooving adds detail to the model, and, combined with

other small modifications, allows the use of oxDNA2 to accurately characterise the

structural properties of large DNA nanostructures, such as DNA origami. In particular

the helical pitch and the twist angles at nicks and junctions were fine-tuned to obtain
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Figure 5.12: The free energy difference between the bound and unbound state for
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thermodynamic integration as described in Section 5.5 and Appendix B.4.3.
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Figure 5.13: The radius of gyration (Rg) for ssDNA as a function of ssDNA length
and for different salt concentrations, for (a) a poly-A ssDNA and (b) a poly-
T ssDNA, from oxDNA2 (solid lines with circles) and from experiments
due to Sim et al. [144] (dashed lines with squares). The salt concentrations
shown are 0.225 M (blue lines), 0.525 M (red lines), 1.025 M (green lines).
For the oxDNA2 results, the strands were simulated for between 2 × 109

and 5 × 1010 VMMC steps at each strand length and salt concentration.



136 Summary

a correct global twist for a test-case 3D origami structure. In the absence of definitive

experimental values for these individual parameters we chose a combination that we

deemed physically reasonable and that produces equilibrium structures that compare

well with experimental ones. Finally, the sequence dependence in the model has been

extended by introducing different interaction strengths for the AA and TT stacking.

This change will be particularly useful for studying the effects of stacking in single

strands or single-stranded sections (e.g. hairpin loops) as poly-A and poly-T sections

are often used as paradigmatic examples of strongly and weakly stacking sequences,

respectively, and for modelling DNA nanostructures where poly-T loops are often used

as flexible linkers.

There are some limitations associated with the new features of the model. The

Debye-Hückel treatment of the electrostatics is perhaps an oversimplification, and we

should not expect it to capture all of the complexities associated with the electrostatics

for DNA, but it is not straightforward to think of a different approach that would be

consistent with our level of coarse graining. In particular, the fact that hairpin stability

is reduced faster than in experiment suggests that single strands may experience too

much repulsion in oxDNA2 at low salt, and care should be taken in making predictions

based on our models at low salt concentration if the system under investigation depends

crucially on the thermodynamics of long single-stranded sections.

In Chapter 6, we will carry out investigations on DNA origami structures using the

improvements in the model’s structural prediction for large-scale DNA nanostructures.

Other projects using oxDNA2 to study large-scale DNA systems are also underway,

including a study of structures composed of multi-arm tiles. [145] At the same time,

the model is being used to study the salt-dependent thermodynamics of a diverse
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set of systems, which would not have been possible without the introduction of salt

dependence into the potential. The introduction of different strengths for the AA and

TT stacking in the model allows us to better capture these effects, and in addition gives

us more accurate sequence-dependent hairpin thermodynamics and kinetics, which are

currently being exploited for further studies of hairpins.

A note regarding the credit for the work described in this chapter: The work was done in

collaboration with many others. In particular, the work on modifying the AA and TT stacking

strengths was done by Majid Mosayebi, using experimental data from Roman Tsukanov and

Eyal Nir (and I did not contribute to it). The work on the salt-dependent interaction term was

primarily done by Ferdinando Randisi under the supervision of Petr Šulc and Flavio Romano,

and I contributed at a later stage. John Schreck provided Fig. 5.2, and otherwise the work on

introducing different widths for the major and minor DNA grooves and improving the model’s

structural prediction for large nanostructures is my own, with Flavio Romano’s supervision.

Although I did not work directly on everything described in this chapter, I was responsible for

testing and tweaking parameters to produce a final version of the new model. Moreover, it would

seem odd to present an incomplete description of the new model merely for reasons of authorship.
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6 Structural properties of DNA origami

In Chapter 5, we described an updated coarse-grained DNA model, oxDNA2. As noted

in that chapter, the new model was fitted to better reproduce the structural properties

of large-scale DNA nanostructures. In this chapter, we use the model to investigate the

structural properties of 2D and 3D origamis, and of the individual Holliday junctions

which are crucial for understanding origami structure. Where possible, we compare

our results to experiment.

6.1 Previous studies of the structure of DNA objects

When origami structures are produced experimentally, they are typically visualised

using AFM or (more often) TEM after attachment to a surface, [10;22;35;36] or sometimes

with small-angle X-ray scattering (SAXS). [146] While sufficient to check that roughly the

desired structure has been formed, these methods are not usually suitable for a more

fine-grained structural analysis. Note that adsorption onto a surface may perturb the

structure, especially for 2D origamis, which may be flattened and made to look more

ordered – an advantage of SAXS is that is it is a solution measurement.

There have, however, been some attempts to experimentally characterise the struc-

ture of DNA origamis and other nanoscale structures in greater detail. Multiple studies

have involved quantitative analyses using TEM imaging on a surface. One class of

origamis was designed to multimerise to form twisted “ribbons,” whose number of

turns per unit distance when visualised on a surface could be used to infer the twist
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angle of the corresponding monomers. We used this result when parameterising the

oxDNA2 model in Chapter 5. In the same work, the distributions of bend angles were

measured for a set of bent origami blocks, and the Castro group has made similar

measurements of angles and distances for a variety of structures, such as bent bars, a

“crank” which couples linear and angular motion, a nanoscale Bennett linkage, and a

“scissor” structure. [147–149] The resolution of such measurements is usually relatively

coarse, however.

In Ref. 126 and Ref. 39, the authors used cryo-EM imaging to characterise the

structure of a DNA nanotetrahedron and a 3D DNA origami, respectively, and fitted

all-atom DNA structures to the resulting electron density maps. This method may

better represent the structure that the origami adopts in solution. Finally, fluorescence

techniques may be used to characterise origami in solution or on a surface. FRET allows

distances to be measured, [150] and a super-resolution imaging technique known as DNA

PAINT [40;151;152] has recently been developed to charactise 3D DNA nanostructures.

Computer models have also been employed to study the structure of large DNA

nanostructures. Notably, Yoo et al. [48] were able to use an all-atom model to simulate

origamis consisting of thousands of base pairs (up to almost 3 million atoms including

the solvent) for up to 140 ns, although it is not clear that the structures had completely

relaxed into their equilibrium conformations in all cases. However, such simulations

are extremely computationally intensive and cannot be performed routinely. More

coarse-grained models have also been used to study origami structure: Arbona et

al. [52] used a previously developed coarse-grained DNA model [153] to simulate small

DNA-origami-style structures, computing their persistence lengths and examining

the effect of changing B-DNA pitch on global twist. The relatively simple “stack of
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plates” DNA model that they used treats base pairs as rigid bodies, so that base pairs

cannot be broken, and the behaviour of the junctions, which are modelled as normal

duplexes joined with additional elastic springs, is not well characterised. By far the

most widely used model is CanDo, [12;53;54] a specialised model in which double helices

are linear elastic rods, Holliday junctions are somewhat flexible connections between

the rods, and single-stranded regions are freely-jointed chains. This relatively simplified

representation allows equilibrium structural and mechanical properties to be computed

in a matter of minutes, and produces structures which are generally in good agreement

with experiment. However, the model treats only the elastic regime of local structural

deformations, and does not allow base pairs to break.

Being a nucleotide-level model with realistic structural properties for single- and

double-stranded DNA as well as motifs such as hairpins and bulges, [73] the oxDNA2

model can be used for a more detailed study of origami structure than CanDo. At the

same time, it can simulate these structures for far longer times than all-atom simulations,

so that they have a higher chance of adopting their fully equilibrated conformations

during the simulations, which will be representative of experimental systems.

We note that for the work described in this chapter, we used the version of the

oxDNA2 model with average-strength interactions, rather than sequence-dependent

ones, as we were interested in generic structural properties. In addition, the latter

model has only been directly fitted to reproduce the sequence dependence of the ther-

modynamics of melting, but with no attempt yet to reproduce the detailed sequence

dependence of the structural or mechanical properties – this may be the subject of future

work.
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6.2 Characterising Holliday junction structure in oxDNA2

We begin our study of origami structure by considering the four-way junctions, also

known as Holliday junctions, which are an essential feature of origami designs. These

occur wherever two strands, usually staple strands,1 cross from one double helix to

another within the origami. Thus the junctions play the vital role of joining adjacent

double helices together. Because each origami contains many junctions, their structural

properties can potentially have major repercussions for the structure of the origami.

The structure of single isolated Holliday junctions has been characterised experi-

mentally [154;155] through X-ray crystallography, [156;157] AFM [158] and FRET measure-

ments. [159;160] Depending on the experimental conditions, a Holliday junction can

exist in an open or stacked conformation, with the open conformation favoured in

the absence of metal ions, and the stacked conformation adopted in the presence of

divalent metal ions. [155] Because the latter conditions are used in the great majority of

DNA nanotechnology studies, we consider only the stacked conformation here. This

conformation is favoured by oxDNA for the salt conditions we consider (0.5 M).

In order to quantify the structure of the junction, we define two angles: φ, which

measures the average angle between pairs of arms; and θ, which measures the average

angle between the arms and the plane of the junction (see Fig. 6.1(a)).

6.2.0.1 Definitions of the φ and θ angles

To compute φ and θ, we first define a plane with normal n, given by

n = A × B + B × C + C × D + D × A, (6.1)

1When the crossing strands are parts of the scaffold strand, the Holliday junctions, which usually line
up along the structure, form what is known as the seam.
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Figure 6.1: A typical configuration for a single Holliday junction simulated with
oxDNA2 at 0.5 M salt. The green and purple strands cross from one double
helix to another, while the red and blue strands occupy one double helix
each. (a) A top-view from perpendicular to the plane of the junction. Arrows
point along the helix axes in the the 3’ to 5’ direction of the red and blue
strands. The four junction arms are labelled A, B, C and D. The angles φ1 and
φ2 (loosely speaking, the angles between arms A, B and C, D respectively)
are shown, where φ = (φ1 + φ2)/2. θ is the average angle between each arm
and the plane of the junction. (b) A view from the side. The arm vector A
and orientation vector o are shown.

where we define A as the normalised vector pointing along the helix axis of arm A. To

be exact, A points from the base-base midpoint of the base pair closest to the crossover

to the 4th closest base pair’s base-base midpoint, as shown in Fig. 6.1(b). This means

that A spans three base-pair steps. B, C and D are defined in an analogous way. This

definition is a compromise between not being too influenced by the motion of one or

two base pairs and not being influenced by the motion of the part of the flexible arm far

from the crossover.

