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ABSTRACT

In the last decades, the powerful self-assembly properties of DNA have been harnessed to produce
complex structures at the nanoscale with high precision and yield. DNA origami is one of the most
robust examples of this, where a 7000-nucleotide strand of biological origin is folded by hybridizing
with hundreds of synthetic oligonucleotides, the programmed sequence of these “staple strands”
determines the shape of the assembled object. The long “scaffold strand” permeates every helix of the
assembled object acting as a backbone, finding the path for the scaffold strand is trivial in designs
where the helices are packed on a parallel lattice but becomes challenging in other designs.

In this thesis we expand the design space of DNA origami to wireframe structures based on polyhedral
meshes by the introduction of a software package consisting of: a routing algorithm for finding A-trail
Eulerian circuits, a rapid physical simulation for converting the mesh to a DNA design with low
strain, and vHelix, a graphical user interface for manual modification of the structure and processing
of DNA sequences (Paper I). We find that this method can produce wireframe DNA origami
structures with refined shapes and features, and we investigate these structures with negative stained-
and cryo electron microscopy. The helices in these structures are not packed on a tight lattice and we
find that they can assemble and remain stable at physiological salt concentrations unlike previously
demonstrated 3D DNA origami.

We then expand this method to two-dimensional sheets (Paper I1), first by generating three rectangular
sheets with different vertex geometries and investigating them with atomic force microscopy to find
that six-armed vertices are needed for non-distorted structures. The geometry with six-arm vertices is
then used to generate four flat sheets with complex internal and external features, these structures fold
with high yield to their programmed shape.

It is apparent from electron microscopy that these structures are not as rigid as structures based on the
parallel packing of helices. In Paper III we study the effect of design choices on the rigidity of
wireframe structures, specifically on rods where the flexibility can be estimated by measuring the
persistence length. In addition to experiments we use coarse-grained molecular dynamics simulations
to evaluate the rigidity in silico. We find that the rigidity of rods increases with increasing number of
facets in the cross-section, and that the breakpoints between staples negatively affects rigidity and that
his effect can be reduced by enzymatic ligation. The simulations reveal that the rigidity of the
structures is greatly reduced by increasing the salt concentration.

In Paper IV we further explore the power of coarse-grained molecular dynamics simulation to predict
the dynamics of DNA nanostructures. First, we track the end to end distance of the helices of a
structure throughout a simulation and find that the behavior varies greatly between helices where
some are practically rigid and others show large deformations. We then implement this concept in an
iterative fashion where a structures rigidity is estimated by simulation and from this first generation a
number of mutant structures are created by modifying one or more edges. These mutant structures are
then simulated and the effect of the modifications are measured on their adjacent helices or on the
entire structure, and modifications that are beneficial are inherited in the next generation of the
structure. Using these methods, we are able to create a moderate evolution towards a lower flexibility
in wireframe DNA origami structures.
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1 INTRODUCTION

1.1 DNA

Deoxyribonucleic acid (DNA) is a molecule essential for all known living organisms, through
the storage of genetic information. DNA is a linear polymer chain of four nucleotides:
Adenine (A), Guanine (G), Cytosine (C) and Thymine (T) (figure 1). The hydrogen bonding
of Gto C and A to T is known as base pairing, and two DNA strands with complementary
sequences of nucleotides may hybridize to form an anti-parallel double helix. At
physiological conditions, double-stranded DNA mostly takes the B-form conformation
(figure 1.). B-form DNA has a height of each base pair (rise) of around 3.4 A, a radius of 10
A and makes a full turn roughly every 10.5 base pairs'>. The hybridization of two
complementary DNA strands is a self-assembly process, and the binding energy is dependent
on the length and sequence of the complementary segment where more G and C (GC content)
leads to a higher binding energy.
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Figure 1. a. Structure of B-from DNA double helix. b. The four nucleotides shown base-
pairing with hydrogen bonds rendered as green dashed lines. Rendered from a crystal
structure (PDB entry 1BNAY)

In the last decades, DNA strands with human designed custom sequences have been
fundamental in several ground-breaking techniques in medicine and biology. Polymerase
chain reaction (PCR)°, DNA sequencing® and in-situ hybridization technologies’ rely on short
synthetic oligonucleotides to probe the function of nucleic acids in biological systems and



have revolutionized our understanding of biology. A system with over 50 000 DNA
oligonucleotides has been demonstrated as a storage media for arbitrary computer data®.
Longer sequences of custom DNA are used as synthetic genes in bacterial and mammalian
cells to study their function or produce proteins’. In the field of synthetic biology many long
synthetic strands of DNA are used to replace entire genomes of organisms!®. These
techniques have created a big demand for the production of custom sequence DNA.

Double-stranded DNA may be incorporated into plasmids and cloned into bacteria where it is
replicated by the cellular machinery and can easily be extracted by plasmid preparation'!. In
vitro, DNA of interest may be amplified by the use of PCR!!. Short (typically less than 100
bases) segments of single-stranded DNA can be produced completely synthetically'?, today at
costs of less than 1 SEK per nucleotide. The emerging technology of silicon chip-based DNA
synthesis is promising to reduce that cost significantly’®. Single-stranded DNA can also be
produced by cloning into phage viruses with single-stranded genomes such as MI3
bacteriophage!!. The incorporated sequences may later be extracted by restriction enzymes!*
or self-cutting DNAzymes'>. These techniques are typically more time consuming than DNA
synthesis but yield higher quality DNA that may be significantly longer, and the production
can be scaled up significantly.

1.2 DNA NANOTECHNOLOGY

The concept of using DNA as a construction material for structures on the nanometer scale
was first introduced by Ned Seeman in 1982!6, He was working in the field of protein
crystallography and was struggling to generate crystals of his protein of interest. He
envisioned that multi-armed DNA junctions could form units of a crystal lattice and that a
porous DNA crystal could potentially host proteins, and x-ray diffraction could solve their
crystal structure.

In nature, DNA is known to form four-arm junctions known as Holliday junctions in several
biological processes®. Typically, these junctions consist of two pairs of identical arms and are
mobile meaning that the position of the crossover between the strands can migrate on either
strand. Holliday junctions can also be formed from synthetic DNA with four unique arms and
are then not mobile!’. Synthetic DNA junctions can be of arbitrary valence from three-arm
junctions and up'®. Their sequence of the strands determines the connectivity, and when

mixed and exposed to a temperature ramp they will self-assemble.

