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Abstract

Nanoscale structures can be manufactured using a top-down or bottom-up approach.
Top-down techniques fabricate a desired structure by imposing an external source of
order (such as specific patterns of light in photolithography). This contrasts with
bottom-up approaches, which exploit molecular self-assembly. Particle interactions are
programmed so that intended structures form spontaneously. Bottom-up molecular
self-assembly promises affordable large-scale manufacture of nanoscale structures with
regularity controlled by molecular thermodynamics rather than instrument precision.

DNA nanotechnology is a versatile self-assembly technique. Favourable DNA-DNA
interactions are mediated by Watson-Crick base pairs which form only between comple-
mentary nucleotides. Mutual affinity and equilibrium structure can be programmed by
an appropriate choice of base sequence, analogous to protein tertiary and quaternary
structure emerging from linear amino acid chains. DNA strand displacement reactions
allow the design of thermodynamic pathways with controllable kinetics. Meanwhile,
the DNA origami technique permits the self-assembly of arbitrary three dimensional
structures.

Strand displacement pathways have promising applications in clinical and industrial
sensors, translating and amplifying signals into a detectable response. Meanwhile, DNA
origami have been applied to biophysical measurements, as fiducials for instrument
calibration, and as therapeutics for disease. As the field matures, the need for effective
models for these devices increases, to enable faster design iteration and to contextualise
results. This thesis reports on several novel applications of DNA nanotechnology,
where coarse-grained molecular simulation was used either for in silico prototyping, or
experimental rationalisation. While each individual project has a relevant application,
the underlying goal is to validate and identify the limits of modelling for both nanoscale
sensors, and higher-order structures.

Nanoscale sensors convert information about the presence of a molecule to a readout
measurable by an instrument. While these synthetic pathways conventionally take
place in solution, information relays in cells often occur on membranes, which I

have mimicked here, incentivised by molecular modelling that suggested that analyte
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responsive DNA strand displacement is accelerated by the geometrical restraints of the
membrane of a liposome. A similar principle underlies a subsequent project: to design
a proximity-sensitive super-resolution microscopy assay, prototyped by coarse-grained
simulation.

Just as DNA structure can be programmed from sequence, so can higher order
structures be directed from monomeric mutual a nity. | have used molecular simulation
to rationalise the exibility dependent phase of amphiphilic DNA nanostars. Conversely,
one of the goals in structural DNA nanotechnology is the manufacture of materials
with unusual mechanical properties. Here, | report the formation of a DNA origami
with negative Poisson's ratio: when tension is applied in one direction, it expands in
the orthogonal direction also.

Throughout this work, the importance of fast, automated approaches to identifying
con gurational free energies has been highlighted. To accelerate acquisition of free
energy landscapes to inform nanostructure design, | have implemented metadynamics
in a popular coarse-grained DNA molecular simulation package. | have demonstrated
its application in predicting the energetic cost in bending a mechanically compliant
DNA origami, and the relative conformer stability of Holliday junctions. It is hoped
that this technique will enable rapidin silico prototyping of DNA nanostructures.
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Chapter 1

Introduction: DNA as a
programmable molecule

Cells use nucleic acids for information storage, replication, and transfer. Properties
that make these molecules appropriate for their cellular role also make them intriguing
engineering materials. Strategies have been developed to assemble DNA into (almost)
arbitrary structures as determined by sequence. This nanoscale structural control has
been exploited in material design, optoelectronics, medicine, and synthetic biology.

In this chapter | review the fundamentals of DNA as a molecule, strategies for
nanostructure and sensor design, and attempts to model its structural and thermo-
dynamic properties. | then describe the objectives of this thesis in relation to the
challenges of the eld.

1.1 DNA as a molecule

The remarkable success of nucleic acids in engineering nanoscale self-assembly is a
direct consequence of their unique structure, thermodynamics, and chemistry. There
are two naturally occurring variants. Deoxyribonucleic Acid (DNA) is typically an
inter-generational store of information, while Ribonucleic Acid (RNA) is a short lived
molecule that transcribes information from DNA to protein biosynthesisl]]. This thesis

is primarily concerned with DNA due to its stability, and its comparatively low-cost
synthesis.