In addition to this, we define an orientation vector o (Fig. 6.1(b))

o =
(b + d)

2
− (a + c)

2
, (6.2)

where a is the position vector of the base-base midpoint closest to the crossover of arm

A, and likewise for b, c and d. We will use o to define a φ angle that runs from 0∘ to
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360∘, using a triple scalar product.

To compute φ, we define two twist angles, φ1 and φ2, which are a measure of the

twist of the Holliday junction arms around the axis of the crossover:

φ1 =





arccos(A′ · B′) if (A′ × B′) · o > 0

360∘ − arccos(A′ · B′) if (A′ × B′) · o < 0

,

and (6.3)

φ2 =





arccos(C′ · D′) if (C′ × D′) · o > 0

360∘ − arccos(C′ · D′) if (C′ × D′) · o < 0

,

where A′ = (A − (n̂ · A)n̂)/|A − (n̂ · A)n̂| is the normalised projection of the vector A

into the plane perpendicular to n, with similar definitions for B′, C′ and D′. φ is then

defined as the average of the two φi angles: φ = (φ1 + φ2)/2. Note that experimentally

determined crystal structures have φ ≈ 240∘, while the smallest angle between the

double helical domains (which is the angle usually quoted) for those structures is

around 60∘.

To compute θ, we define angles θX, which are each related to the angle between the

arm X and the plane of the Holliday junction:

θA =





−| arcsin(A · n̂)| if A · o > 0

| arcsin(A · n̂)| if A · o < 0

,
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θB =





| arcsin(B · n̂)| if B · o > 0

−| arcsin(B · n̂)| if B · o < 0

,

θC =





−| arcsin(C · n̂)| if C · o > 0

| arcsin(C · n̂)| if C · o < 0

, (6.4)

θD =





| arcsin(D · n̂)| if D · o > 0

−| arcsin(D · n̂)| if D · o < 0

,

This definition ensures that an arm pointing away from the plane normal to n has

a positive angle and an arm pointing into the plane has a negative one. Note that

by definition θA ≡ θC and θB ≡ θD.2 We define θ as the average of the θX angles:

θ = (θA + θB)/2.

6.2.1 Comparison of an oxDNA2 junction with experimental results

We ran MD simulations of an isolated Holliday junction with arms 16 base pairs long

at 0.5 M salt and room temperature (296.15K), binning the resulting configurations to

find the free-energy landscape for the system as a function of φ and θ. We windowed

the simulation in φ using a biasing potential (defined in Appendix B.5.1) to speed up

sampling for values of φ around 180∘, as these are the φ values relevant for origami

structure. The sequence was chosen to prevent branch migration. The junction can

adopt one of two equivalent isomers: in order to simplify the analysis, configurations

2This can be shown by considering each X · n̂ along with the definition of n given in Eq. 6.1
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that were determined to be in the wrong isomer were discarded. Further details regard-

ing the simulations, including how a configuration’s isomer is determined, and DNA

strand sequences are given in Appendix B.5.1.

The results of the simulations are shown in Fig. 6.2. The free-energy minimum

for the oxDNA2 junction is at (φ, θ) = (93.5∘, 2.5∘), while integrating over θ gives a

preferred φ angle of 90.5∘, with a mean value of 91.8∘; such junction configurations are

said to be left-handed. However, the junctions observed in crystal structures are usually

right-handed with 240∘ being a typical value for φ. [155] The preferred value of φ that

we see with oxDNA2 can be understood as a way of aligning the backbone sites of the

two double helices at the junction so that the distance between the excluded volumes

of nearby backbones is maximized while the bonded backbone sites are separated by

their preferred distance, as seen in Fig. 6.3(a). Configurations with φ corresponding to

that of the crystal structure require the backbones to cross at the junction (Fig. 6.3(b)),

which in oxDNA2 probably involves destabilizing the stacking and/or base-pairing

interactions for the central base pairs, in order to keep the excluded volumes of the

four central backbones far enough apart and the bonded backbones at their preferred

distance. While there is a hint of a local minimum for these configurations in oxDNA2,

they are disfavoured. Although oxDNA2 does use a simplified representation of the

DNA backbone, we are not aware of any result definitively determining the handedness

of the junction in solution. We also note that a crystalised left-handed junction has been

reported [161] for an RNA-DNA complex, and that both chiral forms have been seen as

local minima for a junction in solution in all-atom simulations. [162]

That oxDNA2 is unable to reproduce the experimental junction crystal structures’

preference to be right-handed is, fortunately, not particularly detrimental to modelling
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Figure 6.2: The free-energy landscape for a Holliday junction in oxDNA2 at a tem-
perature of 296.15 K. Free-energy profiles for φ and θ are also shown. The full
free-energy profile for θ is shown as a solid blue line, while the green dashed
line shows the subset 160∘ ≤ φ ≤ 180∘, shaded grey in the free-energy
landscape.
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(a) (b)

Figure 6.3: Holliday junction geometry in oxDNA2 shown with three different
views for (a) the φ-θ minimum in oxDNA2 (φ ∼ 93.5∘) and (b) a configur-
ation with a φ angle similar to the angle determined for Holliday junction
crystal structures (φ ∼ 240∘), which is not a favourable state in oxDNA2.
Note that the backbone bonds must cross for (b) but not for (a), which is
particularly evident in the top panel, and that the middle panel in (b) shows
a disruption of the top duplex’s geometry at the junction.
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origami structure with oxDNA2 for the following reasons. Firstly, the junction is very

flexible in φ so this preference is not too strong (although clearly the oxDNA2 junction

will very rarely adopt a configuration with φ ∼ 240∘). Secondly, in an origami the

junctions are constrained to φ values close to 180∘, i.e. 90∘ from the preferred junction

angle for oxDNA2 and 60∘ for real DNA, so the junctions in both cases will have a

somewhat similar level of stress. Finally, junctions which have been experimentally

resolved within origamis have been found to exhibit φ angles slightly below 180∘ [39],

a counter-intuitive result because one would probably expect deviations to take the

junction towards (not away from) the preferred geometry. However, this is good

news for oxDNA2, because, as we will see, the origami junctions in oxDNA2 do twist

towards their preferred left-handed orientation, thus leading to qualitatively correct

φ angles within origamis. This tendency to have a slight left-handed twist has also

been observed in atomistic simulations of origamis. [48] The cause of this twist is not

completely clear, but is probably due to a rougher free-energy landscape (as a function

of φ) than predicted by oxDNA2, caused by the details of the interactions between the

DNA, solvent and ions around the junction point.

The free-energy profile for θ in Fig. 6.2 shows a slight preference for a positive θ,

with a free-energy minimum at θ = 2.5∘, corresponding to a tendency for the helix

arms to point slightly out of the plane of the junction. The effect is greater, with the

minimum at θ = 4.5∘, for a subset of the data for which 160∘ ≤ φ ≤ 180∘, the region

likely to be relevant within origamis. We will discuss the relevance of this finding to

DNA origami structure in the next section. A simple argument explaining the behaviour

of θ for the free junction is that negative values of θ will cause the arms to bump into

each other more often, and this becomes more likely when the arms are approximately

aligned, as for φ ≈ 180∘. Intriguingly, however, this argument would lead us to expect
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a similar effect as we move towards φ ≈ 0∘, and this effect is not evident from the free-

energy landscape. This suggests that the details of what are happening at the junction

itself (i.e. the centre of the DNA complex) are also important, with the geometry at the

junction for φ ≈ 0∘ being very different to that for φ ≈ 180∘. As φ ≈ 0∘ configurations

are unimportant for junctions within DNA origamis we do not investigate the origin of

this effect further here.

We also note a slight second minimum in the φ free-energy profile for a right-handed

junction with φ ∼ 200∘, with a small barrier of perhaps 1kBT. Although this apparent

slight barrier may be mostly due to noise, there is a clear change of gradient after ∼180∘,

indicating qualitatively different behaviour.

6.3 Structural properties of a 2D origami

The coupling between many Holliday junctions present in a DNA origami generates a

rich set of structural properties. In this section we consider 2D origamis, which consist

of a single “sheet” of (anti-)parallel DNA helices joined by crossovers. In the following

section we address 3D origamis.

We focus on a particular, fairly generic, 2D origami design for our study of 2D

origami structure in this section. A simulation snapshot showing the equilibrated

structure in solution is shown in Fig. 6.4 (see Fig. B.3 for the cadnano representation of

the structure). In this section we refer to this design as “the 2D tile.” We choose to study

the 2D tile as it is fairly homogeneous and roughly flat, due to strategic positioning of

the junctions designed to match the pitch of the DNA double helix, which is desirable as

excessive curvature or twist can add unnecessary complications to structural analysis.

We can see some of the basic features of origami structure in Fig. 6.4. The origami
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sheet is not noticeably twisted, but there is some curvature. We expect the structure to be

flattened out when adsorbed onto a surface. The structure does fluctuate considerably

in solution, but we focus on the average structure for this study.

We focus our study on two structural phenomena: the “weave pattern” and “cor-

rugation.”

6.3.1 The weave pattern

The weave pattern in 2D origamis, where adjacent double helices tend to push apart

away from the junctions (as can be seen in Fig. 6.4), has been well known since the DNA

origami method was originally devised, and is clearly visible in experimental images. [3]

There are a few possible causes for this behaviour: (i) electrostatic repulsion between the

negatively charged helices; (ii) an entropic effect due to the increased conformational

space available when adjacent double helices are not perfectly parallel; or (iii) the local

structure around the junctions favouring the arms pointing slightly away from each

other (favouring a positive θ angle in the junction measurement scheme outlined in

the previous section). For simulations with oxDNA2, we will see that all three of these

effects play a role in the weave pattern of 2D origamis.