In the first decade after the conception of DNA nanotechnology, a number of assemblies of a
handful of oligonucleotides were shown including a cube constructed from ten
oligonucleotides!®. These structures were however too small to visualize by any imaging
technique and were typically characterized by gel electrophoresis. In 1998 a two-dimensional
crystal constructed from a few oligonucleotides was demonstrated®. In this crystal, the
oligonucleotides hybridized to form unit cells called tiles containing immobile crossover
junctions. These tiles were also designed to assemble with each other by “sticky” overhangs
of complementary sequences, this formed large multi-micrometer carpets of DNA consisting



of thousands of oligonucleotides that were easily imaged by atomic force microscopy. In the
following decade the concept of using a handful of oligonucleotides designed to hybridize
with each other to assemble structures expanded, both discrete structures where each
oligonucleotide has only one unique position and bigger structures where each
oligonucleotide bind in multiple locations (Figure 2). In the latter case, geometric design
principles were sometimes used to prohibit completely uncontrolled growth, for example to
assemble to one-dimensional filaments?! or three dimensional polyhedra??. Ned Seeman’s

original concept of a designed three-dimensional DNA crystal was also realized®.

The examples mentioned here rely on at most 20 different oligonucleotides of synthetic
origin. One might expect that if one oligonucleotide of each flavor is required to assemble a
structure the need to control the stoichiometry between the oligonucleotides should become a
significant obstacle as the number of flavors increase. This assumption was proven wrong in
2012 with the introduction of “DNA brick structures”. Here, hundreds of oligonucleotides,
each 32 or 42 bases long assemble to form a two dimensional sheet** or a three-dimensional
cube?®. By removing specific oligonucleotides from the reactions this sheet or cube can be
used as a canvas to produce custom two or three-dimensional structures. The size of this
concept was recently drastically increased with the demonstration of a DNA brick structure
made from 30 000 unique oligonucleotides with to a molecular weight of 500 MDa?®.



Figure 2. Examples of simple DNA nanotechnology systems, sets of oligonucleotides with
programmed sequences are mixed and annealed. a. Four oligonucleotides hybridize to form a
discrete three-dimensional tetrahedron. b. Four different oligonucleotides form a two-

dimensional crystal of four arm junctions that grows uncontrollably.

1.3 DNA ORIGAMI

The field of DNA nanotechnology was revolutionized in 2006 with the introduction of DNA
origami?’. In DNA origami a long strand of DNA called the scaffold strand is folded by
hybridizing with multiple short strands known as staple strands. The scaffold strands is
usually the single-stranded genome of M13 bacteriophage with a length of more than 7000
bases. The staple strands are typically 20-60 bases long, and each staple strand is designed to
hybridize with multiple regions of the scaffold strand forcing it to fold to its desired shape

(figure 3).

The first demonstration of DNA origami was multiple two-dimensional sheets with diameters
on the order of 100 nm consisting of a phage-based scaffold strand and hundreds of synthetic
staple strands. The sheets were designed to have sophisticated internal and external features,
including a smiley face structure. In these structures, the scaffold strand is weaved through
the design in a raster pattern. The strands were mixed at a ratio of 100:1 of each staple strand
to the scaffold and were put in a temperature ramp from 95 C to 20 C over 75 minutes. These



massive structures where easily visible with atomic force microscopy showing the power of
the technique?’.

This first demonstration was limited to two-dimensional sheets, however, using folding
principles a sheet can be folded into three-dimensional structures. This was first shown with
the creation of a hollow cubic box, similar to a cardboard box where the six walls were made
as flat sheet DNA origami segments folded from the same scaffold®®. Additional staple
strands hybridized between the walls, causing them to fold into the box. This principle of
using flat sheet DNA origami as the surface of a three-dimensional structure has been

expanded to more complex structures including a ball, a torus, and a flask?’.

The second approach to creating three-dimensional DNA origami structures is to fold the
two-dimensional sheets like a towel with additional staple cross-overs between the layers to
keep the stack together. Using this approach solid or hollow brick-like structures can be
created®®. In these designs, the DNA helices are packed on a honeycomb or square lattice
along one axis of the structure like the fibers in wood. By modifying the crossovers between
the helices, the bricks can be redesigned to have complex internal and external features. In
addition, by moving the position of the crossovers between the DNA helices, strain can be
introduced to the structure causing it to bend or twist in a predictable manner. The software
tool caDNAno greatly assists the design of three-dimensional DNA origami structures based
on this design paradigm?!.

These brick-like structures are relatively rigid and are easily visible in transmission electron
microscopy. It is possible to design structures that combine rigid elements with flexible thin

feature acting as joints to create simple nano-machines with moving parts®>33,

The size of any DNA origami structure is limited by the length of the available scaffold
strand. The genome of the commonly used phage M13mp18 is around 7250 bases long, this
can however be increased by cloning in additional fragments of DNA giving scaffolds of
upwards of 9000 nucleotides, this yields DNA origami structures with molecular weights
around 5 MDa. DNA origami structures based on the genome of the lambda-phage have been
demonstrated giving a scaffold of around 50 000 bases yielding structures more than five
times larger’*°, Larger structures can also be achieved by designing DNA origami structures

capable of controlled assembly, either to form crystal lattices*®37 or discrete structures®®-°.,
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Figure 3. The principle of DNA origami. A long scaffold strand of biological origin is mixed
with shorter synthetic staple strands designed to hybridize with the scaffold strand. After a
thermal annealing ramp, the strands hybridize to form a DNA origami structure.

1.4 FUNCTIONALIZATION OF DNA ORIGAMI

A major focus in DNA origami research has been the functionalization of structures by the
addition of non-DNA elements. A fundamental principle of DNA origami structures is that
every staple strand is used one time in each origami object and its position is known. If a
functional element is connected to a staple strand, then the functional element will be
incorporated in the resulting structure at a known location. The staple strands are synthesized
by coupling the desired nucleotides one by one to build up the strand. This process is not
limited to the four DNA nucleotides found in nature and staples can be synthesized to
incorporate chemical groups at either end or inside*’. Today many companies that offer DNA
synthesis also provide a range of unnatural groups for incorporation. Some groups can give
the structure function on its own like fluorophores, yielding fluorescent DNA origami
structures*! or cholesterol generating structures that can interact with lipid membranes*.
Alternatively, staple strands can be synthesized incorporating chemically active groups,
allowing the staple strand to later be connected to other functional elements. If thiol groups
are incorporated, they can be used to link the staple strand to gold nanoparticles* or
surfaces*. Amine groups incorporated in oligonucleotides can be conjugated to proteins
giving the assembled DNA structure new functions*>%.