2 Introduction: DNA as a programmable molecule

1.1.1 Chemistry and structure

A nucleic acid is a linear polymer of nucleotides, consisting of a sugar-phosphate
backbone which sca olds an ordered sequence of nitrogenous bases, each attached
to the sugar. More formally, each nucleotide (nt) consists of an aldopentose sugar
(deoxyribose in DNA), whose C1' is attached to a nucleobase, and whose C5' to a
phosphate. Phosphodiester bonds between the aldopentose C3' on one base, and the
C5' on another create a freely rotating charged backbone. While the backbone is the
same throughout the chain, each nucleobase can be chosen independently. In DNA
they are chosen from either single ringed pyrimidines (thymine, and cytosine), or larger
purines (adenine, and guanine), each denoted by its rst letter for convenience [2].

As nucleobases are (planar) aromatic systems, they favourably interact via inter-
base stacking, preferring to sit on top of each other at a distance of 3.4 A. The contour
length along the phosphodiester bond between adjacent sugars is 6 A. A geometric
construction that reconciles this higher contour length than vertical interbase distance
is a helix 2]. In living things, only the D-form of aldopentoses are used in DNA,
ensuring that (under conditions of no torsional stress) DNA has a right handed chirality

[2]

Fig. 1.1 The structure of DNA. (a), The chemical connectivity of a double stranded
4-mer, indicating the sequence of aromatic bases sca olded by a phosphate-sugar
backbone.(b) , The earliest illustration of the double helical structure of B-DNA, with
annotation for dimension. Arrows indicate 5' to 3' direction.(c), A render of the rst
crystallographic reconstruction of a B-DNA dodecamer (PDB fromJ]). a is reprinted
under CCQO, credit: M. Ball. b is reprinted with permission from Nature #], copyright
1953.
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Although single stranded DNA (ssDNA) may transiently form a helix (depending on
sequence), stacked con gurations must compete with entropically favoured unstacked
con gurations [5]. Consequently, ssSDNA is exible with measured persistence length
of approximately 20 A in physiological conditions [6].

Con gurations which stabilise base stacking interactions are favoured, as well as
con gurations which hide the hydrophobic nucleobases from the solvent. Two single
strands of DNA may associate to form double stranded DNA (dsDNA), contingent on
sequence. Each of the canonical nucleotides has a conjugate whose geometry favours
interactions. Each purine (A,G) interacts favourably with its complementary pyrimidine
(T,C). The sum of the sizes of the interacting nucleotides is then constant along the
chain. Association of regions of DNA whose sequences are reverse complements is
termed hybridisation, forming dsDNA, whose chemical connectivity is given in gure
1.1a.

Hydrophobic e ects, stacking, and hydrogen bonds all favour hybridisation between
complementary nucleotides. For geometrical reasons, complementary strands must
run antiparallel [2]. While there are 4 naturally occurring (canonical) nucleotides,
that number was chosen by biology and not speci ed by chemistry. Recently, a
polymerase-compatible 8 base synthetic alphabet was demonstrated in DNA and RNA
[7].

dsDNA is a double helical molecule, consisting of two anti-parallel strands, whose
sequences are reverse complements. Biological DNA broadly exists as B-DNA, a right
handed helix of width 20 A, and axial rise per base 3.4 A, optimum for stacking][
Here, the normal to the planar nucleobases points approximately down the helical axis.
While ssDNA is exible, stacking interactions sti en dsDNA, so that its persistence
length is approximately 50 nm 8]. The structure of B-DNA is illustrated in gures
1.1b and 1.1c. There are also two additional biologically relevant allomorphs of dsDNA:
Z-DNA which adopts a left handed chirality to relieve negative supercoilin@®], and
A-DNA [10, 2], a wider form with reduced axial rise, appearing under dehydration.
However, it is the B-DNA allomorph which is dominant under physiological conditions
[2].

In addition to Watson-Crick interactions, protonated DNA bases may interact
via Hoogsteen base pairinglfl]. Tetrameric G-quadruplexes 12, 13] form in G-rich
regions of telomeres; C-rich I-motifsl4] may form in some promoter regions, and
triplexes [15, 16] may also have rolesn vivo. While these may be exploited to control
synthetic DNA systems, this thesis is limited to concern with Watson-Crick bonds,
whose well-characterised and predictable thermodynamics are optimum for engineering.
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1.1.2 Thermodynamics

The Watson-Crick bond must be reversible for biological reasons. Routine cellular
housekeeping processes including RNA transcription and DNA replication require the
unzipping of Watson-Crick bonds I]. The free energy of individual bond formation
must not be many multiples larger than the thermal energy, otherwise the cell would
spend excessive energy reading its own genome. However, many of these weak single-
bond interactions can be combined to create larger and more permanent interactions,
so that bond lifetime can be tuned over many orders of magnitude.