We quantify the weave pattern of the 2D tile by measuring the distance between

the helix axes (defined by the midpoint between the bases for each base pair) for

adjacent double helices (see Fig. 6.5). The results shown for the tile at a temperature

of 300 K and [Na+] = 0.5 M are plotted in Fig. 6.6.3 Because of the pattern of junction

placement in the origami’s design (Fig. B.3), there are two obvious groups that the

3To simplify the appearance of the plot we omit some inter-helix distances. Namely, those involving
the double helices at the top and bottom edges of the origami, as these are only constrained on one side
and so exhibit slightly different behaviour; a few affected by branch migration which resulted in spurious
results near the affected junction; and one affected by a partially melted staple which caused artificially
enhanced flexibility.
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Figure 6.4: A simulation snapshot showing the 2D tile after equilibration with
oxDNA2.

pairs of double helices can be divided into. In this plot one is shown as solid lines and

the other as dotted lines. Each group exhibits a wave-like pattern with troughs at the

crossovers, where the double helices are brought closest together, and peaks away from

the crossovers, normally at a position which is both midway between the junctions

and where the adjacent pair of helices have a crossover. This pattern has a periodicity

of about 32 base-pair steps, corresponding to the periodic junction placement in the

origami. In the middle of the plot, (around base-pair index 150), a different pattern is

evident. This is due to the presence of the origami’s seam (a series of junctions where

the scaffold strand is exchanged, rather than staples strands as is more usual), which

runs along the middle of the tile. In this region, one group of double helix pairs has

a particularly large gap without any junctions and so opens up to the largest extent

here, as is also very clear from Fig. 6.4; the modulations in the distance in the middle of

this region reflect the presence of junctions on adjacent pairs of helices. By contrast, the

other group of double helix pairs has a shorter distance between junctions due to the

extra scaffold crossovers.
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Figure 6.5: An illustration of the measurement of the weave pattern in oxDNA2.
The green lines show the helix axis and the red line with arrow heads shows
the distance between the axes for a particular pair of base pairs.
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Figure 6.6: The weave pattern for the 2D tile at 300 K and [Na+] = 0.5 M, quantified
as the inter-helix distance as a function of base-pair index along the origami.
Each line corresponds to a different pair of adjacent double helices on the
origami. Some pairs have been omitted for clarity (see main text). The
symmetry of the design is such that the pairs may be split into two groups:
here one group is plotted with solid lines and one with dotted lines.
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Figure 6.7: The standard deviation of the weave pattern for the 2D tile at 300 K and
[Na+] = 0.5 M. The size of the standard deviation is significantly smaller
than the size of the weave pattern itself. Data shown in an analogous way
to Fig. 6.6.
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6.3.1.1 Investigating the cause of the weave pattern in oxDNA2

From the free-energy landscape and profiles shown in Fig. 6.2 we can see that the free

oxDNA2 junction is fairly flexible in θ, with the free-energy minimum occurring where

θ is slightly above 0∘, meaning that the junction arms tend to slightly point away from

each other. This preference for a positive θ will, all else being equal, create a weave

pattern, and in fact the preference is slightly stronger for values of φ around 180∘, the

set of conformations likely to be relevant for origami structure. In fact, the bending that

creates the weave pattern is mostly localized at the junctions (see Fig. 6.6 and Fig. 6.8),

probably due to the stiffness of the duplex sections between junctions, which being only

16 base pairs long are much shorter than the duplex persistence length (123 base pairs

in oxDNA2 under these conditions), and relative flexibility of the junctions.

To assess whether the weave pattern is at least in part a static structural preference,

and not purely caused by fluctuations which will tend to favour a pushing apart of

the helices on average, we can examine the fluctuations in the weave pattern. These

fluctuations (defined as the standard deviation of the inter-helix distance) are shown in

Fig. 6.7. The plot shows that the fluctuations, which are in the range of 0.1 to 1 nm (and

are smallest at the junctions and largest at the midpoints between the junctions), are

significantly smaller in magnitude than the weave pattern itself, which ranges between

2.5 and 4.5 nm. Thus the junctions in the origami are very unlikely to have a value of θ

near to 0, and have a static structural preference for finite θ.

In order to investigate the effect of electrostatic repulsion, we repeated the simu-

lations of the 2D tile, this time using such a high salt concentration that the explicit

electrostatic repulsion term in the oxDNA2 model is effectively removed. The result is

shown in Fig. 6.9. We found that the weave pattern remained, albeit with a reduced



156 Structural properties of a 2D origami

(a)

(b)

Figure 6.8: A “chickenwire” representation of an average-structure configuration
for the 2D tile (see Appendix B.5.3 for details of how the average structure
was computed). The tile is shown (a) from the front, as in Fig. 6.4, so
that the weave pattern can be clearly seen; and (b) at an angle, to show
the corrugation pattern on the tile’s surface. Lines running horizontally
along the origami show the central axes of the double helices that make up
the origami. Pairs of red vertical lines represent double crossovers, while
blue vertical lines represent the inter-helix vectors used for the quantitative
analysis of the weave and corrugation, and are shown primarily to give
shape to the surface. Deviations from the typical structure such as that seen
in the bottom left corner of the origami are caused by staple melting or
branch migration.
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magnitude of the oscillations constituting the pattern. Under realistic salt conditions

(typical of applications in DNA nanotechnology), [Na+] = 0.5 M, and at 300 K, the

maximum separation is just above 4.5 nm, while without the electrostatic term it is just

above 4.0 nm. This indicates that, although electrostatic repulsion enhances the weave

pattern in oxDNA2, it is not the sole cause.

Finally, we simulated the tile at different temperatures (with [Na+] = 0.5 M) to

obtain further insight into whether the weave pattern has a partly entropic, as well

as energetic, origin. Fig. 6.10 shows the weave pattern at 270 K and 330 K. Together

with the weave pattern at 300 K (Fig. 6.6), the plots indicate that the magnitude of

the oscillations characterising the weave pattern increase somewhat with increasing

temperature. Thus, thermal fluctuations play a role in determining the magnitude of

the weave pattern, with this entropic component favouring a more pronounced weave

pattern.

6.3.2 Corrugation in 2D origamis

A second structural property seen in 2D origamis is what we term corrugation, where

the origami displays a systematic, out-of-plane bending of the double helices, so that

the junctions have a φ angle that is not exactly 180∘, as would be the case for an origami

with perfectly antiparallel double helices. This results in a wave-like pattern on the

surface of the origami visible for average-structure configurations, as shown in Fig. 6.8.

The appearance of this effect, which is much smaller in magnitude than the weave

pattern, is not surprising given the preference for the free Holliday junction to have a φ

angle lower than 180 ∘.

Our approach to measure the corrugation is to follow how the orientations of the
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Figure 6.9: The weave pattern for the 2D tile at very high salt, which in oxDNA2
effectively corresponds to removing the electrostatic interaction. The pattern
has a lower amplitude than for the [Na+] = 0.5 M case, indicating that
electrostatic repulsion enhances the weave pattern in oxDNA2.
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Figure 6.10: The weave pattern for the 2D tile at [Na+] = 0.5 M at a temperature of
(a) 270 K and (b) 330 K. We find that the amplitude of the pattern increases
with increasing temperature. Data shown in an analogous way to Fig. 6.6.
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inter-helix vectors vary as one moves away from a junction. Specifically, for every such

inter-helix vector we measure the angle between the inter-helix vector and the average

inter-helix vector at the nearest junction between that pair of helices when projected

onto the plane perpendicular to the average helix axis at that junction. The sign of

the angle is determined from the sign of the scalar triple product of the two projected

inter-helix vectors with the average helix axis, in order to distinguish clockwise and

anticlockwise twisting. Thus, this measure quantifies the amount of twisting, in the

plane perpendicular to the helix axis, between adjacent double helices near to junctions.

The corrugation for the 2D tile as measured with this method is plotted in Fig. 6.11.4

The plot shows the tendency for the double helices to come slightly out of the plane

of the tile. They are systematically rotated one way on one side of the junction (base

pair index less than 0) and the opposite way on the other (base pair index greater

than 1). This corresponds to a φ angle of less than 180∘ for each junction, which is

as expected from our study of the free junction in Section 6.2.1 and agrees with the

findings for the structure determined in Ref. 39 with cryo-EM, which we consider

in the next section. Although each junction shows qualitatively the same behaviour,

there is clearly a wide variation in the magnitude of each curve. Although this will be

partly due to noise from the fluctuations of the origami, which will decrease with more

sampling, it seems likely that it is also due to the inhomogeneous average properties of

the structure, which means that the corrugation angles are on average different around

different junctions. The general shape of the curves can be understood by considering

the junctions connecting a particular double helix to both of its neighbours. These are

spaced approximately 16 base pairs apart, and their chiral twist causes the sign of the

in- or out-of-plane modulation to change at every junction (with the magnitude passing

4As for the weave pattern plots, some junctions have been omitted for clarity, including the outermost
junctions on the tile, and the junctions next to the scaffold seam as well as the seam itself.
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through zero at the junction), as shown in Fig. 6.12.

Although, to our knowledge, this corrugation effect has not been reported in any

experimental studies of 2D origamis, this is perhaps not surprising because the effect is

small in magnitude and would tend to be reduced or removed when the structure is

placed on a surface to be visualised, as is usually the case for experiments. A similar

effect has however been observed with the CanDo structural model [54] as “out of plane

bending” in a series of planar “ring” origamis. Presumably, just as with our findings,

this is due to the preference of the CanDo junctions to have a φ angle other than 180 ∘.

6.4 Structure of the 3D “pointer” origami

In Chapter 5, we showed that oxDNA2 reproduces the global twist of three 3D origami

structures fairly well (Table 5.1), having been fitted to the global twist of one of them.

In this section, we study a 3D origami that has been well characterised experimentally,

which we will refer to as the “pointer” structure, due to its resemblance, from some

angles, to a pointing hand. This structure was designed, experimentally assembled, and

characterised, by Bai et al. [39] The design uses a square lattice for the double helices,

which means that the crossovers are spaced 32 base pair steps apart, and we expect a

slight global twist in the structure. The authors determined the structure of the origami

using cryo-EM imaging, reconstructing an electron density map and using it to fit an

all-atom average structure of the origami.