DNA origami structures can also be functionalized non-specifically by applying chemistry

that reacts with DNA. Intercalating fluorophores or drugs*’#?

can be loaded into the structure.
There is also established chemistry to coat DNA with metals*’, and this has been applied to
DNA origami to create structures coated with gold®® or other metals®, with potential

electronic applications.



1.5 BIOMEDIAL APPLICATIONS OF DNA ORIGAMI

DNA origami structures are created from a bio-material: DNA, and application in biological
systems have been one of the largest research-directions in the field. Drugs that kill pathogens
or cancer cells may also harm other tissues in a patient leading to side effects and lower drug
tolerance. If a nanostructure is loaded with such a drug and is made to target the cancer tissue
or pathogen it could act as a drug-delivery platform, lowering the side effects caused by the
drug on the non-targeted tissue. DNA origami structures can be loaded with anti-cancer drugs
that bind to DNA like doxorubicin and it has been shown that the drug will diffuse out of the
structure over time*. The structures could also be loaded with biomolecules that affect the
target cell or activate the immune system like antibody fragments®?, immune stimulating

DNA sequences>?, or thrombin’.

The stability of DNA nanostructures in vivo remains a major concern for these concepts. The
phosphate backbone gives DNA a negative charge, to overcome the charge repulsion most
DNA origami structures based on the parallel packing of helices needs a considerable amount
of magnesium ions (5-20 mM) to fold and remain stable’’, much more than is found in
human blood>. In the bloodstream, the structures will be targeted by the immune system and
nucleases leading to degradation and/or renal clearance®. DNA origami structures can be

coated with liposomes>’ or oligolysine’® to increase their resistance to this.
p goly

DNA origami structures have proven useful in experimental bio-physics for studying the
dynamics and forces of DNA stacking®®, DNA junctions®’, and nucleosomes®. The precise
control of DNA origami structures have been utilized to make channels that can dock to solid
state nano-pores, this could potentially be used in DNA-sequencing®!. Cryo-electron
microscopy can be used to solve the structure of proteins from many images of protein
particles, it is however challenging to align the images and calculate the structure of small
proteins. If a small protein is rigidly docked to a DNA origami structure, the structure of this
large complex could be solved and from this the protein structure could be extracted. This
approach has been used on the DNA binding protein p53, but the flexibility of the DNA
origami structure limited the protein structure resolution to ~ 15 A%? and significantly more
rigid DNA structures may be needed for this.

1.6 COMPUTER SIMULATIONS OF DNA ORIGAMI

Computer simulations of biomolecules is a valuable tool that can give unique insights into
their structure and dynamics. Simulations can be used to calculate the interactions of the
particles that make up the biomolecules from the most fundamental levels i.e. quantum
mechanical calculations®. These types of calculations are very computationally expensive
meaning that they are in practice limited to small systems simulated for very short
timeframes. A popular abstraction from this is all-atom molecular dynamics (MD)
simulations where every atom of a system including solvents and salts are represented by

particles whose positions and velocities are calculated numerically by Newton’s equations of



motion. These methods have been used to study DNA origami structures®, and importantly it
allows the study of interactions of DNA with other types of matter like lipids®. These
simulations are however still very computationally expensive and in practice require

supercomputers to simulate on the order of 100’s of nanoseconds.

The computational cost of the simulations can be reduced by coarse-graining the simulation
meaning that a single particle can represent several atoms®. The oxXDNA system is a package
for coarse-grained simulation of DNA where every nucleotide is represented by two
connected particles®®. The nucleotides interact through potentials describing: backbone
connectivity, excluded volume, base-pairing and stacking interactions. In oxDNA there are
no particles describing the solvent (water) and salts, they are instead described implicitly
through the interactions between the nucleotides, this also dramatically reduces the
computational cost. The potentials used in 0xXDNA do not directly correspond to individual
physical forces, and they need to be parameterized to give the model DNA-like properties.
This is done by a top-down approach where experimental data is used as a reference for DNA
behavior. The resulting DNA model can predict melting temperature and persistence lengths
of DNA that correspond well with experimental values®. Importantly the oxDNA simulation
packaged can now take advantage of graphical processing units (GPU) to speed up

simulations®’.

oxDNA has been used to study a range of DNA nanostructure systems including DNA
origami®, For brick like origami, it can predict the global twist of the structure caused by
internal strain in correspondence with experimental data’. oxDNA has been used to simulate
the assembly of a small DNA origami structure®®, but it should be noted that simulations
typically start from an ideally assembled state that will not reproduce potential assembly
issues in the design that would be present in experiments.

DNA origami structures can also be simulated using even simpler models, the popular tool
CanDo relies on a finite element method model to simulate the behavior of structures™. Tt is
available as an online tool that supports the import of parallel packed DNA origami designs
on a square or hexagonal lattice and generates a heat map of the structural flexibility and a
video of the simulated behavior. A new version of CanDo has been demonstrated with some
lattice free structures’!, but this tool is not yet publically available.

1.7 SCAFFOLD ROUTING IN DNA ORIGAMI

The defining characteristic of a DNA origami structure is the long scaffold strand that forms
the backbone of the structure. The scaffold strand must traverse the entire structure and pair
with every staple strand. Finding a path for the scaffold strand that fulfills these requirements
is an essential part of DNA origami design. In Paul Rothemund’s original DNA origami
structures the DNA double helices are packed in parallel carpets, and the scaffold routing can
be found by weaving the strand back and forth throughout the design?’ (Figure 4). It should
be noted that additional crossovers of the scaffold strand between helices may help hold the
structure together and it may therefore be attractive to use more complex routings’. As these



original flat sheet design principles where extended to 3D by folding flat sheets the same
routing principles held and finding the scaffold path in a brick 3D DNA origami typically
quite simple.