Our eventual objective is to design responsive sensors and self-assembling me-
chanical devices from interacting DNA strands, incentivising accurate predictions of
hybridisation thermodynamics. One of the earliest successful approaches represents the
state of the system by a secondary structure, which lists all Watson-Crick bonds but
does not say anything about con guration in 3D space. Early work also coarse-grained
the entire hybridised and dehybridised states together, describing a two state transition,
justi ed by the cooperativity of the process [17].

The work of SantaLucia in 1998 18] re ned to an earlier model of DeVoe et al.
[17], identifying parameters for nucleic acid thermodynamics which still remain in
use. The objective of these models was to o er a minimal statistical model so as to
rationalise hybridisation free energies experimentally measured by Di erential Scanning
Calorimetry (DSC), and UV melting curve analysis.

Consider association of two strands of DNA in solutiorA, andB: A + B )t6 AB.

K is related to the standard free energy of association by = Le ©°(M. Here
=1=kg T (kg is the Boltzmann constant, andT the temperature), o is a reference
concentration (1 M), and G°(T), is the standard temperature dependent free energy
of association. The objective is to predict G°(T) from the sequences oA and B,

which are assumed to be reverse-complements.

The nearest-neighbours model describes the majority ofG°(T) dependence by
pairwise thermodynamic contributions, with a correction due to salt concentration and
terminal / initial base identity. Pairwise contributions decompose theN sequential
nucleotides from 5' to 3' intoN 1 adjacency pairs, physically incentivised by the
pairwise stacking interactions present in DNA. G(B;Bij.1) is the free energy associated
with basesB;, and B;,1, listed from 5' to 3"2. The total contribution of these adjacency
terms is then ' No? G(BiBi:+1). In reality, each of these G(B;Bi.1) values varies

Lwithin the scope of this thesis, distinctions between Gibbs and Helmholtz free energies are
irrelevant.

2These values are tabulated. The number of parameters here is 10. There are 4 bases, so 16 ordered
pairs. But the thermodynamic contribution of a pair must be the same as its reverse complement.
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linearly temperature as G(BiBj.1)= H T S. The H and S terms themselves
are modelled as temperature independent [18].

Further corrective factors include an initiation contribution depending on the initial
and nal bases G (init), and an empirically derived contribution which encodes
high salt concentrations stabilising the duplex. This contribution is logarithmic in
salt concentration, and proportional to oligonucleotide lengthN (in nucleotides) [L§].
More modern parameterisations have attempted to describe the e ect of counterion
identity [19]. In general, the total value of S is negative on hybridisation, ensuring
that at higher temperatures, dehybridisation, termed melting, occurs.

Ultimately, the free energy of hybridisation scales roughly linearly with sequence
length, and can be modulated further by sequence choice: high G-C contents contribute
to more negative hybridisation free energied§]. Consequently, the half-life of the
duplex state, which scales approximately as ~ ©°, can be tuned over many orders of
magnitude. This allows interaction strength and consequently melting temperature
to be prescribed by design, opening up a diverse range of engineering possibilities.
To this end, the partition function of secondary structures may be evaluated, as is
done in the software package NUPACKZ(Q. Similarly the inverse problem is solvable:
design of sequence for intended secondary structure is routinely performed for DNA
nanostructure design [21].

1.2 DNA Nanotechnology

Nanotechnology is the fabrication and characterisation of structures at nanometer
lengthscales. It has had profound impacts on computing, bio/nano-materials, and
medicine. Major advances were driven by market demand for increasingly dense
computer circuitry in the 1980s, culminating in precise two dimensional lithographic
fabrication techniques 22]. In this top-down approach, order is imposed by some
external eld. Such an approach scales poorly to the molecular level. bottom-up
synthesis instead uses programmable thermodynamics of molecules to encourage their
autonomous organisation. This modality is known as self-assembly, underlying much
of complex biological structure formation, including manufacture of polyhedral viral
capsids and phosopholipid membranes [23].