The average structure computed from oxDNA2 simulations (see Appendix B.5.3 for

details of the averaging procedure) is compared to the average structure calculated from

cryo-EM in Fig. 6.13. The structure was simulated at [Na+]=0.5 M, a salt concentration

which roughly emulates the experimental conditions of 20 mM Mg2+, 5 mM Na+, and
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Figure 6.11: The corrugation pattern for the 2D tile. The angle between inter-helix
vectors is is shown on the y-axis (see the main text for details of the defini-
tion). The x-axis shows the location of the inter-helix vector, in base-pair
steps relative to the midpoint of the junction. Each line corresponds to a
different junction, with the thick green line being an average over the data.
Some junctions have been omitted for clarity (see main text).

Figure 6.12: A schematic illustrating the origin of the form of the corrugation pat-
tern. A small section of a 2D origami is shown, with blue lines representing
the double helices (shown as straight for simplicity) and red lines represent-
ing the locations of the crossovers. Diagonal black lines show the preferred
chirality of the junctions, with the faded end pointing into the page, and
the solid end coming out of the page. In the absence of an overall curvature
of the origami, the modulations in and out of the plane of the page should
balance out, so that the junctions line up and the corrugation goes to zero
every 16 base pairs, the number of base pairs between each junction. This
is the approximate pattern seen in Fig. 6.11, albeit with a wide spread.
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1 mM EDTA. By eye, there is a good agreement between simulation and experiment.

We attempt to quantify the level of agreement between our simulations and the

cryo-EM structure by calculating the square root of the mean squared displacement

(RMSD) between the simulated structure and the experimentally determined one. De-

tails of the RMSD calculation are given in Appendix B.5.4. We find that the RMSD is

0.89 nm, a reasonably good agreement with experiment. A graphical comparison is

shown in Fig. 6.14. In this figure, is clear that the overall size of the cross-sectional lattice

computed with oxDNA2 is very close to the experimentally determined one, indicating

that the size of the weave pattern and double helical radii match experiment well. In ad-

dition, the overall twist of the structure is reproduced. The majority of the contribution

to the RMSD is due to the double helices towards the outside of the structure, which are

more clearly displaced from the experimentally determined structure. One potential

reason for this disparity is that our average structure includes the effects of thermal

fluctuations at room temperature, and it is not clear to what extent these fluctuations

will be frozen in during the cryo-EM process. We also note that the estimated resolution

of the cryo-EM characterisation of the pointer is reported as 0.97 nm at the core and

1.4 nm at the periphery, comparable to the RMSD we have found.

We find that the 3D pointer’s double helix axes trace out a left-handed helix with a

period of approximately 32 base-pair steps per turn, which corresponds to the spacing

of junctions between each adjacent double helix pair in this design. We can loosely think

of the origin of this effect as follows: as we move along the double helix, its base pairs

are pulled closer to each of its four neighbouring double helices in turn, as each junction

is encountered, with a junction between our double helix and a particular neighbour

occurring once every 32 base-pair steps. Oscillations periodic in the junction spacing
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(a)

(b)

Figure 6.13: Three different views of the pointer structure determined by (a) fitting
an atomistic model to cryo-EM data (reproduced with permission from Ref.
39, copyright c○ 2015 National Academy of Sciences) and (b) the oxDNA2
model.

Figure 6.14: The helix axes used for the RMSD calculation are shown for three
different views of the structure. The simulated structure is in blue, and the
experimental one is in red. Grey lines show the displacement vectors used
in the RMSD calculation.
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were also seen for some structures in the atomistic origami structure study of Ref. 48.

Because the cryo-EM technique is a promising experimental method for precise

structural characterisation, we may wish to improve our method of mimicking the

cryo-EM procedure with oxDNA2. One way of doing this might be to add a “freezing”

step to our protocol for comparing to these experimentally determined structures.

6.5 Summary

In this chapter we have characterised some of the basic properties of DNA origami

structure with oxDNA2. We have seen that Holliday junction structure within origa-

mis, a vital determinant of origami structure, is reproduced well by oxDNA2. Taking

advantage of this capability, we have investigated origami structure with simulations

of full-scale 2D and 3D origamis with the model. We characterised the weave pattern

for a 2D origami and determined its origin within the model, and quantified the subtle

corrugation effect. For the 3D pointer origami, we noted the left-handed helix formed

by the axes of the double helices, and quantified the agreement between oxDNA2’s

average structure for the pointer with the experimental structure determined with

cryo-EM.

Having completed this basic investigation of origami structural properties within

the model, the good agreement with experiment that we have found provides us with

confidence to use the model to study the structural properties of other large DNA

nanostructures, and origamis in particular. Structures that have been carefully charac-

terised experimentally will give further opportunities to test and refine the structural

predictions of the model, while for nanostructures that have only been visualised us-

ing low-resolution methods, such as TEM on a surface, oxDNA2 has the potential to
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provide more detailed structural insights. The model will be of particular use when

a more detailed view than CanDo can provide is needed, for structures with complex

features that cannot easily be handled by CanDo, or when internal stresses might lead

to broken base pairing.
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7 Conclusion

In this work we have used the coarse-grained DNA model oxDNA to study the highly

successful DNA origami self-assembly method and, having introduced an enhanced ver-

sion of the model, the structural properties of the example two- and three-dimensional

origamis.

We studied the self-assembly of a 384-base-pair origami from a solution of single-

stranded scaffold and staple strands using direct MD simulations. We saw that staple

strands bound to the scaffold in parallel, with cooperativity evident for the binding of

the second staple domain if the adjacent staple was already partially formed. We were

able to simulate a complete assembly of the origami for a system with exactly one copy

of each strand. This assembly occurred in an intermediate temperature window: at low

temperatures assembly was prevented by misbonding while at high temperatures the

free-energy barriers to assembly became too large for our simulation time scales. When

we attempted an assembly with a large staple excess and a high strand concentration,

completion of the assembly was prevented because of kinetic traps caused by multiple

copies of the same staple strand binding simultaneously to different domains on the

scaffold, preventing each other from completing their binding. This last effect helped

us to rationalise some successful origami design strategies.

We then studied the self-assembly of a similar origami with oxDNA using FFS, a

rare-event simulation technique. Using FFS made simulations possible at experimental

concentrations, which are three orders of magnitude lower than the concentrations that
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we used in our direct simulations, and at higher temperatures where binding rates are

lower and staple melting is enhanced. At these concentrations we found a clear time

scale separation between the binding rate for the initial domain of each staple and the

binding rate for its subsequent domains, although this separation may be reduced for

more complex origami designs, so that the staple blocking effect identified for high-

concentration systems with direct simulation may still come into play. As with the

direct assembly simulations, we found the strongest cooperative effect for the binding

of the fourth staple domain at a Holliday junction. We also found evidence of reduced

domain formation and melting rates for transitions which required a staple strand

tail to be threaded through a small loop, while the potentially topologically difficult

problem of binding a middle staple domain when the end domains were already bound

surprisingly occurred perhaps even faster than the typical rate for binding a third staple

domain. When a staple had bound an end domain, subsequently binding the non-

adjacent domain at the other end of the staple proved to be significantly slower than

binding the middle domain, which is probably the main reason why binding the second

staple domain was faster when the first domain that bound was the middle domain

rather than an end domain. All of these findings provide hints of how rational design

can guide origami self-assembly along desirable pathways, avoiding potential strand

threading or wrapping problems which can drastically reduce yields.

We also introduced oxDNA2, an enhanced version of the oxDNA model. The model

was previously parameterised to one salt concentration, a constraint which we relaxed

by adding a salt-dependent term allowing treatment of salt conditions of [Na+] = 0.1

to 2 M. We used new experimental data to add additional sequence dependence into the

model’s thermodynamics, introducing different interaction strengths for AA stacking

and TT stacking, an important distinction for DNA biophysics and nanotechnology.
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Additionally, we improved the model’s treatment of large-scale DNA nanostructures by

introducing differentiated widths for the major and minor DNA double helical grooves,

and modifying the coaxial stacking and backbone-backbone interactions to fit the global

twist of an origami to an experimentally determined value.

We used the improvements introduced with oxDNA2 to study general structural

properties of 2D and 3D origamis, comparing to experiment where possible. We invest-

igated Holliday junctions, an important element of origami structure, in some detail,

finding that the behaviour of oxDNA2 junctions within origamis agrees with that de-

termined by experiment. We quantified the weave pattern in 2D origamis, which in the

model results from the preferred local structure of the Holliday junctions, electrostatic

repulsion between backbones, and thermal fluctuations. We also characterised the

subtle corrugation effect in 2D origamis. We studied a 3D origami which has been

characterised in detail experimentally, finding that each double helix axis formed a

left-handed helix due to the regular pattern of junction placement. We found a good

agreement with experiment in the overall size and shape of the structure, with an RMSD

between the simulated and experimental structure of 0.89 nm.

Future simulations with oxDNA, with the help of FFS or perhaps a different rare-

event method, have the potential to yield further insights into origami assembly. The

studies we have conducted here have highlighted likely fruitful areas for further in-

vestigation, such as potential problems with strand threading and staple blocking, as

well the implications of cooperative effects during Holliday junction formation. De-

tailed studies of smaller model systems, for which accurate statistics can be more easily

obtained, will be particularly important in this regard.

The simple treatment of electrostatic interactions we have used for the oxDNA2
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model leads to a disagreement with experimental hairpin melting data at low salt,

suggesting that the electrostatic repulsion between DNA single strands at low salt may

be too strong. This is a potential area for future improvement of the model.