Figure 4. In DNA origami structures based on parallel packing of helices, the path for the
scaffold can be produced by hand. Example scaffold routing in a flat sheet structure






2 AIMS

The overall aim of this thesis is to study the properties of wireframe DNA origami structures
with the goal of establishing them as an alternative to classic DNA origami designs. The
specific aims of the papers of this thesis are:

e Paper I: To develop the software tools for the design of wireframe DNA origami
structures and investigate their assembly and properties, specifically their folding at
physiological salt concentrations.

e Paper II: To expand the design framework to two-dimensional meshes and study the
effect of vertex geometry, and investigate the surface coverage of these designs.

e Paper III: To increase the rigiditiy of wireframe design structures by optimizing
design choises and experimental conditions.

e Paper IV: To study the dynamics of wireframe DNA origami strucutres in detail
using coarse-grained molecular dynamics simulations, and develop an unsupervised
iterative evolution towards higher rigidity.
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3 MATERIALS AND METHODS

3.1 SCAFFOLD ROUTING ALGORITHM

We aim to produce DNA nanostructures based on wireframe meshes, where every edge of the
mesh is represented by a double helix in the nanostructure. For these structures, it is not
possible to apply the simple weaving technique to find the path for the scaffold. The designer
could try to find a path for the scaffold through a wireframe design by hand. For 3D meshes,
this can be aided by generating a Schlegel diagram, a flat projection of the mesh. This
approach quickly becomes unfeasible as the mesh size increases.

In a DNA wireframe origami structure based on single helix edges, all crossovers between
helices are positioned in the vertices. These crossovers are responsible for folding the
structure to the desired conformation and holding it together. The crossovers are either
scaffold crossovers where the scaffold strands cross from one helix to another or staple
crossovers where a staple strand crosses. The scaffold strand routing determines the position
of the scaffold crossovers, and this forms half of the connections in each vertex. The staple
strand crossovers forming the remaining vertex connections should then be designed so all
helices incident to a vertex is connected to two other helices. For some routings of the
scaffold through a vertex it is not possible to design staple strands that properly connect the
vertex, posing a constraint on the desired scaffold routings. In addition to this, we want to
avoid the scaffold crossing itself as it may introduce topological traps in the folding. These
two constraints limit the possible scaffold routings to a type of routings known as A-trails. In
an A-trail path, the scaffold always leaves the vertex on an edge that is a neighbor to the
incident edge. Staple crossovers can then be designed to connect to their cyclic neighbors to
keep the vertex connected (Figure 5). It should be noted that an A-trail routing of the scaffold
also allows for a staple design scheme where the staples cross the vertices and connect to a
helix on the opposite side. We have performed some experimental testing of this and found
that it appears to be a feasible design strategy.

12



a. b. C.

Figure 5. Scaffold routing in wireframe vertices. a. A degree six vertex, connecting six edges.
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b. A scaffold path that does not cross itself should lead to less topological issues, but for
some routings, it may not be possible to design staples that hold the vertex together. c. In A-
trail routings, the scaffold strand always exits the vertex on an adjacent edge, for these
routings it is always possible to design staple strands.

The scaffold routing should visit every edge of the mesh exactly one time, in graph theory
such a routing is known as an Eulerian trail, named after the 18"-century mathematician
Leonhard Euler. As most scaffold strands used in experiments are circular, an additional
requirement is that the path must be circular, this is known as an Eulerian circuit. It is only
possible to find Eulerian circuits in meshes where all vertices have an even number of edge
connections (vertex degree). The number of odd degree vertices is even in any mesh and a
pair of odd degree vertices can be converted to even degree by connecting them by double
edges, meaning that in the DNA design some edges will consist of two DNA double helices.
Before finding the scaffold route all odd degree vertices in the mesh are paired up and then
connected by the double edges (figure 6). A new routing algorithm developed for this task is
then used to find an A-trail circuit through the mesh.

Figure 6. Scaffold routing in a polyhedral mesh (a.) b. First, all odd degree vertices are found
and paired up, they will be connected by a minimal number of double edges. c. The scaffold
routing algorithm finds an A-trail route through the mesh.

13



3.2 CROSSOVER PLACEMENT

The helical twist of double-stranded DNA must be considered when designing structures
from DNA. Crossovers between connected helices should be positioned to align with the
rotation of the DNA or unnecessary strain will be introduced to the structure. In traditional
DNA origami structures with close-packed parallel helices the positioning of crossovers is
done by design rules, if two parallel helices are connected by a crossover the DNA will make
two full turns in 21 bp, and the two strands will perfectly line up for a new crossover. In 3D
structures this if often expanded to a honeycomb lattice packing of the DNA where the
crossovers between parallel helices are available every seven bp°.

In our wireframe DNA nanostructures, all crossovers are positioned at the end of the helices.
The orientation of the end bases of the helix will depend on the length of the helix, a 21 bp
helix will make two full turns and the connections points will have the same orientation, but
the addition or removal of a base pair will twist the orientation between the connection points
by 34°. We aim to find DNA geometries with minimal strain at the crossovers by finding the
helix lengths where the crossover points are oriented towards each other. This is done by an
iterative simulation in a physics engine originally designed for computer games, PhysX. In
the simulation, the DNA helices are represented by rigid cylinders with discrete lengths
corresponding to a number of base pairs. Connections points representing the ends of the
DNA helix are put on the cylinders with orientations determined by the number of base pairs
that the cylinder represents. These cylinders are connected with spring joints at the
connection points, this connected system is allowed to reach a relaxed state in the physics
engine and the strain of the structure is measured by the force on the spring joints. After this,
the structure is modified by adding or removing one base pair from one of its helices, leading
to a rotation of the connections points on the cylinder. This new structure is again simulated
and if the spring energy is lower it is assumed that the modification reduced the strain on the
vertices and the modification is retained. The simulation is performed iteratively to find a
DNA representation of the mesh with the minimal strain. The resulting output describes the
number of base pairs and also the position and rotation of each DNA helix of the structure at
the end of the simulation. We call the software package responsible for the scaffold routing
and physical simulation “Beam SCaffolded Origami Routing” (BSCOR).