DNA is optimally placed to direct complex self-assembly2f]. Its mechanical
and thermodynamic properties are relatively well characterised. Automated phos-

Four of the 16 pairs are palindromic (their own self-complement), and 12 are not. So the total number
of parameters is12=2 + 4 = 10.
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phoramidite synthesis of arbitrary DNA sequence2§] is now cheap, and yields of
correct product are improving R4, 26, 27]. These features make the design of complex
self-assembling DNA systems a ordable and intellectually tractable.

As DNA nanotechnology has matured, it has specialised into three di erent sub-
groups with speci c (but often overlapping) goals.

1. Structural DNA Nanotechnologyaddresses the construction of systems with
intended con gurations in 3D space. This can include nite size or periodic
structures. These structures may also be programmed to change shape or
dynamically assemble in response to an external stimulus.

2. Dynamic DNA Nanotechnologyconcerns DNA systems which alter secondary
structure in time, typically in response to a stimulus. This sub- eld includes
DNA computing, where DNA-DNA interactions are used to solve computational
problems, and sensor design where DNA couples the presence of an analyte to
an experimentally measurable output.

3. Interface DNA Nanotechnologyexploits DNA self-assembly to sca old the place-
ment of additional functional molecules. These can be gold nanoparticles for
optoelectronic applications, hydrophobic molecules for lipid sculpting, or proteins
for interface with biological systems.

1.2.1 Structural DNA Nanotechnology
Early History

DNA nanotechnology began in the 1980s, with Seeman designing self-assembling
DNA motifs. His proposed immobile junction was motivated by a desire to sca old
the crystallisation of proteins for X-ray crystallography Pg. Such a junction is a
synthetic analogue to the chiasma in meiosis, consisting of four strands of DNA, each
with a domain complementary to another two. Base stacking in DNA prevents the
crystallisation of these four way junction motifs: the con gurational ground state is
far from tetrahedral [36]. This four way junction structure is illustrated in gure 1.2a.
However, the success of experimental synthesis of immobile junctioB3][encouraged

a series of proof of principle projects for fabrication of geometric motifs. Seeman
fabricated a wireframe cubedg] ( gure 1.2b) and cuboctahedron 89|, characterised
by polyacrylamide gels. In general, these DNA structures inherited only the topology
of their reference polyhedra, and not necessarily their geometry.



1.2 DNA Nanotechnology !

Fig. 1.2 Progress in structural DNA nanotechnology(a) , The four armed immobile
junction identi ed by Seeman as a method to generate lattices through sticky end
polymerisation. (b) , Anillustration of the rst DNA polyhedron, comprised of 6 strands

of DNA. (c), lllustrations of the double crossover motif: whose structural rigidity
enables predictable conformation. Notice the two parallel helices have cross-overs at
two locations, granting rigidity. (d) , The double crossover can be used as an element in
designing periodic crystals, as demonstrated here in this work of Winfree and Seeman.
(e), Sca olded DNA origami, as synthesised by Rothemund. The black strand in the
schematic is circular viral DNA; short synthetic oligonucleotides (coloured) bridge
viral DNA at speci c locations, programming the desired structures as illustrated by
Atomic Force Microscopy (AFM) images below(f) , DNA origami can be manufactured

in 3D, emulating mechanical bearings. They can also be assembled into multimers
by complementary overhangs; here a scissor linkagg@) , Base stacking and shape
complementarity can alternatively be exploited for higher-order assembly: here nite
sized gigadalton assemblies are synthesised and assembled into circles, as demonstrated
by the Transmission Electron Microscopy (TEM) images(h) , Single helix wireframe
DNA origami represent one of the alternative origami architectures: here a wireframe
rabbit has been designed by the software BSCOR; adjacent is a Transmission Electron
Microscopy (TEM) image of the samea is reprinted with permission from Elsevier:
Journal of Theoretical Biology 8], copyright 1982.b is reprinted with permission from
Nature [29], copyright 1982. c is reprinted with permission from Elsevier: Biophysical
Journal [30], copyright 2003.d is reprinted with permission from Nature B1], copyright
1998. e is reprinted with permission from Nature B2], copyright 2006.f is reprinted
with permission from National Academy of Science83§|, copyright 2015. g is reprinted
with permission from Nature 4], copyright 2017. h is reprinted with permission from
Nature [35], copyright 2015.
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