Having taken advantage of the improved structural prediction capabilities intro-

duced with oxDNA2 to conduct an investigation into the basic structural properties

of origamis, we can now use the model to gain structural insights into a wide range

of origamis and other DNA nanostructures. There is much interest in this area, with

significant opportunity for collaborations with experimental groups. The insights that

oxDNA can provide will be particularly useful for nanostructures that have a significant

range of dynamical motion and that are harder to characterise experimentally. At the

same time, further detailed experimental characterisation of DNA nanostructures will

increase our confidence in the model’s predictions and allow us to make additional

improvements to the model in the future.
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Appendices

The following chapters contain extra details to supplement the material described in

the main part of this thesis. Appendix A provides details regarding the potential energy

function introduced for oxDNA2 in Chapter 5, while Appendix B provides further

supplementary information for Chapters 3, 4, 5 and 6.
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A The oxDNA2 potential

A.1 Introducing an electrostatic term into the model potential

We introduce an explicit electrostatic term into the model using Debye-Hückel theory. To

aid computational efficiency when simulating the model, we ensure that the interaction

goes to zero within a finite distance rcut,DH, and we introduce a quadratic smoothing

function so that the interaction goes to zero smoothly. The form of the electrostatic term

is then

Velectrostatic(rb-b, T, I) =





VDH(rb-b, T, I) if rsmooth,DH > rb-b,

Vsmooth(rb-b, T, I) if rcut,DH > rb-b ≥ rsmooth,DH,

0 otherwise,

(A.1)

where T is the temperature, I is the salt concentration, and rsmooth,DH, the distance

beyond which smoothing is introduced, is chosen to be equal to 3λDH (λDH is defined

below). The Debye-Hückel-like term, VDH(rb-b, T, I), is given by

VDH(rb-b, T, I) =
(qeffe)2

4πε0εr

exp
{
−rb-b/λDH(T, I)

}

rb-b , (A.2)

where qeff is the effective charge (which is equal to 1 in Debye-Hückel theory but which

we choose to be 0.815 after fitting to experimental data), e is the charge of an electron,

ε0 is the permittivity of a vacuum, εr is the relative permittivity of water (which we

choose to be 80), and rb-b is the distance between the pair of interacting backbone sites.
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λDH is the Debye screening length, and is given by

λDH(T, I) =

√
ε0εrkBT
2NAe2I

, (A.3)

where kB is Boltzmann’s constant and NA is Avogadro’s number. The quadratic smooth-

ing term, Vsmooth(rb-b, T, I), is given by

Vsmooth(rb-b, T, I) = B(rb-b − rcut,DH)2, (A.4)

and B and rcut,DH are constants chosen such that Velectrostatic is smooth and differenti-

able. Note that the above definition implies that the cutoff radius for the Debye-Hückel

term, rcut,DH, depends on the salt concentration I and the temperature T.

A.2 Modifying the average pitch of the model duplex

The model duplex pitch can be controlled by modifying the position of the minimum in

the FENE bonded backbone potential, δr0
backbone, which has a small effect on the ther-

modynamics (which was refitted using the histogram reweighting method described in

Section II C 2 of Ref. 90) and little effect on the other properties of the model DNA. For

oxDNA2, δr0
backbone was set to give a global twist of zero for the N-type helix bundle

due to Dietz et al.; [9] the new and old values for δr0
backbone are given in Table A.1.

A.3 Modifying the average coaxial stacking term in the oxDNA
potential

We modified the coaxial stacking term in the oxDNA potential in order to change the

twist angle across a nick and across an origami junction, while changing the thermo-

dynamic properties of a nicked duplex and other motifs as little as possible. This was

achieved by moving the position of the minimum with respect to the angle θ1 (shown in

Fig. A.1) of the coaxial stacking term, θ0
coax,1, and by increasing the force constant, kcoax,
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to make the minimum more energetically favourable. Increasing the force constant

was necessary because it is less favourable for a pair of coaxially stacking nucleotides

in a nicked duplex to stack with this tighter angle; a stronger overall coaxial stacking

interaction compensates for this effect. The changes to the model are shown in Table A.1.

The altered optimal angle θ0
coax,1 requires an alteration of the modulation function

involving θ1 for coaxial stacking. In the original oxDNA, the θ1 modulation is given by

f4(θ1) + f4(2π − θ1), where f4 is defined in Ref. 67. The second term was introduced to

ensure that the potential is differentiable at θ1 = π, where the gradients of the two terms

cancel. In oxDNA, this additional term had a very small effect on the numerical value

of the potential for θ1 < π. Using the same trick in oxDNA2, however, is problematic,

because θ0
coax,1 is much closer to π. The second term, f4(2π − θ1), would then be

substantial for θ1 < π and would distort the modulating function in an undesired

fashion. To avoid this, we replace the second term, f4(2π − θ1), with a new function

f6(θ1):

f6 (θ) =





A
2

(θ − B)2. if θ ≥ B,

0 otherwise.

(A.5)

The f4(θ1) + f4(2π − θ1) factor in the coaxial stacking term is then replaced by f4(θ1) +

f6(θ1). The values for Acoax,1 and Bcoax,1 are chosen to ensure that the coaxial stacking

potential is smooth and differentiable; they are specified in Table A.1.

For oxDNA2, we made an additional change to the coaxial stacking potential: we

removed the f5(cos(φ3), acoax,3′ , cos(φ3)*coax) and f5(cos(φ4), acoax,4′ , cos(φ4)*coax) terms.

These terms had allowed only right-handed blunt-ended stacking, disallowing left-

handed blunt-ended stacking; however, since the development of the original oxDNA
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Parameter oxDNA oxDNA2

γ/degrees 0 20

qeff 0 0.815

εr - 80

kcoax 46 58.5

θ0
coax,1 π − 0.60 π − 0.25

Acoax,1 - 40

Bcoax,1 - π − 0.025

εHB 1.077 1.0678

εstack 1.3448 + 2.6568kBT 1.3523 + 2.6717kBT

δr0
backbone 0.7525 0.7564

Table A.1: Comparison of model parameters between oxDNA and oxDNA2. All
other parameters are unchanged in oxDNA2. All angles except γ are given in
radians, all lengths are defined with respect to a reduced length scale (1 unit
= 8.518 Å) and all energies are defined with respect to a reduced temperature
(kBT = 0.1 corresponding to 300K). γ is the angle between the line from the
helix axis to the backbone site and the line from the helix axis to the stacking
site (see Fig. 5.1), which defines the backbone site position in oxDNA2. qeff is
the effective charge used for the Debye-Hückel treatment introduced in the
new model for the electrostatic interactions due to the negatively-charged
phosphate groups in the DNA backbone. εr is the relative permittivity of
water which is used for the Debye-Hückel treatment. kcoax determines the
overall strength of the coaxial stacking interaction while θ0

coax,1 specifies
the position of the minimum with respect to the angle θ1 of the coaxial
stacking potential. The values for Acoax,1 and Bcoax,1 are chosen to ensure
that the coaxial stacking potential is smooth and differentiable. εHB and
εstack determine the well depths for the hydrogen bonding and stacking
interactions respectively. δr0

backbone gives the position of the minimum of
the FENE bonded backbone potential.



184 Modifying the average coaxial stacking term in the oxDNA potential

θ1

Figure A.1: Schematic showing the angle θ1 between two nucleotides. Each nucle-
otide is represented by three circles joined by a line; the large solid circles
represent the backbone sites, while the small solid circles represent the
stacking (closer to the backbone) and hydrogen-bonding (at the end of the
nucleotide) sites. In updating the oxDNA model we modify the term de-
pendent on θ1 for the coaxial stacking interaction in the oxDNA model, in
order to reduce the overtwist across nicks and junctions.

model, this constraint has been deemed unnecessary, as the blunt-ended coaxial stacking

interaction was found to be likely to be too weak compared to experiment, [163] and there

is no experimental evidence indicating that left-handed blunt-ended coaxial stacking is

not possible.

Incorporating the changes described above, the final form for the oxDNA2 coaxial

stacking term is

Vcoax_stack = f2(δrstack, kcoax, δr0
coax, δc,low

coax , δrc,high
coax , δrlow

coax, δrhigh
coax)f4(θ4, acoax,4, θ0

coax,4, ∆θ*coax,4)

× (f4(θ1, acoax,1, θ0
coax,1, ∆θ*coax,1) + f6(θ1, Acoax,1, Bcoax,1))

× (f4(θ5, acoax,5, θ0
coax,5, ∆θ*coax,5) + f4(π − θ5, acoax,5, θ0

coax,5, ∆θ*coax,5))
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× (f4(θ6, acoax,6, θ0
coax,6, ∆θ*coax,6) + f4(π − θ6, acoax,6, θ0

coax,6, ∆θ*coax,6)).

(A.6)

Table A.2 gives a comparison of the thermodynamic properties of the motifs relevant

to the coaxial stacking term in oxDNA and oxDNA2. The free-energy change upon

stacking across a nick, ∆Gnick_stack, is slightly more negative in oxDNA2, indicating

that a nicked duplex stacks slightly more strongly across the nick in oxDNA2 than in

the original oxDNA. In both cases the stacking is stronger than is seen in experiment

(−2.62kBT in Ref. 164 – a discussion comparing the value of ∆Gnick_stack measured

for the original oxDNA with experimental results is given in Ref. 67). The stabilising

effect of a hairpin stem on duplex hybridisation (see Fig. A.2), ∆Tm,hairpin_stem,Xmer, is

found to be slightly stronger than for the original oxDNA, and is on average in better

agreement with the stability predicted by the SantaLucia model. Finally, dimerisation

of two duplexes through blunt-ended coaxial stacking is found to be less favourable in

oxDNA2 than in oxDNA. This is despite the mitigating effect of removing the f5 terms

in the coaxial stacking interaction, which strengthens blunt-ended stacking. A previous

study [163] has shown that oxDNA already underestimated the stability of blunt-ended

coaxial stacking.

A.4 Modifying the hydrogen bonding and stacking interaction
strengths

Model duplexes were found to fray slightly less often when different widths for the

major and minor duplex grooves were introduced compared to the equal-groove-width

case, which led to a slight raising of the duplex melting temperatures. In addition,

the change to the position of the minimum in the FENE bonded backbone potential,

δr0
backbone, was found to destabilise the duplex state, slightly lowering the duplex
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Measurement oxDNA oxDNA2 SantaLucia

∆Gnick_stack −4.3kBT −4.4kBT -

∆Tm,hairpin_stem,6mer +9.9K +10.6K +11.7K

∆Tm,hairpin_stem,7mer +7.7K +8.3K +8.5K

∆Tm,hairpin_stem,8mer +6.3K +6.9K +6.4K

∆Gblunt_ended_stacking +4.9kBT +5.3kBT -

Table A.2: Comparison of some thermodynamic quantities that depend on the
coaxial stacking interaction in oxDNA and oxDNA2. ∆Gnick_stack =

∆Gstacked −∆Gunstacked is the free-energy change upon stacking across a nick
for a 20-bp duplex with a nick at the centre at 37∘ C. ∆Tm,hairpin_stem,6mer =

Tm,hairpin_stem,6mer − Tm,6mer gives the difference in melting temperature
at a concentration of 3.3 × 10−4 M between a 6-bp duplex adjacent to a
hairpin and a 6-bp duplex (see Fig. A.2), and ∆Tm,hairpin_stem,7mer and
∆Tm,hairpin_stem,8mer have analogous definitions. ∆Gblunt_ended_stacking is
the free-energy change upon dimerisation of two 6-bp duplexes through
blunt-ended coaxial stacking at a monomer concentration of 5.37 mM and at
19.85∘ C. ∆Gnick_stack was computed from a simulation of 1.9 × 1011 VMMC
steps, each ∆Tm,hairpin_stem,Xmer from simulations of 8 × 1010 VMMC steps,
and ∆Gblunt_ended_stacking from a simulation of 2.4 × 1011 VMMC steps.