3.3 VHELIX

As a final step in the design process, the output file from the iterative simulation is imported
to vHelix, a custom plugin to Autodesk Maya where the DNA design can be visualized and
modified (Figure 7). After the import, the DNA strands have no sequence but in vHelix, a
sequence can be assigned to the scaffold strand, and this will automatically calculate the
sequence of the complementary staple strands. Another feature that we often use in vHelix is
“auto fill strand gaps” that iterates over all connected bases in the DNA geometry to find gaps
in the junctions that are large and fills these with unpaired nucleotides. In vHelix it is possible
to make manual modifications to the structures like the moving of staple breakpoints. After
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the staple sequences have been assigned, they can be exported as a list that can be sent to a
DNA synthesis company.

Figure 7. vHelix user interface. A DNA origami structure based on an icosahedron inside

vHelix.

3.4 FOLDING OF DNA NANOSTRUCTURES

The staple strands needed to fold a structure are synthesized by a DNA synthesis company
and typically arrive frozen in water in 96 well plates. The scaffold strand is the single-
stranded genome of the M13mp18 bacteriophage (7249 nucleotides), or a variant of this with
an insert giving a genome size of 7560 or 8064 nucleotides. The bacteriophage is propagated
by adding it to an exponentially growing culture of JM 109 e-coli bacteria and then co-
culturing this for 4-5 h. After this, the culture is centrifuged to remove the bacteria and the
supernatant containing the phage is recovered. The phage is then precipitated from the
solution by the addition of polyethylene glycol and sodium chloride, and centrifugation. A
pellet of phage is then formed that is re-suspended in Tris buffer, and then the protein coat is
chemically stripped from the phage genome, this protein coat is then precipitated by high
speed centrifugation and the supernatant containing the DNA is recovered. Ethanol is then
added to this supernatant causing the DNA to precipitate, high speed centrifugation is then
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used to pellet this DNA, and this pellet containing the scaffold strand is resuspended in Tris-
buffer of water.

The scaffold strand and staples strands are mixed at a 1:10 molar ratio in a buffer and salt
mixture that is appropriate for the structure. DNA origami structures based on parallel
packing of helices usually need magnesium in the folding buffer to overcome the charge
repulsion between the phosphate backbones. The amount of magnesium required varies but is
typically higher for more compact structures. For wireframe structures, the packing of
backbones is less dense so it may be possible to fold them in buffers that do not contain
magnesium like phosphate buffered saline (PBS). After mixing the samples are exposed to a
temperature ramp in a thermocycler. The temperature ramp mostly used begin with a short
denaturation step where the sample is heated to 80 °C for five minutes to denature all DNA.
After this, the sample is quickly cooled to 60 °C over 20 minutes and then slowly cooled to
24 °C over 14 hours.

3.5 CHARACTERIZATION OF DNA ORIGAMI

The quality of a folding reaction can quickly be determined by agarose gel electrophoresis, a
2% agarose gel is cast with 0.5 x TBE buffer, 10 mM MgCl,, and 0.5 mg/ml Ethidium
bromide and the samples are run at 70 V for 4h in an ice water bath. Typically, the folding
reaction is run in parallel with a standard DNA ladder and the scaffold strand alone. For
parallel packed 3D origami, the tighter conformation of the folded structures allows them to
migrate faster than the scaffold strand even though the mass has doubled by the hybridization
with the staple strands. Wireframe structures often migrate slower than the scaffold strand
due to their larger size. Agarose gels also reveal if the structure is monomeric or has
multimerized or aggregated. When DNA structures are functionalized, this may also be
detected in gels by altered migration speed (figure 8).

In addition to gels, a multitude of imaging techniques is used to characterize the structures
(Figure 8). Structures can be immobilized on a surface, commonly mica and imaged in
atomic force microscopy (AFM). For single layer structures this may allow the imaging of
individual DNA helices, however, the immobilization on mica tends to flatten and stretch out
the structure and AFM images may not reflect the solution properties of a DNA origami
structures. For 3D DNA origami structures, negative stained transmission electron
microscopy is often used. Here, a drop of sample is applied to a glow discharged formvar-
carbon grid for 20 seconds, then the grid is blotted on a filter paper to remove most of the
liquid. This grid is then put on a drop of water for 3 seconds to reduce the amount of salt on
the grid and then again blotted on a filter paper. As a final staining step, the grid is put on top
of a drop of 2% solution of uranyl formate for 20 seconds and then blotted on the filter paper.
The grid is then left to air dry and is then imaged in a transmission electron microscope,
typically at magnifications from 11 000 to 28 000 x. This is a rapid technique that gives
relatively high-resolution images of close-packed structures, but wireframe structures tend to
collapse in the dried out conditions giving images that may not reflect the solution structure.
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Cryo-electron microscopy can be used to capture the solution structure of DNA origami
objects. Here, the sample is plunge-frozen to form amorphous ice, preserving the solution
conformation of the structure. As no stain is added to the sample all contrast comes from the
electron density of the sample, and only a limited amount of information can be collected
from each DNA nanostructure before it is destroyed by beam damage. This can yield low
contrast 2D images of the structure or using cryo-electron tomography, the 3D structure of
individual particles can be extracted at low resolution. The information from 2D images of
many structures may be combined to a 3D model using single particle analysis. For rigid
biomolecules, this has been used to create high-resolution models’®. For DNA nanostructures
it appears that the flexibility of the structures limits the achievable resolution, with the highest
reported resolution 11.5 A™ However, even at a lower resolution this technique may still be
very useful for DNA nanostructure design.
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Figure 8. Characterization techniques for DNA origami structures. a. Rendering of a rod-like
structure with a hexagonal cross-section. b. Agarose gel electrophoresis of the structure, lane
1: DNA ladder, lane 2: scaffold strand, lane 3: folded rod structure, lane 4: folded structure
with excess staple strands removed. c. Negative stained transmission electron microscopy
(TEM) of the structure. d. Atomic force microscopy (AFM) image of the structure. e. Cryo-
electron microscopy image of the structure. All scale bars 100 nm.

3.6 COARSE-GRAINED SIMULATIONS

The oxDNA package can be downloaded from https://dna.physics.ox.ac.uk and compiled in
Linux, if the system has a modern graphics processing unit from Nvidia it may also be
compiled with CUDA support to enable GPU acceleration of the simulation.

An oxDNA simulation is started with the system described in two files, the topology file that
describes what nucleotides are in the system and how they are connected and the
configuration file that describes the coordinates including rotation of these nucleotides. These
files can be generated from DNA nanostructure design files using converters developed by
the oxDNA team. The converter for vHelix structures works on DNA structures saved in the
Maya ASCII format and was originally developed in Jonathan Doye’s group. We modified it
to also generate a list of the particle ID of the second to last bases of every helix for further
analysis of the rigidity of the helices.

18



The nucleotide coordinates of the DNA structure that will be simulated are based on the
coordinates inside vHelix, and these coordinates may contain unphysical distances between
backbones that are covalently linked, specifically in the vertices of the structures where two
connected helices may be placed unrealistically far away by the simple physical simulation. If
these coordinates are loaded directly into a molecular dynamics simulation the force between
covalently linked backbones that are unrealistically far apart could be very large giving the
connected components very high velocities causing the simulated system to “blow up”. In
oxDNA, this is overcome by running pre-simulations to relax the structure and bring all
covalently bonded particles into physically realistic distances. In the pre-simulations, the
force between connected backbones is capped to a maximum value to prevent the simulated
system from blowing up (Figure 9).

oxDNA allows parameters like temperature and concentration of monovalent salts to be set
for the simulations. The output of 0xDNA is a trajectory file that captures snapshots of the
simulation including position, orientation, and velocity of all simulated nucleotides, and this
data is typically saved for every 5000 time steps to save space. A simulation of a DNA
origami structure based on a 7000 base scaffold for 100 million time steps can typically take
1-2 days on a modern GPU (Nvidia GTX 1080Ti). This corresponds to a simulated time of
around 1.5 ps.

Figure 9. Example image of the oxXDNA representation of the vertex of a wireframe DNA
origami structure. a. The vertex as designed in vHelix where the distance of covalently
connected backbones may be large (arrows). b. After a relaxation simulation the connected
backbone particles are brought closer.

19



3.7 ANALYSIS OF SIMULATIONS

The coarse-grained simulation of DNA nanostructures should give insight into their structure
and dynamics. The simulation trajectory can be viewed in molecular visualizations software
as a video providing a qualitative analysis of its behavior. The trajectory files, describing the
position of the particles throughout the simulation can also be analyzed by qualitatively by
scripts. We analyze the rigidity of the helices that constitute the structure by tracking the
distance between one base on the second to first base pair and one base on the second to last
base pair for each helix. This distance is essentially the end to end distance of each helix, and
one would expect that for a perfectly rigid helix this distance should be constant throughout
the trajectory while a flexible helix would have a varying distance. The distance can be
plotted as a trajectory or be further described by a single metric, the standard deviation of the
distance data-points. Rigid edges that have low variability in the end to end distance yield a
small standard deviation. This can be further abstracted to score the rigidity of a whole
structure by calculating the average or median of the standard deviation of all its helices.

For rod-like structures, we can evaluate the rigidity by calculating their persistence length that
can be compared with experimental results. This is done by tracking the position of a few
nucleotides in each plane of the rod. The average coordinates of these give the center of the
planes and form a spine through the structure by the vectors that connect them. The average
dot products between vectors of the spine will be smaller for vectors that are further apart on
the spine, this decline is described by the persistence length of the structure that can be fitted
to these values” (Figure 10).
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Figure 10. Analysis of rigidity of DNA nanostructure from coarse-grained molecular
dynamics simulations. a. Individual helices of a structure can be monitored by tracking the
end to end distance throughout the simulation trajectory. b. The rigidity of the entire structure
can be estimated by calculating the persistence length, this is done by calculating average
points in the center of the cross-section planes, generating a 3D spine of the structure. The
correlation between tangents of this spine is expected to decay as the contour length [
increases, and to this, the persistence length function can be fitted.

3.8 ITERATIVE SIMULATIONS

After the simulation of a structure, the flexibility of its helices can be estimated by tracking
their end-to-end distance, this allows us to rank the helices from “worst” to “best”. For many
structures, this reveals that many edges are rigid with low flexibility while some edges show
high flexibility. It is possible that the flexibility in certain edges is due to a non-optimal
conversion from mesh to DNA design due to the simple DNA representation used in the
physics simulation. If this hypothesis is true, it should be possible to increase the rigidity of
DNA nanostructures by modifying the number of base pairs on certain edges and estimate the
effect of such modifications by simulation. As the system of helices is connected,
modifications to one helix will change its twist and therefore the strain on the connection to
its neighboring helices. Attempts to improve the structure by modifying its helices will
probably have to be done iteratively where a modification is evaluated and incorporated into
the structure if it lowers the flexibility of the structure. This modified structure will then be
the base for the next round of modifications.

We aim to create an unsupervised iterative process to reduce the flexibility of the structures.
The primary scoring metric we use is the standard deviation of the end-to-end distance that
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can be used to score individual edges or summed up to score a structure. A structure will be
modified by adding removing base pairs from one or several edges to generate mutant
structures. The mutant structures will then be simulated in oxDNA and analyzed to
investigate if their modifications were positive, if so they will be incorporated in the next

round of mutant structures.

For each iteration, an arbitrary number of mutant structures can be generated but as oxXDNA
can run one simulation instance per GPU, it is most practical to use the same number of
mutant structures as available GPUs. Typically, we use eight GPUs in a setup and thus use
eight mutant structures for each iteration. It is most practical to have four GPUs per computer
so the simulations will have to run over a network of computers. We set up a system where
the modifications and evaluation of the structures are done on one master computer. This
computer generates the mutant structures and converts them to oxDNA simulation format
files that are sent over the network to the GPU nodes where the simulations are run. After
simulation, the GPU nodes perform pre-analysis on the trajectories and extract the
coordinates for the end bases of the helices. These are then sent over the network to the

master computer that analyses and scores the mutant structures.
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4 RESULTS

41 PAPERI

In paper I we started from seven 3D polyhedral meshes depicting both simple shapes like a
sphere and a rod, and more complex shapes like a stick-man and a simplified version of the
Stanford bunny. The meshes where all triangulated and all contained some odd degree
vertices. The structures were converted to DNA nanostructures using the BSCOR package
and scaled to use from 5891 to 7797 bases of scaffold strand.