�

Figure A.2: A schematic showing the transition important for the cal-
culation of ∆Tm,hairpin_stem,Xmer (see Table A.2), which is given
by ∆Tm,hairpin_stem,Xmer = Tm,hairpin_stem,Xmer − Tm,Xmer, where
Tm,hairpin_stem,Xmer is the melting temperature of a X-bp duplex adjacent to
a hairpin (the schematic shows this system for the X= 4 case) and Tm,Xmer

is the melting temperature of a X-bp duplex.
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melting temperatures. In the process of the reparameterisation of oxDNA to incorporate

these two changes, the duplex melting temperatures were reset on the introduction

of each change by making small modifications to the stacking and hydrogen bonding

strengths using the histogram reweighting method described in Section II C 2 of Ref.

90, giving an agreement with experimental melting temperatures that was just as good

as before. The new parameters are specified, and compared to the old parameters, in

Table A.1, while Fig. 5.7 gives a comparison of the duplex thermodynamics with the

old and new versions of the model.
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B Supplementary information

B.1 Standard MD simulation parameters

The standard input parameters for the MD simulations used to generate the results

described in this work are given in Table B.1.

B.2 DNA strand sequences used for the direct simulation of
origami assembly

The DNA strand sequences used for the twelve staple strands and scaffold strand for

the directly simulated origami assembly described in Chapter 3 are given in Table B.2.

B.3 Supplementary information for Chapter 4

B.3.1 Strand sequences used for the simulation of origami assembly using
FFS

The DNA strand sequences used for the origami assembly studied with FFS as described

in Chapter 4 are given in Table B.3.

Parameter Value

newtonian_steps 103

diff_coef 2.5

thermostat brownian

dt 0.005

verlet_skin 0.05

Table B.1: The simulation parameters used in the oxDNA code’s input file for the
MD simulations run for this work.
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Strand Scaffold Domains Sequence

scaffold - ATGCAAAGATACGGAAAAGGGAGAGAAAGAAGAG

GGACACGGGAAAGGGCAAAAAAACAAAGAATGGG

AGTAGGAAGCGAGAAAATAACGGGCAGCTATAAA

GAAAAAAAGGGAAAGATAGAACAGGGAGGAGGAA

AGAGACAGTAGAGTGGTGATAGGGAGAAGAAAAG

AAGAAAAAGAGGAGAGCAAGAAACGGGATAGAGA

AGAGGAACAGCAAAAGACAAAGAAGAGGGGCAAG

AGAGGATAGAAGTACGAGATAAGGGGTAGAAGCG

AAAAGCAAAAAATAAGGGATAAGAGACGGGGAGA

AGTGAAGAAAGAAGGAGGATAAAAAGACAGATGG

ACACGAAAGGAAGATAGGAGGGGGAGCGACGAAT

AAAAGGAAAC

staple 1 1, 2 CTTCTTTCTCTCCCTTTTCCGTATCTTTGCAT

staple 2 3, 4 CCTTTCCCGTGTCCCTTTCTTTGTTTTTTTGC

staple 3 5, 8 CCCTGTTCTATCTTTCTCGCTTCCTACTCCCA

staple 4 6, 7 GCTGCCCGTTATTTTCCCTTTTTTTCTTTATA

staple 5 9, 10 CTGTCTCTTTCCTCCTCCCTATCACCACTCTA

staple 6 11, 14 TTGTCTTTTGCTGTTCTTTCTTCTTTTCTTCT

staple 7 12, 13 TTCTTGCTCTCCTCTTCTCTTCTCTATCCCGT

staple 8 15, 16 CTCTTGCCCCTCTTCTCTCGTACTTCTATCCT

staple 9 17, 20 CTTCTTTCTTCACTTCCGCTTCTACCCCTTAT

staple 10 18, 19 CTTATTTTTTGCTTTTTCCCCGTCTCTTATCC

staple 11 21, 22 CTGTCTTTTTATCCTCTTCCTTTCGTGTCCAT

staple 12 23, 24 GTTTCCTTTTATTCGTCGCTCCCCCTCCTATC

Table B.2: DNA strand sequences used for the assembly simulations described in
Chapter 3. Sequences were obtained with NUPACK with a search designed
to minimize secondary structure and intra-staple binding. The “Scaffold
Domain” column indicates which scaffold domains the staple strands bind
to (see Fig. 3.1).
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Strand Sequence

scaffold CTTGTTGAACGTGCGCTCATCCTAGATCATCCTGACTACGACACGGAG

GACAACAGGATCCCAACAAATTAGGGCGGGAGCGATACCTAGGCCAAA

ATCGGTTGAATGTATCTTCAACTCCGGACGTCATGGATTTGGTCCTGA

GGTGAGTTCCAAGGCATCACAACCCAAACCTCTGTTAGTAAACTTGGT

GGGGATAAGCGATGTCACATGTTAGGCCAGTTATGCTCATAATAATTT

CATTAGCGCGTAGGATGTTAGGAGCCAGCCAGTATGTGGCAACTGTAA

TTATTAGTCCGGTATCATCGGTGAGTCAAGGTGGCACGAGTCGAATGC

TGGCCTTTCATAGTACGCCTTTCTCTGAACGAAAAGATTGCCACGGCG

staple Aa TGCCTTGGAACTCACCAAATTATTATGAGCATATCCTACGCGCTAATG

staple Ba CTGGCTGGCTCCTAACAACTGGCCTAACATGTGAGGTTTGGGTTGTGA

staple Ca ACCAAGTTTACTAACAGACATCGCTTATCCCCTTACAGTTGCCACATA

staple Da GATACCGGACTAATAAACCTTGACTCACCGATGCATTCGACTCGTGCC

staple Ab GATACATTCAACCGATGACGTCCGGAGTTGAATCAGGACCAAATCCAT

staple Bb CGCCGTGGCAATCTTTGCGCACGTTCAACAAGTTTGGCCTAGGTATCG

staple Cb CTCCCGCCCTAATTTGGGATGATCTAGGATGATCGTTCAGAGAAAGGC

staple Db GTACTATGAAAGGCCACTCCGTGTCGTAGTCATTGGGATCCTGTTGTC

Table B.3: The random DNA strand sequences used for the assembly simulations
described in Chapter 4. Fig. 4.1 shows the location of the staples.
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B.3.2 Number of possible substates for an assembly state

Under the scheme laid out for studying origami assembly using FFS in Chapter 4, each

assembly state Sn, except for the first and last states S0 and S24, has more than one

possible combination of scaffold domains occupied by staples. As there are 24 scaffold

domains, the number of combinations for assembly state Sn is given by

(
24
n

)
=

24!
n!(24 − n)!

. (B.1)

This leads to 735 471 combinations for S8, as stated in the main text.

We can reduce this number by assuming that, for each staple, once the first staple

domain has bound to the scaffold, the staple binds the rest of its domains before a new

staple binds somewhere else on the scaffold. If the assumption always holds, our states

Sn will only have between 0 and 8 fully bound staples and up to 1 partially bound

staple (it turns out that this is true in practice in our simulations for the vast majority of

cases).

Call the number of fully bound staples N = floor(n/3) and the number of partially

bound domains k = n mod 3 (these definitions follow from the fact that there are three

domains per staple). Then the number of combinations C is given by

C =





(
8
N

)
k = 0,

3(8 − N)
(

8
N

)
k = 1, 2.

(B.2)

On top of this, we can reduce the effective number of combinations by one half by

treating the origami as symmetric under a rotation of 180∘ in the plane of the origami,

as this rotation leaves the complete origami changed only in sequence. Returning to our
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previous example, there are 252 possible combinations for S8 under these assumptions.

B.3.3 Order parameters and simulation parameters for the origami assembly
FFS simulations

The definitions for the discrete order parameters λ used for the FFS assembly simula-

tions of Chapter 4 depend on the states Q of the pairs of staple and scaffold domains.

The definitions for Q, which were different for transitions between different assembly

states, are given in Tables B.4 and B.5. In those definitions, d denotes the smallest of

the distances, in simulation length units, between pairs of bases that are designed to

be base-paired in the final structure (we call these “target base pairs”); n denotes the

number of target base pairs for which the hydrogen-bonding interaction energy term is

less than -0.1 simulation energy units; and nnear denotes the number of target base pairs

for which the following is true: all of the factors in the hydrogen-bonding interaction

term are non-zero, or all but one of them are non-zero, but the hydrogen-bonding

interaction energy is greater than -0.1 simulation energy units.

For a forwards transition Si →Si+ 1, the A-state contains i bound domains and 120-i

unbound domains (due to the staple excess, there are 120 pairs of staple and scaffold do-

mains that could potentially bind, although a maximum of 24 can bind simultaneously),

and the B-state contains i + 1 bound domains and 120 − (i + 1) unbound domains. In

order to monitor the progress of the assembly, we define λ so that: λ = 0 is defined

by 120-i domains satisfying Q = 0; λ = 1, .., n − 1 are defined by at least i + 1 domains

satisfying Q ≥ λ and no more than i domains satisfying Q ≥ λ + 1; and λ = n is

defined by at least i + 1 domains satisfying Q = n.