After folding the structures, they were first analyzed in agarose gels, close-packed DNA
origami usually migrate faster than the scaffold strand due to their compact size. Interestingly
these structures migrated slower than the scaffold strand, this may be due to their larger size.
Negative stain TEM was then used to verify the folding, this revealed that the structures had
folded to their predicted shape but the dry state of the imaging caused the structures to
collapse (Figure 11). To overcome this, cryo-electron microscopy was used to image the
structures in a hydrated state. In addition, cryo-electron tomography gave 3D information
about the shape of the structures.

For all structures, except for the ball, we filled used the feature “auto fill strand gaps” to find
gaps between connected bases in the vertices and fill them with unpaired nucleotides. The
ball folded with high yield despite this but for the pentagonal rod in the paper, a version of
the structure without the vertex padding did not fold.

Our standard design style for staple strands is to connect two adjacent helices with
breakpoints in the middle of each edge. Some structures in this paper have a large difference
of length between their shortest and the longest edges. When realized in DNA, the shortest
edges may correspond to helices that are just 8 base pairs long. If these are split in half by a
staple breakpoint the regions for hybridization become very short. We therefore tested
alternate staple design schemes where staples hybridize to more than two edges, typically
three. The risk of this scheme is that if the “outer” regions of the staple strand hybridize first,
making it impossible for the inner region to wrap around the scaffold and hybridize. We tried
to overcome this by moving the breakpoints from the center for the outer hybridization
regions of the staple strand so that at least one of the hybridization regions would be shorter
than the middle part of the staple strand to avoid these topological traps.
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Figure 11. DNA origami structures designed from polyhedral meshes. a. Polyhedral

computer meshes used as design templates b. Rendering of DNA designs generated from the
meshes. c. TEM images of the folded DNA nanostructures, scale bars 50 nm.

In the paper, the ball and the helix structure folded with high yields of around 90%, for the
other structures the yields where lower, probably due to multimer formation and aggregation,
it is possible that optimization of folding parameters may increase the folding yield.
Interestingly, several of the structures not only folded in typical folding buffers with
magnesium but also in the more physiological salt buffers: Phosphate buffered saline (PBS)
and Dulbecco's modified Eagle's medium (DMEM), this may be useful for biomedical
applications of DNA nanotechnology.

42 PAPERII

In paper 11, we expand our study of DNA origami structures based on wireframe meshed to
two-dimensional meshes. To do this, we made modifications to the BSCOR pipeline to
reliably support the routing of corner vertices and modify to the spring relaxation to better
support the outer edges of flat sheets. Many proposed applications of DNA origami rely on
flat sheet structures’®’” with parallel packing of helices leading to a high density of DNA and
a limited size. The sparser geometry of wireframe DNA origami structure should allow for
larger flat sheets from the same amount of scaffold.

In the paper, we first investigate the effect of vertex geometry, aiming to get the sparsest
possible mesh. We create rectangular meshes with vertices that have three, four or six
connections, this corresponds to the three regular tessellations. As it is not possible to find a
scaffold routing in meshes with odd degree vertices the mesh with degree tree vertices is
converted to a nanostructure with four helices connecting each vertex by the introduction of
double edges.

We folded the structures, and agarose gel electrophoresis revealed that they folded with high
yield. We then immobilized the structures on mica and performed atomic force microscopy
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(AFM). We found that the structures based on three- and four-degree vertices deform
substantially (Figure 12), this is not surprising as four-arm DNA junctions are known to take
a stacked conformation in the presence of divalent cations’®”?. The structure based on degree
six vertices folded to its designed shape. We compared the area coverage of these structures
to a rectangular sheet designed by Paul Rothemund based on the parallel packing of helices.
We found that for the same amount of scaffold bases, wireframe DNA nanostructures
covered a 70-95 % larger surface area.

We designed four more structures based on six-arm junctions, with complex internal and
external features, including a smiley face and a map of Scandinavia. These structures all
folded to their designed shape indicating that triangulated wireframe structures are a good
design scheme for flat sheet DNA nanostructures.

C.

Figure 12. Two-dimensional DNA origami structures generated from meshes. Top row:
renderings of DNA nanostructures a-c: rectangular sheets with vertices designed to have 3, 4
or 6 connections, d-g: sheets with vertices with 6 connections and complex internal and
external features. Bottom row: AFM images of the folded structures immobilized on mica,
scale bars 100 nm.

4.3 PAPERII

Wireframe DNA origami structures mimic the latticework construction used in macroscopic
engineering to achieve high strength to weight ratios. For DNA nanostructures, wireframe
designs often appear less rigid than solid beam designs. In paper III we study the effect of
design choices on the rigidity of wireframe structures, specifically we study rods where we
can estimate the rigidity by measuring the persistence length of the structures.

When converting a computer mesh to a DNA origami design, a scaling factor is introduced
that controls the size of the DNA design, by varying this factor arbitrary size DNA
nanostructures can be created from the same mesh. We first study the effect of this by beam
theory which indicates that there is two competing effect at play. For an idealized latticework
frame, the rigidity should increase as the scaling value increases its cross-section, this
assumption is however only valid when the DNA edges are significantly shorter than the
persistence length of DNA and in principle act like rods. When the DNA edges grow to a
significant fraction of their persistence length their end to end distances start to assume a
wider distribution. A frame assembled from these DNA edges will no longer take its
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predicted shape, causing a shorter persistence length. We speculate that these two competing
effects may yield an optimal DNA edge length for wireframe assemblies.

We use the oxDNA package to study this effect in silico by generating seven rods with a
triangular cross-section that were isotopically scaled and six rods with a triangular cross-
section where the cross-section size was scaled but not the length. For the isotropic scaling,
no clear trend could be seen while the cross-section scaling indicated an optimal value with a
base side-length of around 16 nm. We also tested the effect of the number of facets in the
cross-section profile and found that the persistence length grew drastically when this was
increased, however at the cost of more material use. Interestingly, varying the salt
concentration in the simulations had a drastic effect on the persistence length, where lower
salt concentrations gave higher persistence length. We hypothesize that the electrostatic
repulsions between the DNA of the structure act as an inflating and rigidifying force and that
the charge shielding of ions reduces this effect.