For example: for the S10→S11 transition, which used order parameter definition

C (Table B.4), λ = 0 when 110 domains have Q = 0 (i.e. d > 1), λ = 1 when at least



Supplementary information for Chapter 4 193

Q Definition A Definition B Definition C Definition D

0 d > 8 d > 8 d > 1 d > 1

1 8 ≥ d > 6 8 ≥ d > 6 d ≤ 1 & nnear = 0 d ≤ 1 & nnear = 0

2 6 ≥ d > 3 6 ≥ d > 3 nnear = 1 & n = 0 nnear = 1 & n = 0

3 3 ≥ d > 0.8 3 ≥ d > 0.8 n = 1 n = 1

4 d ≤ 0.8 & nnear = 0 d ≤ 0.8 & nnear = 0 n = 2 n = 2

5 nnear = 1 & n = 0 nnear = 1 & n = 0 3 ≤ n < 13 3 ≤ n < 14

6 n = 1 n = 1 n = 13 n ≥ 14

7 n = 2 n = 2 n ≥ 14 -

8 n = 3 n = 3 - -

9 4 ≤ n < 7 4 ≤ n < 14 - -

10 7 ≤ n < 14 n ≥ 14 - -

11 n ≥ 14 - - -

Table B.4: The four Q definitions used for the FFS simulations in Chapter 4 for the
forwards transitions. Definition A was used for the S0→S1 transition; defini-
tion B was used for the S3→S4, S6→S7, S9→S10 and S12→S13 transitions;
definition C was used for the S1→S2, S4→S5, S7→S8, S8→S9, S10→S11
and S11→S12 transitions; and definition D was used for the S2→S3, S5→S6,
S13→S14, S14→S15 transitions. d, nnear and n are defined in the main text.
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Q Definition E Definition F Definition G

0 n > 13 n > 13 n > 13

1 13 ≥ n > 10 13 ≥ n > 10 13 ≥ n > 10

2 10 ≥ n > 4 n = 10 n = 10

3 n = 4 n = 9 n = 9

4 n = 3 n = 8 n = 8

5 n = 2 n = 7 n = 7

6 n ≤ 1 & d < 1 n = 6 n = 6

7 5 > d ≥ 1 n = 5 n = 5

8 d ≥ 5 n = 4 n = 4

9 - n = 3 n = 3

10 - n = 2 n = 2

11 - n ≤ 1 & d < 1 n ≤ 1 & d < 5

12 - 5 > d ≥ 1 d ≥ 5

13 - d ≥ 5 -

Table B.5: The three Q definitions used for the FFS simulations in Chapter 4 for
the backwards transitions. Definition E was used for the S3→S2 transition,
definition F was used for the S2→S1 transition, and Definition G was used
for the S1→S0 transition. d, nnear and n are defined in the main text.
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11 domains satisfy Q ≥ 1 (i.e. d ≤ 1) and no more than 10 domains satisfy Q ≥ 2

(i.e. nnear = 1 or n ≥ 1), λ = 2 when at least 11 domains satisfy Q ≥ 2 (i.e. nnear = 1 or

n ≥ 1) and no more than 10 domains satisfy Q ≥ 3 (i.e. n ≥ 1), and so on. Note that the

conditions are defined so as to avoid ambiguity regarding the value of λ. The B-state is

then defined as at least 11 domains satisfying Q = 7, or n ≥ 14.

For the backwards calculations, we have a transition Si →Si − 1. In this case we

define λ so that: λ = 0 corresponds to i domains satisfying Q = 0; λ = 1, .., n − 1 are

defined by 120 − i + 1 domains satisfying Q ≥ λ and no more than 120 − i domains

satisfying Q ≥ λ + 1; and λ = n is defined by at least 120 − i + 1 domains satisfying

Q = n.

The forwards FFS calculations were run using flux scheme 1 and the backwards

ones were run using flux scheme 2, both of which are described in Section 2.4. The

MD parameters used in the input file for the oxDNA flux and shooting simulations are

given in Table B.1.

For each transition between assembly states, usually at least 25000 configurations

were generated during the flux simulations and at least 5000 configurations were gener-

ated during each set of shooting simulations, with the exception of the S3→S2 transition,

for which a factor of 10 fewer configurations was generated at each stage. In addition,

only 1000 configurations were saved at λn for most of the rate calculations, with the

exception of the S0→S1, S1→S2, S2→S3, S3→S4, S4→S5 and S5→S6 transitions. It can

be argued that it is reasonable to save on computational effort in this way because, while

earlier configurations are needed to launch future simulations without any equilibra-

tion, the configurations generated at λn will be equilibrated before they are (potentially)

used for a rate calculation for a different transition, so it is not necessary to generate
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as diverse a set of configurations. With the exception of the S0→S1 transition, the

calculations were split up into 4 separate, independent FFS calculations, so that an

approximate estimate of the error on the rates could be determined.

The variety of different definitions for Q shown in Tables B.4 and B.5 partly reflects

the different requirements for efficient sampling of different types of transitions, as

well as tinkering and improvements based on experience. For example, the Q = 10

condition for definition A was found to be unnecessary.

B.3.4 Assembly substate breakdown for backwards transitions not shown
in Chapter 4

A breakdown of the backwards transitions by substate is shown for the S1→S0 transition

in Fig. B.1 and for the S3→S2 transition in Fig. B.2. The rates are approximately uniform

(the small error bars on the C0→S0 and D1→S0 points are misleading as these are

poorly sampled, with only 20 and 34 simulations reaching the B-state, respectively).

B.3.5 Creating the average rate plots

The average forwards rates (Fig. 4.5) were calculated as the average rate from all of the

transitions between substates within each run, with the result being averaged over the

four runs (except for the S0→S1 transition, for which there was only one run).

The average backwards rates (Fig. 4.6) were calculated in the same way as the aver-

age forwards rates, except that the flux and success probability data for the transitions

between substates was first combined for substates that were related by the rotational

symmetry of the origami.

The rates shown in most of the figures examining the order of staple domain binding

(Figs. 4.7, 4.8, 4.12 and 4.14) were calculated in the same way as the average forwards
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Figure B.1: The rates for the transitions from each of the substates of assembly state
S1 to assembly state S0. Error bars show the standard error on the mean
calculated from up to four independent FFS calculations.
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Figure B.2: The rates for the transitions from each of the substates of assembly state
S3 to the substates of assembly state S2. Error bars show the standard error
on the mean calculated from up to four independent FFS calculations.
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rates, except that the transitions between substates were split into two groups, as shown

in the figures.

The figures demonstrating threading effects (Figs. 4.9 and 4.11) and cooperativity

(Figs. 4.15, 4.17, 4.18 and 4.19) present rates for each of the transitions between substates,

each of which is an average of all of the rates calculated from the runs that sampled that

transition (up to four).

B.4 Supplementary information for Chapter 5

B.4.1 Measuring the global twist of an origami

We measure the global twist of the origami due to Dietz et al. [9] in the following way:

The origami (for example, the L-type, although this applies equally well to all three

types) can be thought of as a set of antiparallel double helices on a hexagonal lattice

joined together by crossovers. The overall shape of this structure is roughly that of a

(possibly twisted) rectangular prism. To measure the twist, we consider the two faces of

the rectangular prism which are opposite each other and approximately normal to the

axes of the double helices. For each face, we define a vector along its long edge, and we

superimpose these two vectors into a plane perpendicular to the average of the helix

axes. We then define the global twist as the angle between these two vectors.

To avoid end effects, the top and bottom rows of helices (3 helices in the top row

and 3 helices in the bottom row) were excluded for this analysis, as were approximately

22 base pairs from each end of every double helix.



Supplementary information for Chapter 5 199

B.4.2 Measuring the torsional stiffness of a duplex in the oxDNA model

The torsional stiffness of a duplex in oxDNA2 was measured according to the scheme

outlined by Matek et al. [79] In summary, this method involves pulling a duplex while

also twisting it, and measuring the torque required to impose a given twist. In this

case, a 60-bp duplex was pulled at a constant force of 30 pN and held with virtual

traps which imposed a helical pitch different from the equilibrium pitch. For each salt

concentration, simulations were run with imposed pitches of 9.8, 10.1, 10.4, 10.7, 11.0,

and 11.3 bp/turn, with each simulation run for at least 2.6 × 109 MD steps. The torque

observed was plotted as a function of imposed twist (this is called a torque response

curve), and the gradient of the linear region used to approximate the effective torsional

stiffness.

The torsional stiffness Ceff is computed as

Ceff =
∆Γ

∆σ

a0
θ0

, (B.3)

where ∆Γ is the change in torque, and ∆σ the change in superhelical twist density,

measured in the linear regime of the torque response curve, a0 is the double helical rise

for a relaxed duplex and θ0 is the twist angle across a base-pair step for a relaxed duplex,

measured in radians. According to Moroz and Nelson, [139] the effective torsional

stiffness Ceff measured by twisting a duplex under tension can be related to the true

torsional stiffness C0 by

Ceff = C0

{
1 − C0

4B0

√
kBT
B0F

}
, (B.4)

where F is the linear force and B0 is the bending stiffness. Our simulations are in the

high-force regime, where Ceff should be a good approximation for C0.
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B.4.3 Details of the simulation protocols

The simulation results presented in Chapter 5 were obtained using either VMMC or

MD with a Brownian thermostat. Note that, where VMMC steps are reported in the

main text, they refer to the number of accepted moves during the simulation. Details of

the simulation parameters used are given in Table B.6 and Table B.7.

For the duplex free-energy profiles, yields and melting temperatures (Fig. 5.7 and

Fig. 5.8) we used umbrella sampling with an order parameter defined in terms of the

number of native base pairs (0 to n where n is the number of base pairs in a fully formed

duplex). A base pair was defined as being formed if the potential’s hydrogen-bonding

energy term for that pair was lower than −0.596 kcalmol−1. For the hairpin melting

temperature calculations (Fig. 5.10, Fig. 5.11 and Fig. 5.12) we used an analogous order

parameter for the native base pairs in the hairpin stem.