We investigated the effect of isotropic scaling experimentally by creating three rods with
square cross-sections, but varying edge lengths, here the smallest rod with a side length of 13
nm had a significantly shorter persistence length than the larger structures with side lengths of
16 and 21 nm (figure 13). The effect of increasing the number of facets in the cross-section
was also investigated by the comparison of three rods with similar side-length but three, four
or six facets. This showed that the persistence length increased with an increased facet count.
Another potential source of flexibility in these nanostructures is the breakpoints between
staples that are positioned in the center of every edge. They are in practice DNA nicks and
can be removed by a ligase that fuses the two staples together. We tested this experimentally
and found that the ligation of the structure significantly increases the persistence length. This
is an attractive approach as it has no extra material cost in the design and may decrease the

vulnerability of the structures to exonucleases.
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Figure 13. The rigidity of wireframe rods with varying designs. Top row: rendering of
design, middle rows: TEM images of folded structures, scale bars 50 nm, bottom row:
persistence length calculated from TEM images. a. A rod with a triangular cross-section. b-d.
Rods with square cross-sections and increasing scaling. e. A rod with a hexagonal cross-
section. f. The rod with a triangular cross-section with staple breakpoints removed by
enzymatic ligation. g. A rod with a square cross-section with axial members reinforced by
double DNA edges.

44 PAPERIV

Coarse-grained molecular dynamics simulation can give predictions about the dynamics of
DNA nanostructures. In Paper IV we first introduce a simple method for analyzing the
dynamics of the individual helices of a wireframe structure by tracking their end to end
distance throughout the simulation, the fluctuation in the end to end distances is estimated by
calculating the standard deviation of this. When this metric is applied to wireframe DNA
origami structures it becomes apparent that some helices have essentially constant end to end
distances, consistent with B-DNA while other edges show large fluctuations and average end
to end distances that are far below a straight B-DNA prediction, meaning that they bend in
the simulation. This metric can be expanded to the entire structure by calculating the average
of the standard deviation of all helices, with a higher value corresponding to a higher average
flexibility. This allows us to rank the helices of a structure from most to least flexible and
compare the rigidity of similar structures. This can be used to modify helices of a structure by
adding or removing base pairs and then evaluating the effect by simulating the original and
mutated structure and comparing the score to evaluate if the modification leads to lower
flexibility.

We implement this concept in an automated fashion where a wireframe DNA origami
structure is first simulated and its edges scored and ranked from highest to lowest flexibility.

27



A number of mutant structures are then generated that each has an addition or removal of
base pairs from an edge with high flexibility. These mutant structures are then simulated in
oxDNA, and the average standard deviation of the helix end to end distance is calculated for
them as a score of the entire structure. A modification is considered positive if it leads to a
lower average standard deviation for the mutant structure. In our software, we use two
schemes for the progress of iterations, one where the best mutant structure is selected even if
doesn’t constitute an improvement over the previous iteration, with the hope that this may
reduce the risk of finding local minima. In the other scheme, the mutations are incorporated
only if they lead to a score that is better than the previous best. We tested both schemes on a
barrel-shaped small DNA origami structure and found that they possibly showed moderated

improvements in the overall standard deviation.

These simulations were performed for 10® time steps taking around 22 hours to complete.
Ideally, the simulation should be long enough to differentiate the performance of similar
structures in a repeatable way. We tested this by performing duplicate simulations of a
mutant version of the same structure for 7.5 - 10® time steps and analyzed if the duplicated of
the same structure converged and if the converged value is different between two mutant
structures. This indicated that simulations needed to be more than 3 - 10® time steps to yield
reliable results. We attempted an optimization of a very small structure with 5 - 10% time step
simulations, this initially yielded a positive trend but after nine iterations this was reversed. A
closer analysis of the simulations showed that the reversal was due to the simulation
consistently scoring the same edges as worst and incorporating modifications to these edges.

The approach of only making one modification in each mutant structure is intrinsically slow
and the effect of single modifications on entire structures is likely small, especially for larger
structures meaning that a metric based on the average of all helices may not be optimal for
evaluating single modifications. To overcome this, we introduce a multiplexed iterative
scheme where multiple random but spatially separated modifications are implemented in each
mutant structure. In each iteration, a reference structure is simulated without these random
modifications. After the simulation, the modifications are evaluated by calculating the sum of
the standard deviation of the modified edge and the edges that are connected to its vertices,
this sum is compared to the sum for the same edges in the reference structure. If the sum in
the modified structure is lower than in the reference, the modification is considered beneficial
and incorporated into the reference structure in the next iteration. We used this approach for a
full-size DNA origami rod, and initially we saw a strong positive downward trend that was
broken after six iterations and then seemed to transform into a new slower trend towards
lower flexibility. This iterative approach is not limited to this simple scoring metric and could
also be implemented by for example scoring the persistence length or similarity to an initial
design for a structure.
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5 CONCLUSIONS

DNA nanotechnology has previously been demonstrated as a powerful method for the
creation of self-assembling nanomaterial, especially through the DNA origami technique. In
DNA origami the scaffold strand is both a strength, trough simplified stoichiometry and its
role as a backbone for the structure and a complication as a result of the design challenge
caused by the routing of it through all members of a structure. In this work, we expand the
design space of the DNA origami technique to wireframe mesh designs through a software
package containing: a routing algorithm, a physical simulation to minimize vertex strain, and
a graphical user interface for the modification of structures. We demonstrated this by
designing and folding a number of two and three-dimensional structures, these structures
were then studied by multiple microscopy techniques to validate they had folded to their
predicted shapes. We find that unlike DNA origami structures based on close packing of
helices, wireframe structures can fold and remain stable at physiological salt concentrations.
Two-dimensional structures based on wireframe meshes can cover a significantly larger
surface area than flat sheets based on parallel packing.

The electron microscopy studies of wireframe structures indicate that they are less rigid than
comparable structures based on parallel packing. We studied the effects that design choices
have on flexibility with the aim of creating more rigid structures. Here, we complemented our
experimental studies with coarse-grained molecular dynamics simulations of the structures.
We find that the rigidity of rods increases with the number of facets in the cross-section and
that the staple breakpoints on the edges play a prominent role in the flexibility of the
structure. The simulations indicate that increasing salt concentrations have a detrimental

effect on structural rigidity.

We have created a software system that can generate modified mutant versions of a structure
and simulate these using coarse-grained molecular dynamics simulations. The effect of these
modifications on the structure properties is then evaluated and the mutation is incorporated if
it yields a higher performing structure. This is run in an unsupervised fashion and seems to

result in a moderate evolution of the structure towards higher rigidity.
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