The oxDNA2 results reported in Fig. 5.12 were computed using thermodynamic

integration as described in Section 5.5. For each oxDNA2 data point shown in the figure,

first an umbrella sampling simulation of each hairpin was carried out for a version of

the model with x = 0, where x is given by Eq. 5.9, and qeff = 0 in order to find the

reference free energy (F(0)
α in Eq. 5.10). The simulations were run for 6 × 1011 VMMC

steps and used the parameters specified in Table B.7. The integrals in Eq. 5.10 were

discretised into 15 gridpoints for the integral in q′eff and 10 gridpoints for the integral in

x. Then simulations to compute these integrals were run for roughly 6 × 107 VMMC

steps for each grid point, so that each data point in the figure required 25 grid point

simulations, with one umbrella sampling simulation per hairpin.
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Simulation description

Parameter Standard Bulge Nick stack. Hairpin stab. Blunt coax

Algorithm VMMC VMMC VMMC VMMC VMMC

δtrans 0.11 0.1 0.03 0.15 0.22

δrot 0.22 0.2 0.15 0.15 0.22

max. cluster size - - - - 12

Verlet skin 1 1 1 1 1

T Tm Tm 310.15K Tm 293K

Table B.6: The results in Chapter 5 were computed using simulations of oxDNA2
with these parameters (see also Table B.7). The “standard” parameters were
used for the following calculations: ∆Tm for a terminal mismatch and ∆Tm

for an internal mismatch (Table 5.2); all hairpin Tm calculations (Fig. 5.10 and
Fig. 5.11); and all duplex Tm calculations (Fig. 5.7). The “bulge” parameters
were used for the ∆Tm calculations for a bulge motif (Table 5.2), the “nick
stack.” parameters were used for the ∆Gnick_stack calculation (Table A.2),
the “hairpin stab.” parameters were used for the ∆Tm,hairpin_stem,Xmer cal-
culations (Table A.2), and the “blunt coax” parameters were used for the
calculation of ∆Gblunt_ended_stacking (Table A.2). δtrans and δrot are the stand-
ard deviation of the normally distributed move size for the translational
and rotational VMMC moves respectively, max. cluster size is the size of
the biggest cluster that VMMC is permitted to choose for a trial move, Ver-
let skin is the thickness of the Verlet skin used for Verlet lists, and T is the
temperature of the heat bath (Tm indicates that simulations were run at or
close to the melting temperature for that system). All numbers are given
in oxDNA units (1 oxDNA length unit = 0.8518 nm, 1 oxDNA time unit =
3.03 ps), unless given explicitly (angles are quoted in radians).
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Simulation description

Parameter Hairpin δF Ctorsional lp Helix bundle twist

Algorithm VMMC MD MD MD

δtrans 0.11 - - -

δrot 0.22 - - -

max. cluster size - - - -

Verlet skin 1 0.05 0.1 0.05

δtstep - 0.005 0.005 0.005

diffusion coefficient - 2.5 2.5 2.5

T 295.6K 296.15K 296.15K 296.15K

Table B.7: The results in Chapter 5 were computed using simulations of oxDNA2
with these parameters (see also Table B.6). The “hairpin δF” parameters were
used for the initial free energy calculation for the thermodynamic integration
to find the relative stability of the hairpins shown in Fig. 5.12, and to find
the radius of gyration (Rg) of ssDNA (Fig. 5.13), the “Ctorsional” parameters
were used for the calculation of the torsional stiffness (Fig. 5.9(b)), the “lp”
parameters were used for the calculation of the persistence length (Fig. 5.9(a))
and the pitch and rise (Fig. 5.6), and the “helix bundle twist” parameters
were used for the calculation of the global twist of the helix bundle ori-
gami structures (Table 5.1). δtrans and δrot are the standard deviation of the
normally distributed move size for the translational and rotational VMMC
moves respectively, max. cluster size is the size of the biggest cluster that
VMMC is permitted to choose for a trial move, Verlet skin is the thickness of
the Verlet skin used for Verlet lists, δtstep is the size of the simulation time
step in MD, diffusion coefficient gives the diffusion coefficient used for a
single nucleotide, and T is the temperature of the heat bath (Tm indicates that
simulations were run at or close to the melting temperature for that system).
All numbers are given in oxDNA units (1 oxDNA length unit = 0.8518 nm,
1 oxDNA time unit = 3.03 ps), unless given explicitly (angles are quoted in
radians).
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B.5 Supplementary information for Chapter 6

B.5.1 Holliday junction free-energy landscape

We simulated the free energy landscape of the junction described in Section 6.2.1 using

MD simulations with an Andersen thermostat with the parameters given in Table B.1.

The sequences of the strands are given in Table B.8. We windowed the simulations

using a biasing potential defined as

V(φ) =





k(φ − (φ0 − ∆))4 if φ ≤ φ0 − ∆,

0 if φ0 − ∆ < φ ≤ φ0 + ∆,

k(φ − (φ0 + ∆))4 otherwise,

(B.5)

where k, φ0 and ∆ are constants. The relevant derivatives of this potential, requiring

derivatives of φ with respect to the positions and orientations of the relevant nucleotides,

was obtained so that the bias could be applied to MD simulations. Table B.9 shows

which constants were used for each window, and how long the simulations were run

for in each window. For the biased simulations, only data from the flat region of

the biasing potential, φ0 − ∆ < φ ≤ φ0 + ∆, was used. The free-energy landscapes

computed for each window were combined using the weighted histogram analysis

method (WHAM). [138]

strand sequence

1 AGCAACTTGACGGTAAGAAGCAGAACTCTCCT

2 TCACTGCTAGGTGATCTTTGTTAAGGGTCTCA

3 TGAGACCCTTAACAAATTACCGTCAAGTTGCT

4 AGGAGAGTTCTGCTTCGATCACCTAGCAGTGA

Table B.8: The sequences used for the Holliday junction for which the free-energy
landscape was computed.
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parameter window 1 window 2 window 3 window 4

φ0 - 160 ∘ 180 ∘ 200 ∘

∆ - 40 ∘ 40 ∘ 40 ∘

k - 2 2 2

simulation steps 8.4 × 1010 2 × 109 2.7 × 1010 4 × 109

Table B.9: The parameters used for the different windows when computing the
Holliday junction’s free energy. Window 1 did not use any biasing potential.

It is possible for a free Holliday junction to form either one of two equivalent

isomers. The isomers are defined by which two strands are the exchanging strands,

and which two stack through the junction. For these simulations, configurations where

the Holliday junction had switched to the other, unintended isomer were discarded.

These configurations are likely to be inappropriate because the biasing potential is only

effective for the intended isomer.

The nature of the isomer was determined by monitoring the distances between the

four central base pairs at the centre of the junction. We denote these base pairs A, B, C

and D, such that, in the intended isomer, each of the A bases usually stacks (or coaxially

stacks) with each of the B bases, and likewise for the C and D bases. In addition, in the

other isomer, the A bases will usually (coaxially) stack with the C bases, and the B bases

with the D bases. We label the distance between the midpoints of the base pairs as dXY,

with dAB denoting the distance between the A and B base-pair midpoints, for example.

We then define a configuration to correspond to the intended isomer when dAB and

dCD are both shorter than either of dAC and dBD. This definition correctly identifies

isomer flips, and was found to exclude only ∼1 in 1000 configurations, presumably due

to extreme fluctuations, in trajectories where an isomer flip did not occur.
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B.5.2 Simulating 2D origami structure

The simulations to compute the weave pattern in Section 6.3 were run using MD with

the standard parameters given in Table B.1. Unless otherwise stated, the simulations

were run at a salt concentration of 0.5 M and a temperature of 300 K. All four sets of

simulations mentioned in the main text (one at a high enough salt concentration that the

model’s electrostatic interaction is cut off within the excluded volume of the backbone

and is effectively removed, and three at 0.5 M at three different temperatures) were run

for 2 × 109 simulation steps each. The design of the “2D tile” used as the model system

for the investigation of the weave pattern and other structural properties of 2D origamis

is shown in Fig. B.3

B.5.3 Calculating an average structure

We used a relatively simple method to calculate an “average structure” of an origami

from a simulation trajectory (i.e. a series of configurations/simulation snapshots) from

an origami simulation.

This method has two steps: Firstly, local axes are computed for the origami for each

configuration. This is done as follows: the x-axis is defined as the average direction

of the vectors pointing along the double helix axes. For 2D origamis, a vector v is

defined as the normal of the plane of the origami, which itself is given by the cross

product between the average direction of the vectors pointing along the double helices

and the average inter-helix vector between the top and bottom double helices. For 3D

origamis, v is the average inter-helix vector between helices that are in the same row

in the origami’s cadnano [111] design. The z-axis is defined as the direction of the cross

product between a vector pointing along the x-axis and v, and the y-axis is defined
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Figure B.3: The cadnano [111] design for the 2D tile which was used as a model
system for the investigation of the structural properties of 2D origamis in
Section 6.3. The scaffold strand is shown in blue, the staples are in green,
and the red crosses indicate deletions (bases that have been removed from
the design). Pairs of horizontal lines represent double helices and vertical
lines represent junctions between them. Squares indicate the 5′ end and
triangles indicate the 3′ end of each staple.

as the direction of the cross product between a vector pointing along the z-axis and a

vector pointing along the x-axis. Secondly, for each configuration the centre of mass is

placed at the origin, and the positions and orientations of the nucleotides in this local

coordinate system are computed. These are then added to the running total, which is

normalised at the end of the procedure.

Thus, the average structure is an arithmetic mean of the coordinates and orientations

of the nucleotides, in a reference frame which moves with the origami. This simple

scheme is adequate for relatively stiff structures, but tends to give less reliable results

for structures with significant flexibility, as the average positions of the nucleotides in

these flexible parts will tend to shrink towards the centre.
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B.5.4 Comparison to experiment for the 3D “pointer” origami structure

For the pointer, we quantify the level of agreement between the oxDNA2 model’s aver-

age structure and the experimentally determined one by finding the RMSD between

the two structures. The RMSD was calculated at the level of base pairs. That is, we

measured one distance for each base pair in the structure, namely the distance between

the base-pair midpoint in the simulated structure and that in the experimentally determ-

ined structure. We then took the average of the sum of the squares of these distances,

and took the square root of the result.

The structures were superimposed on each other to facilitate the RMSD calculation

as follows: First, the structures were translated so that the centres of mass were both

at the origin. Then a vector pointing along a certain reference double helix was found

for each structure, and the experimental structure was rotated so that these vectors

were aligned. Using this as a starting point, a simple zero-temperature Monte Carlo

algorithm was used to find the orientation of the experimental structure that minimised

the RMSD. Trial moves were rotations with a random angle and rotation axis, and

moves were accepted only if they lowered the RMSD. This procedure was repeated

several times to check the result was robust and not just a local minimum.
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